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Resumo

A artrite reumatoide é a doenca crénica inflamatéria autoimune, com a maior
prevaléncia em todo o mundo, atingindo quase 1% da populacdo. Se nao for
diagnosticada precocemente e tratada adequadamente, a progressao da doenca
pode levar a deformacado severa das articulacoes e, eventualmente, a perda da sua
funcionalidade, prejudicando assim o cotidiano das pessoas com esta doenca.

As atuais normas de tratamento incluem o uso de glucocorticoides e medicamentos
antirreumaticos modificadores da doenca, cujo potencial terapéutico é, no entanto,
limitado por graves efeitos secundarios. Assim, a fim de melhorar as necessidades
dos pacientes e da clinica no tratamento da artrite reumatoide, proponho uma
nanoterapia inovadora, idealizada para direcionar e tratar a artrite inflamatoéria,
com o objetivo final de alcancar a remissao da doenca.

Esta tese apresenta inovadoras estratégias que exploram os potenciais beneficios
da nanomedicina para superar as desvantagens a que os firmacos convencionais
estdo associados na terapia créonica. Numa abordagem passo a passo, os estudos
in vitro e in vivo revelaram que os sistemas de entrega de farmacos desenvolvidos
apresentam a capacidade de se acumularem nas articulacbées inflamadas e
favorecerem a sua entrega seletiva no local alvo. Deste modo, melhoram a eficacia
terapéutica dos farmacos na supressdao completa da progressao da artrite,
enquanto reduz o risco de efeitos colaterais.

Neste sentido, a nanoterapia desenvolvida apresenta todos os requisitos com alto
potencial terapéutico para ser clinicamente transferivel para o tratamento da artrite

reumatoide.



Abstract

Rheumatoid arthritis is the chronic immune-mediated inflammatory disease with
the highest prevalence worldwide, striking nearly 1% of the population. If not early
diagnosed and properly treated, disease progression may lead to the severe
deformity of joints and, eventually, to the loss of their functionality. Thus, causing
impairment in the daily lives of people affected by this disorder.

Current treatment guidelines include glucocorticoids and disease-modifying anti-
rheumatic drugs, which therapeutic potential is however hampered by deleterious
side-effects. Thus, in order to improve the patients and clinics needs in the
treatment, | propose here an innovative nanotherapy that is specifically designed
to target and treat inflammatory arthritis, aiming to pursuit the final goal of disease
remission.

This thesis presents a rationale target-to-treat strategy, which explores the
potential benefits of lipid and polymer-based nanomedicines to overcome the
drawbacks that conventional drugs entail in chronic therapy. In a step-by-step
approach, the in vitro and in vivo studies revealed the ability of the developed
nanomedicines to accumulate within inflamed joints and to enhance the selective
delivery of loaded drug on-site. Hence, improving the drug therapeutic efficacy in
the complete abrogation of arthritis progression, while reducing the risk of side-
effects.

To this respect, the target-to-treat nanotherapy designed here has all the
requirements of high therapeutic potential to be clinically transferable for the
treatment of rheumatoid arthritis.
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Thesis layout

This thesis is organized in 4 chapters, based on the publications originated from
this PhD.

Chapter 1

Motivation and goals
This chapter presents the motivation and the research goals need to be attained to

develop an innovative target-to-treat nanotherapy for rheumatoid arthritis.

Chapter 2

Innovative target-to-treat nanostrategies for rheumatoid arthritis

In this chapter, the state of the art on rheumatoid arthritis, its diagnosis, current
treatment options and, more importantly, the last decade of research on the most
promising nanomedicines are presented. For this purpose, in here it is included a
book chapter entitled: Innovative Target-to-Treat Nanostrategies for Rheumatoid
Arthritis, published in Nanoparticles in Life Sciences and Biomedicine by Pan
Stanford Publishing (2018) that includes a more detail narrative on the disease

pathogenesis focusing in how to treat and target rheumatoid arthritis.

Chapter 3

This chapter comprises the progress beyond the state of the art presented in the
format of four original research articles:

I. Hyaluronic acid-conjugated pH-sensitive liposomes for targeted delivery of
prednisolone on rheumatoid arthritis therapy

(published in Nanomedicine Future Medicine, 2018)
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Il. Macrophage targeting pH responsive polymersomes for glucocorticoid
therapy

(published in Pharmaceutics, 2019)

lll. pH-responsive polymersomes in the control of arthritic inflammation in
vitro

(to be submitted)

IV. pH-NITRA: pH-responsive nano immuno therapy for rheumatoid arthritis
(to be submitted)

Chapter 4

Conclusion and future perspectives
This chapter includes a conclusion regarding the major findings and future
research work. Alongside the value, impact and future perspectives of the proposed

target-to-treat nanotherapy for rheumatoid arthritis are presented.
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Chapter 1

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease
characterised by the progressive inflammation and severe damage of joints
synovial tissues [1, 4]. Although not regarded as a lethal, RA causes severe
implications in the daily lives of patients affected by it as a consequence of disease
progression and comorbidities [5-9]. Currently there is not resultative cure for this
disease and its treatment still remains a challenge [10-12]. The European League
Against Rheumatism and American College of Rheumatology endorse the early
intervention in RA treatment to pursuit the complete disease remission [10-12].
The primary focus of treatment guidelines is to relieve the pain and discomfort of
the patients caused by arthritis [7, 11, 12]. And, then to abrogate the progressive
synovial inflammation to prevent the irreversible destruction of joints that
ultimately leads to disability [7, 11, 12].

The treatment guidelines recommend the use of conventional disease-modifying
anti-rheumatic drugs (DMARDs) as a monotherapy, or in combination with
glucocorticoids (GCs) as part of the initial treatment strategy [10-12]. The
implementation of biologic DMARDs in RA treatment should be only consider for
patients with adverse prognostic signs, and preferentially in combination with
methotrexate [10-12]. Methotrexate is a conventional DMARD well-known for its
effectiveness in reducing or annulling the arthritic inflammation symptoms and
signs [7, 10-12]. As well as, in preventing joint damage with the aim to interfere
with the disease progression [7, 10-12]. GCs, such as prednisolone, should only be
at low dose for a short time, which then should be tapered as rapidly as clinically
feasible [7, 10-12]. Particularly due to the chronic component of the disorder, the
prolonged use of current therapeutics intensifies the deleterious side-effects and
the increased risk of comorbidities, which, in turn, often leads to patient non-
compliance [7, 10-13].

RA is associated with a broad health and social burden. This does not only involve
the cost related to the quality of life of people suffering from RA. But also, social-
economic costs related to the disease-related work invalidity and early retirement.
As the debilitating impairment of joint function can significantly affect the work
productivity [8, 14, 15]. In addition, RA treatment entails high medical costs in
terms of medication, physiotherapy and joint replacement surgery [8, 14, 15].
Overall, the mean annual cost per patient has been estimated to be around €
13,500 in Europe, of which medical costs and medication represent about one-third
[8, 15]. The costs in the United States are much higher (€ 21,000), mainly due to

the greater implementation of biologic therapies [8, 15]. The total cost impact of
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this disease tends to exacerbate as the population ages and morbidity increases

[8, 14, 15].

In this sense, the aim of this thesis is to take RA treatment to a new level by

designing an innovative nanotherapy able to overcome the therapeutic limitations

related to the long-term use of DMARDs and GCs with an improved cost-benefit

ratio. Thereby, the nanomedicine proposed in this thesis aims to bring both health

and economic benefits for patients and healthcare system, respectively. At the end,

the aim is to encourage the future clinic implementation of nanotherapies for RA

treatment.

A rationale target-to-treat strategy is presented, which explores the potential of pH-

responsive nanomedicines to attain the above-mentioned goals. In a step-by-step

approach, the nanomedicine presents ideal characteristics to enhance the stability,

the specificity and the bioavailability of loaded drug within the inflamed disease-

tissue. Hence, this enhance the on-site drug therapeutic efficacy, while reducing

the risk of well-known adverse off-site activity. In this framework, the following

objectives were pursuit for the development of a target-to-treat nanotherapy:

o Production and physicochemical characterisation of nanomedicines loaded
with either prednisolone or methotrexate.

o Assessment of cell viability, targeting and uptake of developed nanomedicines
using in vitro cellular models.

o Assessment of the in vitro therapeutic efficacy of developed nanomedicines
using cellular models of inflammation.

o Assessment of the pharmacokinetics and biodistribution of developed
nanomedicines in vivo.

o Assessment of the safety and biocompatibility of developed nanomedicines in
vivo using an establish animal model of arthritis.

o Assessment of the in vivo therapeutic efficacy of developed nanomedicines.

Therefore, unlike conventional RA therapies, the proposed nanotherapies promise

to target and treat arthritic inflammation, which, in turn, might lead to disease

remission with negligible side-effects.



Chapter 1

References

1 Mcinnes IB, O'Dell JR. State-of-the-art: rheumatoid arthritis. Ann Rheum Dis
2010;69(11):1898-906.

2 Helmick CG, Felson DT, Lawrence RC, et al. Estimates of the prevalence of
arthritis and other rheumatic conditions in the United States. Part I. Arthritis Rheum
2008;58(1):15-25.

3 Lawrence RC, Felson DT, Helmick CG, et al. Estimates of the prevalence of
arthritis and other rheumatic conditions in the United States. Part Il. Arthritis Rheum
2008;58(1):26-35.

4 Firestein GS. Evolving concepts of rheumatoid arthritis. Nature
2003;423(6937):356-61.

5 van der Linden MP, le Cessie S, Raza K, et al. Long-term impact of delay in
assessment of patients with early arthritis. Arthritis Rheum 2010;62(12):3537-46.

6 Gouveia VM, Lima SA, Nunes C, Reis S. Non-Biologic Nanodelivery Therapies for
Rheumatoid Arthritis. J Biomed Nanotechnol 2015;11(10):1701-21.

7 Smolen JS, Steiner G. Therapeutic strategies for rheumatoid arthritis. Nat Rev
Drug Discov 2003;2(6):473-88.

8 Lundkvist J, Kastdng F, Kobelt G. The burden of rheumatoid arthritis and access
to treatment: health burden and costs. Eur J Health Econ 2008;8 Suppl 2:549-60.

9 Upchurch KS, Kay J. Evolution of treatment for rheumatoid arthritis.
Rheumatology (Oxford) 2012;51 Suppl 6:vi28-36.

10 Singh JA, Saag KG, Bridges SL, et al. 2015 American College of Rheumatology
Guideline for the Treatment of Rheumatoid Arthritis. Arthritis Rheumatol 2016;68(1):1-
26.

11 Kay J, Upchurch KS. ACR/EULAR 2010 rheumatoid arthritis classification criteria.
Rheumatology (Oxford) 2012;51 Suppl 6:vi5-9.

12 Smolen JS, Landewé R, Breedveld FC, et al. EULAR recommendations for the
management of rheumatoid arthritis with synthetic and biological disease-modifying
antirheumatic drugs: 2013 update. Ann Rheum Dis 2014;73(3):492-509.

13 Agca R, Heslinga SC, Rollefstad S, et al. EULAR recommendations for
cardiovascular disease risk management in patients with rheumatoid arthritis and other
forms of inflammatory joint disorders: 2015/2016 update. Ann Rheum Dis
2017;76(1):17-28.

14 Kobelt G, Jonsson B. The burden of rheumatoid arthritis and access to treatment:
outcome and cost-utility of treatments. Eur J Health Econ 2008;8 Suppl 2:95-106.

15 Smolen], Aletaha D. The burden of rheumatoid arthritis and access to treatment:
a medical overview. Eur J Health Econ 2008;8 Suppl 2:539-47.



Chapter 2

Innovative target-to-treat
nanostrategies for rheumatoid arthritis

Virginia M. Gouveia ', Claudia Nunes ' and Salette Reis '

'UCIBIO, REQUIMTE, Department of Chemical Sciences, Faculty of Pharmacy, University of Porto,
4050-313 Porto, Portugal

Original book chapter published in Nanoparticles in Life Sciences and Biomedicine,
Pan Stanford Publishing (2018)
ISBN 978-1-351-20735-5



Chapter 13

Innovative Target-to-Treat
Nanostrategies for Rheumatoid Arthritis

Virginia Moura Gouveia, Claudia Nunes, and Salette Reis
UCIBIO, REQUIMTE, Department of Chemical Sciences, Faculty of Pharmacy,
University of Porto, Portugal

virginia.mgouveia@gmail.com

RAisachronicinflammatory and autoimmune disease that manifests
in the synovium of joints, hence causing severe functional limitations.
Currently, available treatment options include glucocorticoids
(GCs) and disease-modifying antirheumatic drugs (DMARDs), used
either in monotherapy or in combination therapy. Nevertheless,
treatment options only suppress inflammatory symptoms and not
the irreversible joint damage. Thus, the disease’s chronic nature
and off-target therapy often lead to serious adverse side effects.
To overcome the drawbacks of conventional therapies, there is
increasing interest in nanotherapy. The increasing interest in the
development of therapeutic delivery systems at the nanoscale level
promises to revolutionize RA treatment management. Nanocarriers’
huge potential is based on targeting strategies to selectively aim
for and treat inflamed synovial tissues, allowing in situ therapeutic
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efficacy and hence remission of disease activity. The therapeutic
potential of target-to-treat nanostrategies, aiming to defeat disease
progression over the last 10 years of research, is reviewed in this
section.

13.1 Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic systemic inflammatory
autoimmune disease that afflicts approximately 1% of the population
worldwide [1]. Particularly, the average prevalence rates is higher in
North America and in northern European countries, compared with
southern Europe and developing countries [2].

RA is mainly characterized by progressive inflammation of the
synovial tissue of multiple body joints and hence structural joint
damage [1, 2]. At the early stage, disease manifestations are the
swelling and pain of joints, especially small joints with frequent
movement, such as wrists, neck, hands, and feet. Symptoms in
weight-bearing joints, such as hips, knees, spine, and ankles,
develop later. RA may also affect tissues and organs, which makes
it a systemic disease. In later stages, the chronic inflammatory
nature of this disease leads to cartilage degradation, bone erosion,
and joint stiffness as the disease progresses [1, 3]. In fact, the joint’s
inflammation is the hallmark of RA to measure disease severity [1,
3].

In that way, although not regarded as a lethal disease, depending
on the severity, RA causes severe functional joint limitations [1]. Plus,
long-term joint disability and, ultimately, implications for patients’
quality of life shorten their mean life expectancy by approximately
10 years [4].

13.2 Treat with What?

There is no cure for RA. During the first half of the 20th century the
disease’s progression from symptom onset to major joint deformity
was often inevitable [5]. The European League Against Rheumatism
(EULAR) and American College of Rheumatology (ACR) guidelines
for RA treatment crucially acclaim an early intervention, immediately
after disease diagnosis, to delay the beginning of joint damage [6, 7].
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So, joint replacement surgery doesn’t have to be the final outcome,
and patients with RA can maintain a comfortable and active lifestyle
with the more suitable treatment [8]. Clinically, the requirements for
the management of RA are relied on primarily to provide the patient
symptomatic relief, then slow down the disease’s inflammatory
activity, and finally amend the course of disease remission, hence
preventing irreversible joint destruction [9, 10]. Nowadays, EULAR
and ACR recommendations for early RA treatment include the use
of glucocorticoids (GCs) in combination therapy, preferably with
synthetic [6, 7]. Then, further introduction of biological disease-
modifying antirheumatic drugs (DMARDs) in the treatment regime
should be restricted to patients with advanced prognostic RA signs
that did not responded adequately to the previous treatments [6].
GCs, such as prednisolone, methylprednisolone, dexamethasone,
and budesonide, represent highly effective drugs in the control of the
inflammatory response in the synovium and additionally promote
rapid pain relief and reduce the swelling and stiffness manifested
in arthritic joints [3, 11, 12]. These steroidal drugs inhibit the
inflammatory reaction by controlling synovial neovascularization,
thus reducing the release of endothelial growth factors and
consequently the migration of leukocytes [3, 11, 13]. Moreover, GCs
further prevent inflammation through downregulation of specific
pro-inflammatory cytokines expression [3, 11, 13]. Although
GCs are the most potent anti-inflammatory drugs in suppressing
earlier disease symptoms, the long-term use and high doses
can cause severe side effects [10, 12], namely impaired wound
healing, skin atrophy, hypertension, weight gain, increased risks
of cardiovascular (CV) diseases, osteoporosis, muscle atrophy,
glaucoma, gastric ulcer, and manifestation of latent diabetes, leading
ultimately to premature mortality [10, 12]. Additionally, their low
bioavailability and off-targeted biodistribution profile often limit
their therapeutic efficiency in controlling RA symptoms. Thereby,
GCs are usually used in low doses in combination therapies meant
to control inflammatory symptoms during periods when the disease
activity is at its peak [10]. Contrary to GCs, which are mainly used
for the symptomatic relief rather than remission of disease activity,
synthetic DMARDs such as methotrexate (MTX), sulfasalazine,
and also gold salts have specific antirheumatic activity to prevent
disease progression [10]. The exact mechanism of action of synthetic
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DMARD:s is still unclear. Nonetheless evidence indicates that these
drugs modulate inflammatory and immune responses [10, 14].
Specifically, MTX is the most used synthetic DMARD in the treatment
of both early and established RA, as it has a rapid onset of action,
as well as high, prolonged anti-inflammatory efficacy [10]. However,
despite proven therapeutic efficacy, the long-term use of MTX is
hampered by serious systemic effects, including infection, hepatitis,
cirrhosis, and renal dysfunction, often resulting in the cessation of
therapy [13, 15]. Furthermore, synthetic DMARDs aren’t known
for having a direct activity on the relief of inflammatory symptoms,
as the suppression of immunologic response is not apparent until
months after treatment begins [5, 10]. Therefore, EULAR and ACR
recommendations for the treatment of early RA stages support the
use of synthetic DMARDs in combination therapy with GCs in low
doses and only for short time periods [6, 15].

In the last decade, significant advances in the treatment of RA
have been emerging with the introduction of biologic DMARDs,
especially for patients who do not respond to treatment with
synthetic DMARDs.

Biologic DMARDs are genetically engineered molecules, including
antibodies and nucleic acids (deoxyribonucleic acid [DNA] or small
interfering ribonucleic acid [siRNA]), able to control inflammatory
and autoimmune responses and further modulate disease
progression, leading to a more effective prevention of joint disability
[16]. The biologic agents’ mechanism of action enables the inhibition
of the activity of specific inflammatory mediators, like cytokines
and chemokines, or their receptors and block the interaction of
immune cells with VECs, thereby reducing the migration of immune
cells into the synovium [16]. Therapies using biologic agents for
the treatment of RA are being developed continuously, including
tumor necrosis factor-a (TNF-a) antagonists (such as etanercept,
infliximab, and adalimumab), interleukin (IL)-1 receptor antagonist
(IL-1RA) anakinra, and IL-6RA tocilizumab [3]. However, despite
the promising progress in enhancing RA treatment, the widespread
distribution of these biologic molecules in off-target tissues results
in severe systemic side effects, requiring repeated and expensive
long-term treatment to achieve therapeutic efficiency, which often
leads to patient noncompliance [3, 16]. Additionally, treatment-
related immune system depressions enhance the possibility of
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occurrence and re-emergence of viral and bacterial infections (e.g.,
tuberculosis), as well as increased risk of multiple sclerosis and
congestive heart failure [3, 16].

Owing to the above-mentioned limitations, the ideal therapy for
RA remains a challenge. Despite current available therapies being
highly effective in the inhibition of the inflammatory and immune
responses of RA, there are important issues that should be regarded
about their therapeutic efficacy and safety, especially upon long-
term administration.

13.3 Target What?

Although the exact origin of RA onset remains unknown, it is believed
that arthritic inflammation is triggered by an autoimmune system
response attacking the joint’s synovium [1]. The synovial membrane
of an arthritic joint becomes thicker, and the synovium undergoes
a sustained inflammatory reaction, ultimately resulting in cartilage
tissue damage. The innate immune system response is tangled in
synovial pathophysiology, which mainly involves the recruitment
of inflammatory cells to the synovium and intracellular signaling
pathways for cellular activation and hence enduring inflammation
[17].

Inflammatory diseases are commonly characterized by the
enhanced permeability of the vasculature tissue, allowing the
migration of immune cells, especially T and B cells, to the inflamed
tissue [17]. Conversely, B cells mediate the immunologic process
by promoting synovial vascularization and angiogenesis [18-20]. T
cells are responsible for initiating the disease progression, followed
by inflammation [21]. In early synovitis, the inflammatory response
is mediated by synovial cells with the production of inflammatory
mediators like cytokines and chemokines, which leads to the early
recruitment of inflammatory cells to the synovium [17-19]. The
synovial inflammation endures through activation of inflammatory
cells. In turn, the process of joint destruction is mediated by the
activation of intracellular signaling pathways, involving transcription
factors, cytokines, chemokines, growth factors, cellular ligands, and
adhesion molecules [17]. In the synovium, activated macrophages
play a crucial role in perpetuating chronic inflammatory reaction

-10 -
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through overproduction of pro-inflammatory cytokines and
chemokines, such as TNF-a, IL-13, and IL-6, which stimulate the
proliferation of synovial fibroblasts, also known as synoviocytes
[17-19].

Both TNF-a and IL-1B induce activated synoviocytes
differentiation and proliferation of osteoclasts, leading to synovial
pannus formation [17]. Additionally, IL-6 acts with IL-1f3, stimulating
synoviocytes to produce tissue degrading matrix metalloproteases
(MMPs), which are responsible for cartilage tissue destruction and
further bone erosion [18, 19, 22]. Remarkably, synovial fibroblasts
are considered to be responsible for the progressing inflammation
from one arthritic joint to other unaffected joints, the role bearing
resemblance to that of metastatic tumor cells in cancer [23].

RA

TREAT
GCs
DMARDs

TARGET/

synovialcells
cytokine signaling
pathways

Figure 13.1 Target-to-treat strategies for RA.

Likewise, synoviocytes play a disease-promoting role by the
activation of vascular endothelial growth factor (VEGF), inducing
synovial vascularization and prominent angiogenesis, comparable
to the one that occurs during tumor growth [20, 24]. Cells found
within the synovium, mainly macrophages and synoviocytes, are
major players in maintaining disease activity mediated by cytokine-
dependent pathways. Through cellular interactions between
these cells and the innate immune system, plus the production
of inflammatory mediators, as well as their involvement in
angiogenesis, synovial cells are responsible for the perpetuation of
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joint inflammation and ultimately the joint’s destruction [17]. In this
regard, synovial cells and cytokines (Fig. 13.1) have moved into the
spotlight as interesting targets for the specific and selective delivery
of therapeutic agents for RA treatment.

13.4 Target-to-Treat Nanostrategies

The main drawback of current therapies is the drug off-target
activity that increases the risk of off-target toxic effects. Progress in
the field of nanotherapy promises interesting selective strategies,
based on nanocarriers that deliver therapeutic agents to disease-
affected tissues and cells, promoting in situ drug activity and
overcoming potential adverse effects on normal tissues. Nanocarrier
selectivity can be achieved through a process known as targeting,
which basically depends on the properties of the system allowing
the delivery of the drug into the site of action [12, 25]. One of the
attractive properties of drug delivery systems is their nanometric
size, which increases the surface area relatively to the volume,
allowing a higher biological interaction and enhanced cell uptake
[26]. Moreover, molecules’ encapsulation within nanocarriers is
useful either to provide protection from physiological degradation
or for off-target activation in blood circulation [26]. Therefore, unlike
conventional RA therapy, target-to-treat nanostrategies promise
to increase stability, specificity, and bioavailability of therapeutic
agents in the inflamed tissue and hence enhance their efficiency,
while reducing the risk of well-known systemic side effects.
Nanocarriers are useful for increasing the stability of the
drug during the long circulation time in blood and resistance to
degradation until they reach the disease-affected tissues. In fact,
intravenous NP administration often results in rapid plasma protein
recognition and hence clearance by cells of the reticuloendothelial
system (RES), mainly the cells of the liver and spleen [12, 25, 27].
To avoid NP clearance by RES cells and hence increase their half-life
in blood circulation, the nanocarriers should be sterically stable in
physiologic fluids [25]. Polymer conjugation is an efficient and well-
known approach to modifying the pharmacokinetic properties of
NPs. The most successful polymer conjugation is with PEG chains,

-12 -
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or PEGylation [28]. NP PEGylation increases the hydrophilicity,
as it generates a protective layer over the surface [25, 28]. Thus,
the presence of highly hydrated PEG chains results in repulsive
interactions with plasma proteins and cellular biological components
and, consequently, provides serum stability [29]. Additionally,
conjugated PEG chains confer to the NPs the ability of passive tissue
targeting, as a result of leaky vasculature and inadequate lymphatic
drainage, an effect known as enhanced permeation and retention
(EPR) [25, 30]. Whereas lymphatic drainage in inflamed synovial
tissues appears to be still functioning, the emphasis is the prominent
angiogenesis, similar to that in tumor tissues [21, 25, 30]. Indeed,
synovial tissue is characterized by significantly increased vascular
permeability, which allows PEGylated NPs to passively accumulate
within the inflamed disease-tissue by the EPR effect, in an attempt
to further enhance their cellular binding and uptake [21, 25].

The potential of PEGylated nanocarriers, including liposomes,
micelles, and polymeric NPs, to passively target the site of
inflammation and deliver drugs into it has been reported in several
in vitro and in vivo studies (Table 13.1). For example, GC-loaded
PEGylated liposomes were described by several authors to exhibit
an enhanced passive accumulation within the synovium of arthritic
joints compared to healthy joints upon intravenous administration
[31-41]. Despite GCs playing a prominent role in the therapeutic
management of RA, the occurrence of significant severe effects is a
seriouslimitation with respectto the clinical application of GCs. In this
way, Anderson and coworkers investigated the efficacy of intravenous
injection of dexamethasone phosphate (DXP) PEGylated liposomes
in comparison to the free drug in rats with established adjuvant-
induced arthritis (AIA) [38]. Results show that inflammation in the
AIA model was reduced, plus histological signs and expression of IL-
1B and IL-6 by peritoneal macrophages were verified [38]. In fact,
the suppression was long-lasting, as DXP-loaded PEG-conjugated
liposomes considerably reduced the dose dependence by a factor of
3-10 compared to the injected free DXP [38]. Thereby, the therapeutic
efficiency of DXP-loaded PEGylated liposomes was enhanced, limiting
the unwanted toxicity of GC therapy in RA [38]. Similarly, Ishihara
and colleagues obtained the same prolonged anti-inflammatory
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Table 13.1 PEGylated target-to-treat nanocarriers for RA

Nanocarrier Therapeutic agent Preclinical tests Ref.

Liposomes PLP In vitro 31
fibroblast and macrophages [32
cell lines 33
In vivo 34

AbIA murine model

— e, — e ——
—_ e e e e e e e

Liposomes DXP In vivo 36
CIA mouse model 37
AIA rat model 38

Liposomes BSP In vivo 39
AA mouse model

Liposomes MPS In vivo [40]

BMS AIA and AA rat models [41]

Micelles DXP In vivo [42]
AbIA mouse model

Polymeric BSP In vivo [43]

nanoparticles AA rat model [44]
AbIA mouse model

Liposomes MTX In vivo [45]
AA rat model

Metallic Gold In vivo [46]

nanoparticles CIA rat model

AA, adjuvant arthritis; AblA, antibody-induced arthritis; AlA, adjuvant-induced
arthritis; BMS, betamethasone hemisuccinate; BSP, betamethasone sodium
phosphate; CIA, collagen-induced arthritis; DXP, dexamethasone phosphate;
MPS, methylprednisolone hemisuccinate; MTX, methotrexate; PLP, prednisolone
phosphate.

effect with NPs of PLGA and poly(lactic acid) (PLA) conjugated with
PEG for betamethasone sodium phosphate (BSP) delivery within the
synovium [43, 44]. These polymeric NPs were then intravenously
administered to rats with adjuvant arthritis (AA) and mice with
anti-type II collagen antibody-induced arthritis (AbIA). In AA rats,
a single injection of BSP-loaded PEGylated NPs resulted in 35%
joint inflammation reduction within 1 day, which was maintained
for 9 days [43]. On the other hand, in AbIA mice, a single injection
resulted in complete remission of the inflammatory response after
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1 week [43]. Moreover, the same authors have observed that due
to PEG by the EPR effect BSP-loaded PEGylated NPs preferentially
accumulated in the inflammatory lesion in AIA mice models [44].
Then, the loss of PEG and subsequent uptake by inflammatory
macrophages allow intracellular drug release [44]. In another study,
Hofkens and coworkers investigated the effect on the inhibition of
protease expression after intravenous injection of prednisolone
phosphate (PLP)-loaded liposomes in the AbIA murine model [33].
In vivo results revealed that a single injection promotes a noticeable
suppression of synovial immune cell accumulation compared to the
control [33]. Further in vitro experiments showed that there was
efficient uptake of PLP-loaded PEGylated liposomes by macrophages
and, consequently, an inhibition of the expression of IL-1f and
MMPs in the synovium was observed after induced inflammation
[33]. Thus, PEG-conjugated liposomes encapsulated with PLP could
target the synovium, to internalize within macrophages and inhibit
destruction of the cartilage matrix in AbIA model [33]. PEGylated
nanocarriers increased drug therapeutic effect in arthritis models,
possibly due to prolonged blood circulation, thus preventing
interactions with RES cells. Moreover, the passive targeting of the
inflamed synovial tissues increases the drug’s bioavailability in situ.

13.4.1 Synovial Cell Targeting

Over the years, targeting strategies (Fig. 13.2) have been explored to
maximize a nanocarrier’s selectivity to further allow specific NP-cell
binding and uptake [12, 27]. In this context, the targeting potential
is based on the unique pathophysiological features of RA, namely
the accumulation of inflammatory cells within the synovium, the
production of inflammatory mediators, and angiogenesis.

Targeting strategies take advantage of the roles of the cells found
within the synovium. In contrast to other inflammatory diseases,
arthritic inflammation involves the collaboration of numerous
different cells, including mesenchymal cells (such as synovial
fibroblast), macrophages, endothelial cells, dendritic cells, and other
cells of the immune system [17, 19]. Thus, in addition to signaling
pathophysiologic pathways, the cellular interactions in the synovium
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are also the key to perpetuating cellular proliferation and chronic
synovitis [17].

N
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Figure 13.2 Targeting strategies for RA.

The activation of synovial mesenchymal cells, especially
synoviocytes, is believed to be crucial in the pathogenesis involved
in joint destruction through the synthesis of tissue-degrading
molecules. Synoviocytes, which in healthy joints are involved in
synovial homeostasis, also contribute directly to synovial chronic
inflammation by excreting pro-inflammatory cytokines and
chemokines for the signaling and proliferation of other mesenchymal
and immune cells [17].

For example, T cell proliferation is enhanced by synovial
fibroblasts through the release of IL-16. In addition, the
activation of T cells in the synovium is believed to be strongly B
cell dependent [17]. Remarkably, synoviocytes promote B cell
survival and differentiation into plasma cells and produce B cell
activation factors [17]. Conversely, macrophages that line the
synovium play a key role in the inflammatory process, mainly by
producing potent pro-inflammatory cytokines and chemokines
that perpetuate inflammation [19]. Particularly, IL-18 and TNF-a
stimulate synoviocyte activation and hence lead to irreversible
joint destruction [19]. Furthermore, the inflamed synovium line is
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characterized by an extensive accumulation of T cells, B cells, plasma
cells, natural Killer cells, and dendritic cells [17]. The interaction
between these cells and macrophages results in the production of
chemokines and the overexpression of chemokine receptors and
other receptors [17, 19].

Therefore, cells found within the synovium are interesting target
candidates for successful specific and selective intracellular NP
delivery. To this end, active nanostrategies focus on the identification
of effector ligands to target specific and selective cellular receptors
by the nanocarrier. Depending on the cell of interest, several
studies (Tables 13.2, 13.3, and 13.4) have reported the use of an
FA, hyaluronic acid (HA), or cyclic Arg-Gly-Asp (RGD) peptide
conjugated in nanocarriers for effector ligand-mediated targeting of
the synovium.

13.4.1.1 FA targeting

Folic acid (FA) is a water-soluble vitamin that can induce receptor-
mediated endocytosis, providing cytosolic drug delivery [47]. Folate
receptors (FRs) are cysteine-rich cell surface glycoproteins that can
exist in two isoforms: FRa and FRf. Usually, FRa is addressed as a
target for therapy and imaging in oncology, whereas FRf3 has been
reported in some studies as the cell effector receptor in inflammatory
diseases. [48] This has unlocked the possibility to explore the
potential of FA to target therapeutic agents to treat inflammatory
RA. The feasibility of FRf3 to mediate the active targeting delivery
of nanocarriers is based on its specific overexpression on activated
macrophages found in the synovial fluid, unlike the slight expression
of this receptor on quiescent resident macrophages and other
blood cells [49-52]. Activated macrophages are the key cells in RA
pathogenesis that secrete multiple pro-inflammatory mediators
with a central role in intracellular cytokine-mediated pathways
involved in synovial inflammation and tissue-matrix degeneration
[17].

Recent in vitro studies (Table 13.2) reported FRp’s potential to
mediate specific delivery to activated macrophages in the synovial
tissue of RA patients [47, 49, 51-54]. Likewise, in vivo studies on
animal models of arthritis have shown that FA nanocarriers can
selectively deliver therapeutic agents to joints’ synovial tissues,
showing reduced collateral toxicity comparing to normal tissues
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[47, 51, 52, 55, 56]. Thomas and coworkers investigated the anti-
inflammatory potential of FA-conjugated polyamidoamine (PAMAM)
dendrimers to target macrophages and deliver loaded MTX in
a collagen-induced arthritis (CIA) rat model [47]. The in vitro
results showed that FA conjugation significantly increased PAMAM
dendrimers’ uptake rate via FR-mediated endocytosis expressed
in activated synovial macrophages [47]. Moreover, in vivo studies
revealed that FA-PAMAM dendrimers loaded with MTX increased
the therapeutic anti-inflammatory index over free MTX. As arthritis-
induced parameters of inflammation were reduced, an enhancement
of the maximum tolerated dose in the used arthritic model was also
observed [47]. Thus, the use of FA-targeted dendrimers to specifically
delivery MTX into macrophages within the synovium can provide an
efficient active targeting approach for RA treatment [47].

Table 13.2  FA nanocarriers targeting synovial cells

Nanocarrier Therapeutic agent Preclinical tests Ref.
In vitro
h 111i
Dendrimers MTX mac.rop age cetl lne [47]
In vivo
CIA rat model
. In vivo [57]
Dend IND
endrimers AIA rat model [58]
Polymeric IL-1 receptor In vivo [56]
nanoparticles antagonist gene AIA rat model [55]
In vi
Lipid nanoparticles NF-xB n vitro [59]

macrophage cell line

AIA, adjuvant-induced arthritis; CIA, collagen-induced arthritis; FA, folic acid; IL,
interleukin; IND, indomethacin; MTX, methotrexate; NF-kB, nuclear factor kappa B.

FA has been also used to achieve active targeting of macrophages
in gene therapy. Fernandes and, later, Shi designed FA-conjugated
chitosan NPs to deliver IL-1RA gene encoding plasmid DNA [55, 56].
The formulation administered intravenously in AIA rats showed
to inhibit paw inflammation. Indeed, an improved transfection
efficiency of FA-chitosan NPs loading IL-1RA resulted in a significant
downregulation of TNF-a and IL-1B [55]. Further in vitro analysis
of macrophages isolated from mouse arthritic joints suggested
that IL-1RA plasmid DNA was efficiently and specifically delivered
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through FR-mediated targeting of macrophages [56]. In another
study, Hattori and colleagues investigated the intracellular delivery
of a nuclear factor kappa B (NF-kB) decoy using FA-conjugated
lipid-based NPs into macrophages [59]. NF-kB is a key regulator
of gene transcription highly active in the synovial membrane. NF-
kB-dependent signaling pathway in activated macrophages directly
induce osteoclast for cartilage and bone destruction [17]. In vitro
experiments suggested that FA-lipid NPs effectively delivered the
NF-kB decoy into the macrophage’s cytoplasm, resulting in an
inhibitory effect on the translocation of NF-«kB into the nucleus,
providing protection against bone resorption by osteoclasts [59].

13.4.1.2 HA targeting

HA is a glycosaminoglycan responsible for cellular growth and
tissue integrity maintenance, thus being an essential component of
the extracellular matrix [60, 61]. HA has the potential to selectively
bind to CD44 antigen spliced variant isoforms CD44v4 and v6, which
are known to be involved in cell migration and in the regulation of
inflammation through lymphocyte activation [60, 62, 63]. Several
in vitro and in vivo studies have shown that inflamed synovial
tissue contains high expression levels of the CD44 receptor on
both synoviocytes and macrophages compared to healthy normal
tissue [25, 61-65]. Therefore, CD44’s importance in the chemotaxis
phenomenon, as well asin mediating the specificbinding of HA during
inflammation, makes it a suitable candidate for the nanocarrier’s
specific delivery within the inflamed synovium.

Several studies (Table 13.3) have investigated the potential of
HA for active targeting of synovial cells plus for the safe delivery of
therapeutic agents in arthritis animal models. Shin and colleagues
investigated the therapeutic effect of MTX-loaded HA-conjugated
NPs in CIA mouse models [66]. In vivo studies showed that HA
NPs preferentially accumulated in the inflamed joints and were
substantially more potent than the free drug in controlling the
clinical score of joint swelling [66]. These results suggest that the
enhanced therapeutic efficiency of MTX might owe to the conjugate’s
ability to enable the release of MTX under acidic conditions
found in both extracellular inflamed synovium and intracellular
compartments of macrophages [66]. Further in vitro experiments
revealed an efficient significant uptake of conjugated HA-MTX by the
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activated macrophage cell line [66]. Similarly, Kamat and coworkers
developed iron oxide-based magnetic NPs conjugated to HA to study
their specific recognition by the CD44 receptor present on activated
macrophages [67]. In vitro cell uptake studies also demonstrated
significant uptake of HA NPs by an activated macrophage cell line
[67]. Moreover, fluorescein contained on the NPs was found to be
delivered to the cell nucleus [67]. This means that HA-conjugated
nanocarriers are suitable for both molecular imaging and drug
delivery and targeting of inflamed disease-tissue. In another study,
not only is HA used as a targeting strategy, but Mero et al. and Ryan
et al. have been using the polymeric properties of HA to develop NPs
able to accumulate within the synovium and reduce the EPR-driven
leakage from the synovial joint upon intra-articular injection. In vivo
studies by Mero and colleagues revealed that salmon calcitonin (sCT)-
conjugated HA NPs avoided EPR-driven leakage, and hence systemic
off-target effects, known to occur upon intra-articular injection of
sCT formulation in a CIA mouse model [68]. Conversely, Ryan and
coworkers’ investigation showed that sCT conjugation with HA NPs
strongly inhibited the production of pro-inflammatory cytokine and
matrix-degrading enzymes, such as MMPs [69]. Indeed, the NF-xB
mouse model of arthritis and the rabbit model of early osteoarthritis
used in the studies presented reduced signs of inflammation after
treatment [69].

Synovial vascularization and prominent angiogenesis are
crucial for enduring synovitis and progressive joint destruction
[20]. Likewise, the VEGF and its receptor found in the synovium
are essential elements for neovascularization [20]. In this regard,
in addition to HA’s synovial-targeting ability, Lee and coworkers
developed a HA-conjugated tocilizumab (TCZ) gold NP, used
simultaneously for a targeting and biologic therapeutic approach.
TCZ is a monoclonal therapeutic IL-6 antibody against IL-6 signaling
by binding to the interleukin-6 receptor (IL-6R) [73]. IL-6 present
in the synovium actively contributes to the RA pathogenesis
by stimulating synoviocyte cell proliferation and osteoclast
activation, plus the production of MMPs, hence promoting cartilage
destruction. Additionally, this pro-inflammatory cytokine influences
the VEGF expression for the vascularization of inflamed synovial
tissue. Therefore, IL-6 is an interesting cytokine target used for
RA treatment [17]. Remarkably, the HA-gold NP TCZ complex
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administered intravenously in a CIA mouse model, aside from being
able to target synovial tissues and accumulate within the synovium,
also reveals TCZ ability to target angiogenic blood vessels [72, 73].
The observed reduction of VEGF and IL-6 expression in the synovium
suggests that treatment with the HA-gold NP TCZ complex had an
anti-inflammatory and antiangiogenic effect in arthritic mouse
models [72].

Table 13.3 HA nanocarriers targeting synovial cells

Nanocarrier Therapeutic agent Preclinical tests Ref.
In vitro
Polymeri? MTX maclrophage cell line [66]
nanoparticles In vivo
CIA mouse model
Polymeric In vivo
- 70
nanoparticles y-secretase CIA mouse model [70]
In vivo
Pol i 68
nzr?];nz:c?cles sCT arthritis rabbit and E 6 9}
P NF-kB mouse models
PEG-polymeric TRAIL In vivo (71]
nanoparticles CIA mouse model
Metallic TCZ In vivo (72]
nanoparticles gold CIA mouse model
Magnetic Fluorescent imaging  In vitro [67]
nanoparticles molecule macrophage cell line
Pol i In vit
© ymerl? Photosensitizers frvitro , [62]
nanoparticles macrophage cell line

CIA, collagen-induced arthritis; HA, hyaluronic acid; MTX, methotrexate; NF-kB,
nuclear factor kappa B; PEG, polyethylene glycol; sCT, salmon calcitonin; TCZ,
tocilizumab; TRAIL, TNF-related apoptosis-inducing ligand.

An alternative therapeutic targeting and biologic approach was
also investigated by Kim and colleagues [71]. Instead of IL-6, in
this study proapoptotic members of the TNF family, such as tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), were
efficiently delivered in CIA mouse models using the HA targeting
strategy. In fact, in vivo experiments suggested that HA conjugation
to PEGylated NP loading TRAIL resulted in prolonged and sustained
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delivery of TRAIL with increased therapeutic effect over the
unconjugated PEG-TRAIL formulation [71].

13.4.1.3 RGD targeting

Synovial vascularization represents a potential therapeutic target
area, possibly by being the first barrier that blood leukocytes face
before their migration into the target synovial tissue [20]. In fact,
the interaction between cell adhesion molecules expressed on the
endothelial cells and migrating blood leukocytes may direct specific
leukocyte subsets to the target tissue [20]. In this regard, some
studies (Table 13.4) have been reporting cell adhesion receptors,
such as integrins, expressed on endothelial cells as therapeutic
targets for RA. Particularly, the RGD peptide displays high affinity to
the avf33 integrin, which is overexpressed in VECs and macrophages
in inflamed disease-tissues [74].

Table 13.4 RGD nanocarriers targeting synovial cells

Nanocarrier Therapeutic agent Preclinical tests Ref.
) In vivo
PEG-liposomes DXP AIA rat model [75]
PLP In vivo
PEG-li 76
‘posormies core peptide AIA rat model (761
Polymeric MTX In vivo [77]
nanoparticles gold CIA mouse model

AlA, adjuvant-induced arthritis; CIA, collagen-induced arthritis; DXP, dexamethasone
phosphate; MTX, methotrexate; PEG, polyethylene glycol; PLP, prednisolone
phosphate; RGD, Arg-Gly-Asp.

Koning and coworkers investigated the therapeutic efficacy of
DXP-loaded RGD conjugated to PEGylated liposomes using an AIA
rat model [75]. The in vivo results revealed that RGD-PEG liposomes’
retention time at the inflammation site was greater compared with
PEGylated ones. Besides, in vitro studies showed that RGD enhances
the uptake in proliferating human VECs [75], thereby suggesting that
the specific RGD targeting is more effective than the EPR effect in
terms of targeting inflamed disease-tissue in early stages of arthritis
[75]. Moreover, in vivo studies showed that a single intravenous
injection of DXP-loaded RGD-PEG liposomes prolonged the anti-
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inflammatory effect in arthritic joints, thus limiting off-target tissue
toxicity [75]. Similarly, Vanniasinghe and colleagues developed RGD-
PEG liposomes to deliver either PLP or an immunosuppressive core
peptide withinthe synovium [76].Inthis study,liposome formulations
were tested in vitro regarding their ability to specifically internalize
on both synovial fibroblast and endothelial cells [76]. Additionally,
in vivo studies were performed using a rat model of AIA, revealing
that the accumulation of RGD-PEG liposomes increased 7- to 10-fold
in inflamed joints compared to unaffected joints [76]. Thereby, the
specific delivery of loaded therapeutic agents to inflamed joints led
to efficient and prolonged anti-inflammatory efficacy [76].

Lately, a strategy has been developed to improve the ability
to mediate intracellular controlled delivery of nanocarriers,
along with triggering the release of loaded therapeutic agents, by
hyperthermia. To this end, Lee and coworkers developed MTX-
loaded PLGA NPs coated with gold half-shell and conjugated to
the RGD peptide [77]. In vivo results using CIA mice showed that
RGD allowed tissue-specific accumulation of NPs and cell targeting
through aVB3 integrin [77]. Then, upon application of local near-
infrared photothermic stimulation on arthritic joints, whereas heat
was locally generated due to gold half-shells, a MTX intracellular
release increase was observed [77]. Hence, prolonged therapeutic
efficacy was observed when compared with that of the free drug,
which simultaneously minimizes MTX-dose-related side effects in
the treatment of RA [77]. Similarly, in another study, MTX-loaded
PLGA NPs containing gold NPs were investigated for near-infrared
photothermic application [78]. In vitro experiments suggested
that the incorporation of gold NPs resulted in a temperature-
dependent and sustained drug release profile [78]. Further results
revealed that the successful uptake of MTX-loaded PLGA/gold NPs
by macrophages led to a significant reduction of pro-inflammatory
cytokine expression after induced inflammation [78], suggesting a
hyperthermia therapy as a promising strategy to improve the drug’s
anti-inflammatory efficiency [78]. Remarkably, gold has been also
described to exhibit therapeutic potential in RA treatment. Indeed,
Tsai and coworkers used gold NPs to target VEGF in human RA
synovial fluid, showing that these NPs inhibit VEC proliferation and
migration [46]. Additionally, in vivo studies in CIA mice revealed
that intra-articular injection of gold NPs suppresses synovial cells’
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inflammatory response, presenting reduced clinical, radiographic,

and histologic arthritic features [46].

13.4.2 Cytokine Targeting

The imbalance of pro-inflammatory cytokines and anti-inflammatory
cytokines plays a key role in the pathogenesis of RA. In the inflamed
synovium, pro-inflammatory cytokines, such as TNF-q, IL-1, IL-6,
[L-12, and chemokines, are elevated, whereas the levels of anti-
inflammatory cytokines, such as IL-10 and IL-4, are reduced [17].
Aside from stimulate inflammatory cells’ migration to the inflamed
synovium, cytokines are also responsible for perpetuating both
autoimmune and inflammatory responses [3]. Moreover, cytokine-
dependent signaling pathways mediate cellular interactions within
the synovium, leading to persistent disease activity and hence

irreversible joint destruction [17].

Target-to-Treat Nanostrategies

Table 13.5 Target-to-treat nanocarriers toward cytokines

Nanocarriers Therapeutic agent Preclinical tests Ref.
Polymeric In vivo
E 79
nanoparticles tanercept CIA rat model [79]
Polymeric In vivo
TNF-a siRNA 80
nanoparticles ast AbIA mouse model [80]
Polymeric ) In vivo [81]
TNF-a siRNA
nanoparticles ast CIA mouse model [82]
Liposomes TNF-a siRNA In vivo [83]
p IL-1/IL-6/IL-18 siRNA  CIA mouse model [84]
) , In vivo [85]
L TNF-a siRNA
'posomes ast CIA mouse model [86]
. . In vivo [87]
L IL-10 pl DNA
tposomes 0 plasmid CIA mouse model [88]
Polymeric . In vivo [89]
IL-2/IL-15Rf siRNA
nanoparticles / Bsi AIA rat model [90]
Pol i In vit
olymeric TNF-a siRNA fvitro 1]
nanoparticles macrophage cell line

AbIA, antibody-induced arthritis; AIA, adjuvant-induced arthritis; CIA, collagen-
induced arthritis; DNA, deoxyribonucleic acid; IL, interleukin; siRNA, small interfering
ribonucleic acid; TNF-a, tumor necrosis factor-a.
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The selective downregulation of inflammatory mediators either
by preventing their expression or by antagonizing their receptors
using antibodies is simultaneously a promising therapeutic
approach as well as a targeting approach used in the treatment of
RA. Thus, mainly due to their involvement within the pathogenesis
of RA, cytokines have been used as targets for monoclonal antibody
therapy in RA. Formulations of monoclonal antibodies effectively
inhibit inflammation and synovial tissue damage. Still after systemic
administration many patients continue to experience severe off-
target side effects and less symptomatic relief [21]. Furthermore,
cytokines can be targeted therapeutically by gene transfer and
gene-silencing approaches. Gene therapy is based on the delivery
of nucleic acids within the cell either for overexpression or for
silencing of a target cytokine [92]. More recently, nanotechnology
has been combined with gene therapy, offering an enhanced strategy
for targeting and treating RA after it can potentially lead to a safer,
more selective, and more efficient delivery of therapeutic gene at the
inflamed disease-tissue, hence avoiding adverse off-target systemic
toxicity.

In the last decade, several studies (Table 13.5) have been
developed for treating synovial inflammation by silencing the
expression of target pro-inflammatory cytokines with targeted
gene delivery systems. Regarding gene delivery in vivo, cationic
nanocarriers represent a safe and selective strategy once positively
charged moieties enable electrostatic complexation with negatively
charged nucleic acids, intracellularly promoting the nanocarriers’
ability to mediate endosomal escape and improve cytosolic delivery.
Cationic nanocarriers can be developed using cationic polymers,
such as poly(ethylene imine) (PEI), poly-L-lysine, and chitosan, or
cationic lipids, such as dioleoylphosphatidylethanolamine (DOPE)
and dioleoyltrimethylammoniumpropane (DOTAP).

Pro-inflammatory cytokines, such as TNF-q, IL-1(3, and IL-6, have
a crucial role in inflammation. It is well known that TNF-a is mainly
produced by macrophages that line the synovium [17]. TNF-a
upregulates the production of IL-1f3 inloop response, hence enduring
chronicinflammation. As both cytokines induce the expression of cell
adhesion molecules on endothelial cells, they promote inflammatory
and immune cells’ migration into the synovium. In addition, these
cytokines stimulate the production of chemokines important for
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intracellular signaling events. At the same time, they increase
synoviocytes’ and chondrocytes’ destructive potential by inducing
the production of MMPs and other matrix-degrading enzymes
responsible for cartilage erosion [17]. Among all pro-inflammatory
cytokines, TNF-a siRNA-loaded nanotherapeutic approaches have
been successful in the inhibition of TNF-a pro-inflammatory activity
in animal models of arthritis. Komano and coworkers investigated
the therapeutic potential of cationic liposomes loading TNF-a siRNA
in a CIA mouse model [85]. Mice were intravenously injected with
Cy5-labeled TNF-a siRNA-loaded liposomes, wherefore the Cy5
fluorescence was used to assess the tissue distribution. Results
showed that the Cy5 intensity of fluorescence was higher in arthritic
inflamed joints than in off-target tissues. In fact, the fluorescence
remained higher up to 48 h after treatment. Further experiments
suggested that Cy5 fluorescence intensity was higher in synovial
macrophages cells than in splenocytes, bone marrow cells, and
blood leukocytes. Thus, treatment with TNF-a siRNA-loaded
liposomes resulted in significant decrease in arthritis severity,
allowing an efficient and targeted gene delivery to the inflamed
synovium [85]. Similarly, Khoury and colleagues developed DOPE
cationic liposome for systemic delivery of TNF-a siRNA in a CIA
mouse model [83]. Results revealed that blocking TNF-a receptors
effectively decreases local and systemic inflammation, as well as
prevents cartilage damage in arthritic mice [83]. The same authors,
in another study, investigated gene silencing via siRNA of other well-
known pro-inflammatory cytokines (IL-1, IL-6, and IL-18) instead
of TNF-a [84]. Treatment in established arthritic mice revealed that
a combination of the three cytokine-specific siRNAs reduced all
arthritic pathological features [83]. In fact, compared to TNF-a siRNA
treatment, IL-1B/IL-6/IL-18 siRNA-loaded liposomes improved
overall anti-inflammatory efficiency, preventing cartilage and bone
destruction [83]. Thus, multi-IL-specific siRNA can be a promising
biologic nanostrategy for improving RA treatment, possibly shifting
the supremacy of anti-TNF agents for standard care in patients not
responding to synthetic DMARDs.

Apart from liposomes for gene delivery, te Boekhorst and
colleagues developed PLGA/DOTAP NPs for intra-articular injection
of loaded TNF-a siRNA [80]. The intra-articular injection of TNF-a
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siRNA-loaded NPs in the AbIA mouse model resulted in a significant
reduction in the paw swelling and joint inflammation [80].

Synoviocytes have been reported to play a central role in the
chronic nature of RA, being key cells to target as they participate
in inflammatory events of joint damage through the production of
many pro-inflammatory cytokines and MMPs [17]. Particularly, IL-
15 has been shown to have a role in these events, as it induces the
production of other cytokines, such as TNF-a and IL-17, by T cells
through a cell contact-dependent mechanism [17]. In turn, T cells
induce the expression of IL-15 and IL-6 by synoviocytes, creating
a feedback loop that favors persistent synovial inflammation [17].
In this regard, PEI-nucleic acid complexes have been developed by
Zhang et al. and Duan et al. to deliver siRNA targeting the IL-2 and
IL-15 receptor 8 (IL-2/15Rf) on synovial fibroblasts for RA therapy
[89,90]. In both studies, following intravenous administration in rats
with AIA, IL-2/15Rp siRNA-loaded PEI nanocomplexes effectively
accumulated in arthritic paws and subsequently were internalized
by inflamed synovial cells [89, 90]. Thereby, results revealed that
PEI-mediated siRNA delivery has the potential to treat RA, as anti-IL-
2/15Rp siRNA treatment decreases disease progression in arthritic
mice [89, 90].

In another study, Xiao and colleagues developed mannosylated
PEI NPs loaded with anti-TNF-a siRNA to specifically target the
mannose receptor overexpressed on macrophages found within the
synovium line [91]. Both in vitro and ex vivo studies showed that
mannosylated NPs were efficiently internalized by macrophages,
hence mediating the local delivery of TNF-a siRNA [91]. More results
showed an increased silencing of TNF-a expression, which improved
the anti-inflammatory efficiency of RA treatment [91].

Chitosan-based nanocarriers have also been used for gene
delivery and target synovial cells. Howard and coworkers formulated
chitosan NPs encapsulating TNF-a siRNA, aiming to target resident
peritoneal macrophages upon intraperitoneal administration
in CIA mouse models [81]. In vivo results showed effective anti-
inflammatory responses that involved the formulation silencing the
TNF-a gene on macrophages [81]. With a similar intent, Lee and
colleagues used thiolated glycol chitosan NPs, showing enhanced
accumulation at the arthritic joint of CIA mouse model and also
efficient in vitro TNF-a gene silencing [82].
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The effectiveness of downregulation of pro-inflammatory
cytokines in reducing inflammatory activity has been proven.
Nonetheless, an alternative biologic strategy to pro-inflammatory-
cytokine-targeting gene-silencing approach is the gene transfer of
anti-inflammatory cytokines, such as IL-10. Despite IL-10’s potent
anti-inflammatory activity, its clinical use is hampered by seri-
ous cytokine-related side effects [87]. To overcome this problem,
cationic liposomes were developed by Fellowes and colleagues for
plasmid DNA coding of IL-10 gene delivery [87]. In vivo experiments
revealed that a single intraperitoneal injection of cationic liposomes
containing human IL-10 plasmid DNA in CIA mice resulted in signif-
icant anti-inflammatory efficacy [87]. In fact, the anti-inflammatory
activity in arthritic joints was prolonged by up to 30 days after in-
jection. Further experiments showed that high accumulation and
overexpression of IL-10 plasmid DNA in synovial inflamed joints
allowed efficient gene transfer by synovial macrophages [87].

Indeed, a growing number of nanocarriers have been developed
either for selective downregulation of pro-inflammatory cytokines
or for overexpression of anti-inflammatory cytokines, amending the
course of RA biologic treatment and improving its cost-effectiveness.

13.5 Final Remarks

RA is a serious health problem, the actual treatment of which
has high rates of patient noncompliance, as available treatment
options either are associated with risk of infection and potentially
deleterious side effects or entail high medical costs.

Owing to these limitations, the ideal therapy for RA remains
a challenge. In the past decade, nanotherapy has emerged as an
enhanced clinical approach for the treatment of RA. Innovative target-
to-treat nanostrategies focused on the inflamed disease-tissue have
proven to be safe and efficient in the long term. Unlike conventional
pharmacologic therapy, target-to-treat nanotherapies embody
the concept of a magic bullet, conceived by Paul Ehrlich, enabling
antirheumatic therapeutic agents to be selectively delivered to their
designated synovial targets, enhancing tissue specificity and hence
their therapeutic efficacy, while diminishing off-target toxicities that
compromise the effectiveness of RA treatment.
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The uncovering of novel cellular and molecular synovial targets
opens the gate for a new era of therapeutic intervention with tailored
target-to-treat nanotherapies. The therapeutic potential of these
targets lies in RA pathogenesis amending nanocarriers’ synovial
tissue-targeting ability. To this end, exploiting the leaky vasculature
of inflamed tissues and synovial-targeting strategies might then lead
to treatments with improved clinically relevant therapeutic potency
and pharmacologic safety profiles.
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Aim: The treatment of rheumatoid arthritis remains a challenge as available therapies still entail the risk
of deleterious off-target effects. The present study describes hyaluronic acid-conjugated pH-sensitive lipo-
somes as an effective drug delivery-targeting strategy to synovial cells. Materials & methods: Therapeutic,
cytotoxic and targeting potential of developed liposomes were studied in vitro using macrophages and
fibroblasts cell lines.Results & Conclusion: Results suggest an enhanced cellular uptake of conjugated lipo-
somes, mainly mediated by caveolae- and clathrin-dependent endocytosis. In vitro release studies demon-
strated that prednisolone was preferentially released under acidic conditions mimicking intracellular en-
dosomal compartments. Overall, results revealed that conjugated pH-sensitive liposomes are a promising
nanoapproach for the targeted delivery of prednisolone within inflamed synovial cells for rheumatoid
arthritis treatment.

First draft submitted: 15 December 2017; Accepted for publication: 7 March 2018; Published online:
23 May 2018
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Rheumatoid arthritis (RA) is among the chronic autoimmune diseases with higher prevalence in the world, causing
long-term disability and severe functional limitations on patient quality of life [1,2]. RA origin remains unknown,
being then characterized by an autoimmunologic response attacking the joints synovium [1). Neovascularization of
the synovial tissue enables the migration of inflammatory cells to the synovium and of proinflammatory mediators
for cellular activation that induce the destruction of cartilage and bone erosion, leading to synovial inflammatory
activity that is related to hypoxia in the synovium [1]. The European League Against Rheumatism and the American
College of Rheumatology preconize that is crucial an early intervention in RA treatment to slow down disease
inflammatory progression and delay the beginning of irreversible joint damage (2-4]. In this context, immediately after
diagnosis, the guidelines for treatment recommend the use of low-dose glucocorticoids, namely prednisolone, due to
its rapid anti-inflammatory effect in suppressing the early arthritic symptoms [2-4). Although prednisolone is highly
effective in reducing inflammation, its long-term use is hampered by severe side effects, low drug bioavailability and
off-targeted biodistribution profile, limiting its therapeutic efficiency (1. In an effort to overcome these drawbacks,
improve the therapeutic efficacy of prednisolone and eventually increase the duration of the therapy, hyaluronic acid
(HA)-conjugated pH-sensitive liposomes were developed as a targeted drug delivery therapy strategy for RA. This
approach relies on a nanobased drug delivery system that simultaneously takes advantage of the pathophysiological
features of RA-like synovial neoangiogenesis 5] and acidic microenvironment of inflamed synovium (6}, plus
the HA ability to selectively target synovial cells (7,8] to promote a controlled prednisolone release. Among the
cells found within the inflamed synovium, macrophages and fibroblasts are crucial in the progression of chronic
inflammation by excreting proinflammatory mediators and trigger irreversible joint structural destruction [6,9,10].
Furthermore, HA is a naturally occurring glycosaminoglycan responsible for cellular growth and maintaining

tissue integrity (1], which is already used as an approach for nanotherapy in RA (8,12,13]. Targeting strategies with Medicine ~
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HA-conjugated nanocarriers rely on its selective binding to CD44 cell receptor, overexpressed in activated cells
found within the synovium and involved in the regulation of autoimmune response [7,8,11]. Hereby, this work
presents a targeted RA therapy based on a nanotherapeutic approach relying on: enhanced vascular permeability of
inflamed synovial tissues for liposome accumulation; HA-binding affinity to CD44 overexpressed in synovial cells
to enable the targeted cellular uptake (7,8; lipids pH sensitivity to acidic extracellular inflamed synovial tissue [5,6]
and intracellular compartments, ensuring the controlled drug release in the cytosol and a reduced widespread of
prednisolone off-target distribution. The combination of these strategies is innovative and promises to enable i sizu
drug bioavailability, while decreasing adverse off-target effects by selectively deliver prednisolone into the inflamed
synovium. Thus, a synergic effect to improve the effectiveness of this potent conventional glucocorticoid on the
inflammation site should be ensured.

Materials & methods

Materials

Sodium hyaluronate (MW: 320 kDa) was a kind gift from Genzyme Corporation (MA, USA). Prednisolone
disodium phosphate (PDP) was purchase from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan). 1,2-Dipalmitoyl-
sn-glycero-3-phosphoethanolamine (DPPE) and N-(7-nitro-2,1,3-benzodiazole-4-yl)-DPPE (NBD-DPPE) were
purchased from Avanti® Polar Lipids Inc. (AL, USA). Chloroform and methanol were acquired from ThermoFisher
Scientific Inc. (Leicestershire, UK) and Atom Scientific (Cheshire, UK). Cholesteryl hemisuccinate (CHEMS),
Triton™ X-100, thiazolyl blue tetrazolium bromide (MTT), trypan blue solution, dimethyl sulfoxide (DMSO,
99.9%), acetic acid (99.8%), triethylamine, ethyldimethyl-aminopropyl-carbodiimide, N-hydroxysuccinimide,
chlorpromazine, filipin and cytochalasin-D were purchased from Sigma-Aldrich® (MO, USA). Fetal bovine
serum, penicillin-streptomycin and DMEM were purchased from Gibco® by Life Technologies‘M (ThermoFisher
Scientific Inc.). Lactate dehydrogenase (LDH) cytotoxicity detection kit was acquired from Takara Bio, Inc.
(Shiga, Japan). Murine L929 fibroblast and RAW 264.7 macrophages cell lines from the American Type Culture
Collection (ATCC® TIB71™, Salisbury, UK). All chemicals and reagents used in the study were used without
further purification.

Synthesis of HA-DPPE conjugate

The HA-DPPE conjugate synthesis was achieved using carbodiimide chemistry according with a modified method
in the literature (11]. The three-step synthesis began with the activation of the hydroxysuccinimide ester of HA.
Briefly, 1.0 mg of HA was dissolved in 50 ml of ultrapure water, followed by incubation with 0.5 g of ethyldimethyl-
aminopropyl-carbodiimide and 0.52 g of N-hydroxysuccinimide at pH 4.0 for 2 h at 37°C. Followed by the addition
of 100 mg of DPPE to the activated HA resulting solution and further pH adjustment to 8.6 (0.1 M borate buffer
solution). This reaction was maintained for 24 h at 37°C, to allow the carboxyl groups of HA link to the amino
groups of DPPE. Finally, the HA-DPPE conjugate was purified to remove unconjugated HA and other by-products,
through dialysis against 1-1 phosphate buffer for 48 h, using a cellulose dialysis bag (Cellu.Sep® T3 with a nominal
molecular weight cutoff of 12-14 kDa). The solution was then lyophilized using a LyoQuest 85 plus v.407 Telstar
freeze dryer (Telstar® Life Science Solutions, Terrassa, Spain), yielding a white dry powder. The characterization
of the synthesized HA-DPPE conjugate was performed by 'H nuclear magnetic resonance (NMR; Bruker Avance
I1I) at 400 MHz in D,O and DMSO at room temperature (RT) with tetramethylsilane as internal standard.

Preparation of pH-sensitive liposomes

pH-sensitive liposomes were prepared by the modified thin-film hydration method [14. Briefly, DPPE:CHEMS
and DPPE:CHEMS:DPPE-HA lipid solutions of 10 mM, respectively, in a molar ratio of 6.5:3.5 and 6.5:3.5:0.03,
were prepared in a round-bottom flask by dissolving the amounts of lipids in a chloroform:methanol mixture (3:2).
Whereas, for the formulations of drug-loaded liposomes, the amount of PDP was dissolved only in methanol and
then slowly added to the remaining organic phase. The organic solvents were evaporated using a rotary-evaporator
under a nitrogen flow, with the round-bottom flasks immersed in a bath at 42°C for approximately 40 min. The
thin-lipid film was then hydrated with hepes-buffered solution at pH 7.4. Followed by 20 min of vigorous vortex
stirring, the formulations were extruded three- and ten-times, respectively, through 600- and 100-nm polycarbonate
filter membranes, under pressure of nitrogen gas and above the main phase transition temperature of the lipids
mixture (>60°C).
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pH-sensitive liposomes physicochemical characterization

Size, polydispersity index & zeta potential

Liposomal formulations were characterized in terms of size, size distribution (by the polydispersity index [PDI])
and zeta potential at 37°C using a ZetaPALS particle analyser (Brookhaven Instruments Corporation, NY, USA).
The size and PDI were determined by dynamic light scattering with an average count rate between 300-500 kcps
and zeta potential by electrophoretic light scattering using phase analysis light-scattering mode at an angle of 90°.

Drug loading capacity & entrapment efficiency

The drug loading capacity (LC) and entrapment efficiency (EE) percentages were determined, respectively, using
Equations (1) and (2). The amount of free drug in the supernatant was quantified by absorbance at 247 nm using
a UV=Vis spectrophotometer (V-660, Jasco Corporation, MD, USA). In order to separate the free unloaded drug,
formulations were centrifuged in Amicom® ultra centrifugal filter devices of 50,000 nominal molecular weight
limit (MERK Milipore Ltd, Cork, Ireland) at 2500 xg and RT for 10 min.

Total amount of drug — Amount of free drug

LC (%) = x100

Total amount of lipid (Equation 1)

EE (%) Total amount of drug — Amount of free drug «100

Total amount of drug (Equation 2)

All formulations were storage at 4°C and protected from light. Their stability regarding size, PDI, zeta potential,
LC and EE was assessed for 1 month (Supplementary Material).

Morphology

Liposomes morphology was assessed by transmission electron microscopy (TEM; JEM-1400Plus, JEOL Inc., MA,
USA) in different pH conditions. Briefly, samples of each liposomal formulation were diluted tenfold with either
hepes buffer solution at pH 7.4 or acetate buffer solution at pH 5.0. Then, 10 pl of sample was placed over a
300-mesh copper grid followed by negative staining with 1% uranyl acetate for 5 s. The morphology of liposomes
was then evaluated at RT with an accelerating voltage of 60 kV.

In vitro drug release study

The in vitro drug release study was performed using the dialysis method. Briefly, formulations of PDP-loaded
liposomes were placed into a cellulose ester dialysis membranes (Float—a—Lyzer® G2, Spectrum Laboratories Inc.,
CA, USA), with 3.5-5 kDa nominal molecular weight cutoff, filled with 1 ml of the sample and 80 ml of outer
buffer and maintained under sink conditions. The studies were performed with either hepes buffer solution at pH
7.4 or acetate buffer solution at pH 5.0, under continuous magnetic stirring at 37°C (RT 15 power, IKA Werke
GmbH & Co. KG, Staufen im Breisgau, Germany). During 50 h at regular time intervals, 1 ml aliquots were
withdrawn and the same volume of respective fresh buffer solution replaced to maintain the sink conditions. The
PDP amount that passed through the dialysis membrane was quantified by measuring the absorbance at 247 nm
using the UV-Vis spectrophotometer. Mathematical models for drug-release kinetics were applied to evaluate the
mechanism of PDP release (Supplementary Material).

In vitro cellular studies

Murine L929 fibroblast and RAW 264.7 macrophages cell lines were cultured in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin-streptomycin, at 37°C with 5% CO,. For all in vitro cellular assays, subculture
of both cell lines was done at a proportion 1:4 at least once a week to achieve 80-90% cell confluence.

Cytotoxicity
In vitro cytotoxicity of both empty- and PDP-loaded liposomes was carried out in RAW macrophages and L929

fibroblasts using the MTT and LDH assays. Briefly, for MTT assay cells were seeded at a density of 5 x 104
cell per well in 96-well plates. After 3 h of incubation at 37°C with 5% CO,, cells were treated with different
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concentration of each liposomal formulation and free PDP. Control wells were treated with equivalent volumes of
DMEM and a solution of 2% Triton X-100. After 24-h incubation at 37°C with 5% CO,, the cell supernatant of
each well was recovered and kept at 4°C for the LDH assay and a solution of 0.5 mg.ml"" of MTT was added to the
culture medium [15). Followed by 2-h incubation at 37°C with 5% CO,, the MT'T solution was replaced by the
same volume of DMSO to dissolve the formed formazan crystals. Then, the optical density was read by measuring
absorbance at 590 and 630 nm using a microplate spectrophotometer (Synergy™ HT, Biotek, VT, USA).

For the LDH assay, plates containing the cell supernatant were centrifuged at 250 g and RT for 10 min to
remove cellular debris or liposomes. Afterward, 100 pl was taken for LDH activity measurements according to the
manufacturer’s instructions. Briefly, 100 pl of the LDH cytotoxicity detection kit reaction mixture was added to
each well and let to incubate in the dark for 12 min protected from light. The optical density was read by measuring
absorbance at 490 and 630 nm using the microplate spectrophotometer. The results of cell viability and cytotoxicity
were reported as the percentage of the metabolic and LDH activity of treated cells relatively to nontreated control
cells.

Cellular uptake

Fluorescent liposomes were produced by the addition of NBD-DPPE at 1% mol of the amount of lipid in the
organic phase upon thin-lipid film preparation. The cellular uptake of empty NBD-fluorescent liposomes was
evaluated in both cell lines by flow cytometry. Briefly, cells were seeded at a density of 5 x 10° cell per well
in 24-well plates and incubated at 37°C with 5% CO, for 20 h. To study the effect of incubation time, cells
were incubated with NBD-fluorescent liposomal formulations for 1, 2, 4 and 6 h at 37°C with 5% CO,. Then,
after each incubation time, cells were washed twice with phosphate-buffered saline to remove any cellular debris
or noninternalized liposomes. After trypsinization, cells were recovered in fresh DMEM and analyzed in a BD
Accuri” C6 flow cytometer (Biosciences, Erembodegem, Belgium) under the 488-nm excitation and 530-nm
emission wavelengths. Prior to analysis, 0.11% trypan blue was added to each sample for 1 min to quench the
NBD-fluorescent signal coming from liposomes adsorbed to the cell surface and dead cells were excluded by staining
with propidium iodide. The results were reported as mean fluorescence intensity of cells with NBD-fluorescent
liposomes and normalized relatively to the autofluorescence of cells in culture medium used as control.

Cellular uptake pathways

The internalization pathways involved in the cellular uptake of NBD-fluorescent liposomes were studied using flow
cytometry. Briefly, cells were seeded at a density of 5 x 10° cell per well in 48-well plates and incubated at 37°C
with 5% CO; for 20 h. Then, cells were preincubated for 30 min at 37°C with 5% CO; with three pharmacological
pathway inhibitor solutions: chlorpromazine (10 pg.ml™), filipin (1 pg.ml™") or cytochalasin D (5 pg.ml™) 115,161
Additionally, to study whether the cellular uptake was energy dependent, cells were incubated at 4°C for 30 min
and then incubated with each one NBD-fluorescent liposomes for 1 h at 4°C. Prior flow cytometric analysis, cells
were recovered in fresh DMEM as previously described. The results were reported as mean fluorescence intensity of
cells with inhibitor and normalized relatively to the autofluorescence of cells incubated with no inhibitor at 37°C
used as control.

Statistical analysis

Statistical analysis was performed using IBM® SPSS® Statistics software (v.22, NY, USA). Data were analyzed
using one-way analysis of variance followed by Tukey post hoc test. The differences were statistically significant
when the p-value was less than 0.05.

Results & discussion

HA-DPPE conjugate 'H NMR characterization

The '"H NMR spectrum of HA-DPPE conjugate presented on Figure 1 confirms the coupling of the HA to DPPE
through the peaks at 1.46 ppm (CH,CH,NH) and at 5.91 ppm (CH,NH,*CO) [17,18]. Also a peak at 2.12 ppm
(NHCOCH3) in the spectrum is also indicative of the presence of HA. Additionally, the DPPE characteristic peaks
are represented at 0.87 ppm, corresponding to the terminal CH3, and the methylene protons at 1.26 ppm [18].
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Figure 1. H nuclear magnetic resonance (NMR) spectrum of hyaluronic acid (HA)-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
(DPPE) conjugate. H NMR spectra of HA and DPPE are presented in Supplementary Figure 1.

Table 1. Characterization of developed pH-sensitive liposomes.

% EE % LC size (nm) PDI zeta potential (mV)
Lipo empty - - 110 &+ 1% 0.05 4 0.01# —36+ 1%
PDP 70 +£2 45 +£1 104 + 3* 0.06 + 0.03* -33+2¢
empty . = 114 £ 3% 0.10 + 0.01* —45 £ 2*
LipoHA PDP 70+ 1 45 £1 116 + 3% 0.08 £ 0.02 —37 £ 3*

Data represent the average + standard deviation (n = 3). Statistical significant differences between PDP loaded and empty pH-sensitive liposomes (*p < 0.05) or when comparing HA
conjugated with unconjugated pH-sensitive liposomes (*p < 0.05).
EE: Entrapment efficiency; HA: Hyaluronic acid; LC: Loading capacity; PDI: Polydispersity index; PDP: Prednisolone disodium phosphate.

Characterization of pH-sensitive liposomes

Liposomes composed of DPPE:CHEMS (Lipo) or DPPE:CHEMS:DPPE-HA (LipoHA) loaded with PDP and
empty were successfully produced and characterized in size, PDI and zeta potential. Additionally, drug-loaded
liposomes were optimized for drug LC and EE. Results revealed for both formulations an average LC of 45%
along with 70% of EE. In fact, a 45% of LC corresponds to 9 mg of entrapped prednisolone, which guarantees
a therapeutic response. From the characterization of prepared pH-sensitive liposomes (Table 1), all formulations
presented uniform vesicle sizes lower than 200 nm. Indeed, these sizes are described in the literature to be suitable
for intravenous administration with long-circulating times in the bloodstream and enhanced ability to reach the
synovium through the enhanced vascular permeability at the inflamed synovial region [5,19). Moreover, at pH 7.4,
HA is in the form of a sodium salt, which confers it a highly hydrophilicity. Thereby, the water molecules linked by
hydrogen bonds to HA are oriented in a structured manner surrounding the polymer chain, thus creating a steric
hydration shell (11]. This could enable stealth ability to liposomes, promoting long-lasting circulation. Further results
on the characterization of liposomes revealed low PDI values (<0.2), indicating a homogeneous and monodisperse
population of liposomes. Additionally, zeta potential revealed that the surface charge is beneath -30 mV, which is
considered the reference value to prevent aggregation and hence liposomal monodispersity (20]. The negativity of
liposomes surface was caused by the negatively charged terminal carboxylic group of CHEMS, as DPPE is a neutral
zwitterionic molecule. Results revealed that HA provides a statistically significant increase of zeta potential value to
-45 £ 2 mV when compared with Lipo (-36 & 1 mV). Conversely, PDP association significantly decreased zeta
potential values to -37 £ 3 mV, mainly due to the establishment of strong intermolecular interactions with HA. As
negatively charged HA at pH 7.4 can establish electrostatic interactions with positively charged sodium groups of
PDP [11). Still, the zeta potential negativity of liposomes was not compromised, granting the shelf stability. Overall,
HA conjugation did not influence PDP incorporation within pH-sensitive liposomes despite having an impact on
vesicle size and zeta potential.
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LipoHA

Figure 2. Transmission electron microscopy representative images of prednisolone disodium phosphate-loaded
pH-sensitive liposomes in buffered solutions at pH 7.4 (A & C) and pH 5.0 (B & D).
HA: Hyaluronic acid.

Morphology

Morphology was assessed using TEM analysis and representative images of PDP-loaded liposomes are presented
on Figure 2. Figure 2A and B illustrates pH-sensitive liposomes (Lipo) in buffered solutions, respectively, at pH
7.4 and 5.0. Under physiologic pH conditions (pH 7.4), the formulation exhibited liposomes with spherical shape
morphology and homogenous sizes around 100 nm. Particularly on Figure 2A, the observed shadow blur can be
related to sob-reposition of liposomes, possibly due to the high concentration of the sample. On Figure 2B, it can
be observed that at pH 5.0, the liposomes did not lose the spherical shape, but there is a noticeable increase on the
vesicle size (>200 nm) when compared with the ones in buffered solution at pH 7.4. Figure 2C and D presents
HA-conjugated pH-sensitive liposomes (LipoHA) in buffered solutions, respectively, at pH 7.4 and 5.0. Vesicles on
Figure 2C presented a ring morphology in both oval and spherical shapes. The appearance of the edge ring occurred
likely due to electrostatic interactions established at pH 7.4 between negatively charged HA conjugated to the
liposomes surface either with surrounding water or PDP molecules. Indeed, a decrease on the zeta potential values
was found for LipoHA-loading PDP as compared with empty liposomes (Table 1). Remarkably, it was possible to
observe that at pH 5.0 (Figure 2D), there is a complete loss of the liposomal structure. Instead of a spherical shape
morphology, the observed square shape on Figure 2D may indicate the lamellar to hexagonal phase transition and
the liposomes disassembly under acidic pH.

Drug release study

The in vitro drug release studies assess the ability of liposomes to mediate intracellular release of loaded drug and
verify their pH-dependence. Therefore, the drug release profile was evaluated at 37°C under various pH conditions,
namely acetate-buffered solution at pH 5.0, to mimic the acidic environment of inflamed synovial tissues and within
intracellular compartments (as endosomes). Whereas, to mimic physiological pH conditions and evaluate inherent
drug release in the bloodstream upon intravenous administration, hepes-buffered solution at pH 7.4 was used. The
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Figure 3. In vitro release profiles of prednisolone disodium phosphate from pH-sensitive liposomes in mimicked
acidic and physiological conditions at 37°C. Data represent the average =+ standard deviation (n = 3). Statistical
significant differences (*p < 0.05) between buffered solutions at pH 7.4 and 5.0 at each time point.

HA: Hyaluronic acid.

results on the 7 vitro PDP release profile from liposomes presented in Figure 3 revealed that as expected on both
liposomal formulations, the drug release rate in acidic pH conditions (pH 5.0) was higher than at pH 7.4. Thus,
confirming the pH responsiveness of liposomes as an efficient trigger for liposomes disassembling and drug release.
In fact, significant differences were observed when comparing cumulative amount of drug released from liposomes
maintained at pH 7.4 with the ones at pH 5.0 in each time point. Moreover, under the acidic conditions, either
Lipo or LipoHA released more than 90% of PDP in 45 h. While less than 50% of PDP was released during 50 h
in physiological conditions, however, remaining enough loaded drug to exert its biologic effect once within cells.

The drug release data obtained were fitted to different models including zero-order and first-order equations,
Higuchi, Hixson—Crowell and Korsmeyer—Peppas models to analyze the mechanism of drug release and the diffusion
kinetics. The fitting of each model was evaluated based on the correlation coefficient (R?) values obtained. The R*
and the release rate constants (k) obtained for each model fit are presented in Table 2.

Results on Table 2 revealed that the best fit for the formulations with HA, as well as for Lip at pH 5, was obtained
by the Higuchi model, which reveals that PDP release is caused primarily by a diffusion mechanism. Analyzing the
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Table 2. Correlation coefficient (R?) and k values from various drug release models for each developed liposomal

formulation (n = 3).

Formulations pH Zero order First order Hixson-Crowell Higuchi Korsmeyer-Peppas
R? Ko R? K R? Khc R? Kn R? Kip
Lipo 7.4 10.994 8.6 x 10°  0.932 2.4 x10*  0.888 4.0 x 103 0.965 6.5 x 104 0.501 1.0 x 10%
5.0 0.922 23 x 104 0.981 7.7 x 10 0.840 3.0 x 103 10.997 2.0 x 10°  0.269 3.0 x 102
LipoHA 7.4 0.930 9.1 x 10 0.989 -5.6 x 10*  0.607 1.9 x 103 10.993 1.0 x 10° 0418 9.0 x 102
5.0 0.829 1.4 x 10* 0.971 93 x10% 0734 1.5 x 103 10.995 2.0 x 10°  0.309 1.0 x 1022
TRepresents models which best fits each release profile.

HA: Hyaluronic acid; Ko: Zero-order release constant; K;: First-order release constant; Kic: Hixson-Crowell rate constant; Ki: Higuchi dissolution constant; Kgp: Korsmeyer-Peppas drug
release rate constant.

release rate constants (Ky), it is possible to observe that the HA conjugation does not interfere with the diffusion.
Additionally, the drug release rate from LipoHA is faster at pH 5.0 than at pH 7.4. Conversely, results suggested
that for Lipo at pH 7.4, the best fitting was obtained with the zero-order model, meaning that there was a constant
release of PDP from the liposomes. Considering that only about 30% of PDP was released and that the EE is 70%,
it is notorious that only the free PDP was released and that almost no PDP entrapped in the liposomes is released
during the time of the experiments

In vitro cytotoxicity & cell viability study

In vitro cellular studies were carried out in RAW 264.7 macrophages and 1929 fibroblasts cell lines to assess the
cell viability and cytotoxicity of liposomal formulations. For both cell lines, results presented on Figure 4 revealed
that empty Lipo and LipoHA exhibited over 85% cell viability within the concentration range between 0.19 and
3.0 mM, hence being biocompatible and noncytotoxic. In fibroblasts and macrophages, PDP-loaded pH-sensitive
liposomes (Lipo:PDP) led to a significant statistical decrease in 30% of the mitochondrial metabolic activity
assessed by the MTT assay, plus affected the membrane permeability only at the highest concentration (3.0 mM).
A concentration-dependent effect was observed for the cell viability in the treatment with LipoHA-loading PDP
(LipoHA:PDP) on both fibroblasts and macrophages lines (Figure 4A & B). Furthermore, LipoHA:PDP presented
a statistically significant higher cytotoxic effect when compared with free PDP solution on fibroblasts (Figure 4C)
and macrophages (Figure 4D), as result of a higher release of LDH enzyme and a reduced metabolic activity.
These results suggested that observed cytotoxicity was due to HA conjugation, as it enables cellular uptake, hence
increasing intracellular concentration of PDP and its cytotoxic effect.

In vitro cell uptake & pathway mechanism study

The cellular uptake efficiency of pH-sensitive liposomes was assessed using flow cytometry. The mean fluorescent
intensity values obtained in fibroblasts and macrophages after incubation with NBD-fluorescent pH-sensitive
liposomes, measure the liposome cellular uptake at each time point. Results on Figure 5 revealed cellular uptake
time-dependence for both liposomal formulations. After 2 h of incubation, a significant increase on uptake by both
cell types was observed for LipoHA when comparing to Lipo (Figure 5A & B). Further results suggested that most
of liposomes were rapidly internalized within 2 h, as no statistical significant differences were observed between 2,
4 and 6 h of incubation (Figure 5A & B). Thus, uptake of Lipo carried out on both cell lines was almost completed
within 2 h, oppositely to LipoHA uptake that increased after 2 h in both cell lines (Figure 5A), suggesting that HA
conjugation enabled an efficient cellular uptake over time.

Liposomes can enter in cells via endocytosis or energy-independent nonendocytic pathways. To clarify the
energy dependence and pathway mechanisms involved specific endocytic inhibitors were used. Namely, cells were
preincubated at 4°C and with three pharmacological pathway inhibitors at 37°C: chlorpromazine and filipin,
respectively, for clathrin- and caveolae-dependent endocytosis, and cytochalasin D for macropinocytosis [15,16,21].
Results on Figure 6 revealed that lower temperature (4°C) treatment led to a higher inhibitory effect (85%) on
the uptake of LipoHA by fibroblasts, suggesting a full active energy-dependent endocytic process. Conversely,
in macrophages low temperature inhibited the uptake by 50% as compared with uptake DMEM control at
37°C. Low temperature prevents passive uptake by increasing the rigidity of the plasma membrane [15], hence
the results revealed that the LipoHA uptake can occur either by an active or passive energy-dependent endocytic
process by macrophages. Further results on the endocytic pathway mechanism study revealed that, in fibroblasts
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Figure 4. Cell viability and cytotoxicity of pH-sensitive liposomes. Cell viability assessed by MTT (A & B) and cytotoxicity effect measured
by LDH release (C & D) on L929 fibroblast (A & C) and RAW 264.7 macrophage (B & D). Data represent the average + standard deviation
(n = 5 of two independent assays). Statistical significant differences when comparing liposomes-loading PDP either with empty ones

(*p < 0.05) or PDP solution control (*p < 0.05) at each concentration, and between conjugated and unconjugated liposomal formulations

(ep < 0.05).
HA: Hyaluronic acid; MTT: Thiazolyl blue tetrazolium bromide; PDP: Prednisolone disodium phosphate.

the inhibition of clathrin-mediated endocytosis by chlorpromazine led to 40% reduction on the uptake, whereas
inhibition of caveolae-mediated endocytosis by filipin resulted in less than 20% inhibition on the uptake of LipoHA
(Figure 6). Additionally, inhibition of the macropinocytosis process resulted in about 30% reduction of the uptake
by fibroblasts. Thereby, uptake process of LipoHA by fibroblasts in the presence of chlorpromazine exhibited
a higher inhibitory effect when compared with the others pathway inhibitory treatments. Thus, suggesting a
predominant clathrin-mediated endocytic uptake of LipoHA by fibroblasts. Further results on Figure 6 revealed
that in macrophages LipoHA uptake was inhibited in 43 and 35%, respectively, in the presence of filipin and
cytochalasin D. Equally, treatment with chlorpromazine led to about 30% inhibition on the uptake, suggesting
that caveolae-mediated endocytosis and macropinocytosis processes are the main endocytic mechanisms involved
in the uptake of LipoHA by macrophages. Overall, cell uptake and pathway mechanism studies suggested that HA
conjugation specifically improved the liposomes cellular uptake overtime and that process is energy-dependent.
Furthermore, LipoHA uptake actively occurs mainly by clathrin- and caveolae-mediated endocytosis. This outcome
is consistent with previous studies, as clathrin-mediated endocytosis (or receptor-mediated endocytosis) is involved
through the binding of HA to the CD44 cell receptor [7,8]. In its native form, HA is present as a high molecular
mass polymer, but during inflammation smaller molecular fragments accumulate. Fragmented HA (<500 kDa, as
the one used in this work) rather than the high molecular mass HA (>1 MDa) stimulates the cell-surface CD44
receptor. CD44 is critical to RA pathogenesis in leading to intracellular signaling of lymphocytes, expression of
proinflammatory mediators and chemokines, hence cell proliferation [22]. Low-molecular fragments of HA also
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Figure 5. Cellular uptake of N-(7-nitro-2,1,3-benzodiazole-4-yl)-fluorescent pH-sensitive liposomes. L929 fibroblast (A) and RAW 264.7
macrophage (B) cell lines. Data represent the average + standard deviation (n = 3 of two independent assays). Statistical significant
differences when comparing unconjugated liposomes with conjugated ones (*p < 0.05).

HA: Hyaluronic acid.

stimulate angiogenesis, an important factor in inflammation, which enhance liposomal accumulation in the pannus
through the enhanced permeability and retention effect (221. HA has the potential to selectively bind to CD44,
as it is overexpressed on the activated synovial macrophages and is involved in phagocytosis within the inflamed
arthritic joint [23]. The enhanced expression of cell surface adhesion molecule CD44 was also found on fibroblast-
like synoviocytes in the synovial pannus tissue relatively to healthy normal tissue [24]. Therefore, evidence of over
and/or selective expression makes the CD44 cell surface receptor suitable for HA-targeted pH-sensitive liposomes
in the treatment of RA.

The study of pathway mechanism involved in the liposomes uptake is important to understand their fate
during the endocytic process, as clathrin and caveolae endocytosis mechanisms mediate the liposomes trafficking,
respectively, to endosomes and caveosomes, followed by degradation processes in late endosomes and lysosomes [15).
Hence, under the acidic microenvironment the pH sensitivity trigger ensures that liposomes disassemble and the
efficient release of drug molecules in the cytosol.

Conclusion

To selectively deliver prednisolone to the inflamed synovial tissue, HA-conjugated pH-sensitive liposomes were
developed aiming a RA-targeted therapy. Liposomal formulations’ evaluation in terms of liposomes’ size, surface
charge, size distribution, drug LC and EE shows that formulations presented optimized characteristics for either
intravenous or intra-articular administration. Additionally, the morphological analysis allowed to assess vesicle’s
structural modification under acidic conditions and underlined differences between HA-conjugated and uncon-
jugated pH-sensitive liposomes. The 77 vitro drug release profile revealed that pH responsiveness of developed
pH-sensitive liposomes significantly enabled an increased drug release overtime under acidic pH at 37°C, mimick-
ing either the extracellular inflamed synovium or intracellular endosomal compartments.  vitro cellular studies
demonstrated the influence of HA conjugation in the intracellular accumulation of PDP, as HA-conjugated lipo-
somes were effectively taken up by macrophages and fibroblasts through clathrin-mediated endocytosis. Taking
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Figure 6. Effect of low temperature and pathway mechanism inhibitors on the uptake of
N-(7-nitro-2,1,3-benzodiazole-4-yl)-fluorescent pH-sensitive liposomes by L929 fibroblast and RAW 264.7
macrophage. Data represent the average + standard deviation (n = 3). Statistical significant differences when
comparing with control at 37°C (*p < 0.05).

these in vitro study results, it is possible to realize the HA-conjugated pH-sensitive liposomes™ huge potential as
drug delivery systems to increase the bioavailability and improve the target therapeutic effectiveness of PDP in
situ, while minimizing the well-known side effects. Therefore, being a promising therapeutic nanoapproach for an
effective targeted RA treatment.

Summary points

Background

e Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease affecting the synovial tissue of multiple

body joints.

Macrophages and fibroblasts are the key cells responsible for the RA progression.

Prednisolone is administered during early stages of RA, but long-term dosages induce severe off-target effects.

In this study, we propose the use of hyaluronic acid (HA)-conjugated pH-sensitive liposomes to deliver

prednisolone within target synovial cells.

Results

e In vitro drug release studies revealed that prednisolone was preferentially released under acidic pH conditions
like the ones presented either in the extracellular inflamed synovium or in the intracellular endosomal
compartments.

e In vitro cellular studies on RAW 264.7 macrophages and L929 fibroblasts show that HA-conjugated pH-sensitive
liposomes promote cellular uptake and enhance the cytotoxic effects of prednisolone disodium phosphate.

Discussion

e HA-conjugated pH-sensitive liposomes allow the targeted delivery of prednisolone within the inflamed synovial
cells, enabling the in situ drug release and hence potentially reduce off-target toxicities.

Outlook

e HA-conjugated pH-sensitive liposomes revealed to be a promising nanotherapy to enhance the therapeutic
efficacy and efficiency of prednisolone on RA long-term treatment.
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To view the supplementary data that accompany this paper please visit the journal website at:
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Supplementary Information

Hyaluronic acid conjugated pH-sensitive liposomes for
targeted delivery of prednisolone: a new approach for

rheumatoid arthritis therapy

2.0 15 1.0 0.5

Figure S1 - "H-NMR spectra of HA and DPPE molecules.
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Prednisolone release kinetics study

To examine the kinetics and mechanism of prednisolone (PDP) release from the liposomes, the
data obtained from the in vitro release studies were analyzed by various mathematical models
such as the zero and first order, Higuchi, Hixson—Crowell and Korsmeyer—Peppas models. The

equations used were as follows:

Zero order release model: Q = Qo + Kot

First order release model: Log C = Log Co — kit /2.303
Higuchi release model: Qt = ky (£)**

Hixson-Crowell release model: Qo1/3 — Q:1/3 =Kuc t
Korsmeyer-Peppas release model: F=-My/M N = Kt"

where Q is the amount of drug released or dissolved; Qo is initial amount of drug in solution; Co
is the initial concentration of drug; t is the time in hours; F is the fraction of drug release at time

t; MyM is the fraction of drug released at time t; K are the rate constants for each model.

Zero order release model, refers to the process of constant drug release from a drug delivery
device. The first-order equation represents a system where the release rate of the drug depends on
the concentration of the drug in the system. Hixson-Crowell release model, describes the release
from systems where there is a change in surface area and diameter of particles. The Higuchi model
assumes that the drug’s release is caused primarily by a diffusion mechanism. The Korsmeyer—
Peppas model provides insight into the type of drug release mechanism taking place from

swellable devices.
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Stability studies conducted with weekly assessment on the physicochemical parameters of HA

conjugated pH-sensitive liposomes indicated that storage at 4°C protected from light preserved

the liposomes properties for one month. Data express the average + standard deviation (n=3).

Statistical significant differences (* P<0.05) when comparing with week 0.
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Abstract: Glucocorticoid (GC) drugs are the cornerstone therapy used in the treatment of inflammatory
diseases. Here, we report pH responsive poly(2-methacryloyloxyethyl phosphorylcholine)-
poly(2-(diisopropylamino)ethyl methacrylate) (PMPC-PDPA) polymersomes as a suitable nanoscopic
carrier to precisely and controllably deliver GCs within inflamed target cells. The in vitro cellular
studies revealed that polymersomes ensure the stability, selectivity and bioavailability of the loaded
drug within macrophages. At molecular level, we tested key inflammation-related markers, such
as the nuclear factor-kB, tumour necrosis factor-«, interleukin-1p3, and interleukin-6. With this, we
demonstrated that pH responsive polymersomes are able to enhance the anti-inflammatory effect
of loaded GC drug. Overall, we prove the potential of PMPC-PDPA polymersomes to efficiently
promote the inflammation shutdown, while reducing the well-known therapeutic limitations in
GC-based therapy.

Keywords: inflammation; macrophages; glucocorticoid; polymersomes

1. Introduction

Inflammatory diseases comprise a vast range of disorders and conditions characterised by an
uncontrolled over-activation of the immune system [1,2]. Inflammation is also indeed intimately related
with the pathogenesis of many chronic autoimmune diseases, such as rheumatoid arthritis, lupus,
psoriasis, and inflammatory bowel disorders [1,2]. Macrophages are a critical component of the innate
immune system, and key cells in the initiation, maintenance, and resolution of inflammation [3-5].
These cells are professional phagocytes that are responsible for patrolling for pathogens, and modulating
the inflammatory process [3-5]. Under inflammatory stimuli, macrophages become activated through
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the interaction of the Toll-like receptors (class of proteins that play a key role in the innate immune
system) with specific cytokines, such as interleukin-1p (IL1p), interleukin-6 (IL6) and tumour necrosis
factor-« (TNFo), and/or bacterial lipopolysaccharides [3,4,6]. Once activated, macrophages initiate
the nuclear factor-kB (NF-«B) translocation signalling pathway, which is a common pathological
mechanism in several inflammatory diseases [2,7]. Thereby, activated macrophages are tangled
in inflammatory response through the production of a wide range of molecules, such as cytokines,
chemokines, inflammatory enzymes, and growth factors [2,7]. These molecules, as an immune-defensive
mechanism, can act as both pro- or anti-inflammatory mediators, and thus induce either deleterious
effects or promote the resolution of inflammation [2,7]. Macrophages play then a critical role in
the balance between pro- and anti-inflammatory mediators to ultimately shutdown the outcomes
of the inflammatory response [1,2,7]. This role identifies macrophages as both local and systemic
key players in inflammatory diseases, and henceforth their efficient targeting is a crucial aspect.
Glucocorticoids (GCs) are the cornerstone therapy used in the management of several inflammatory
diseases, because of their strong anti-inflammatory and immunosuppressive properties [7-9]. One of
these drugs, prednisolone, is highly effective in the suppression of inflammation-activated signalling,
such as the NF-kB pathway [7-9]. Consequently, the drug-induced NF-«B regulation leads to the
suppression of multiple pro-inflammatory cytokines, such as IL1p, IL6, and TNF«, which foster
the inflammatory response [7,8,10,11]. Despite the effective anti-inflammatory mechanism of action
of GCs, the lack of selectivity towards the inflamed tissues bestows the use of high doses, which
further induce deleterious side effects [8,9,12]. Additionally, some cases of drug-resistance have
been reported in patients with severe asthma, as well as, in other chronic obstructive pulmonary
diseases [8,12]. This inevitably compromises the anti-inflammatory efficacy of GC-based therapy.
Despite the advances in nanomedicine proved to improve the delivery of GCs, the translation into
the clinic remains a challenge [9]. There is still the need to overcome some drawbacks particularly
related to: (i) the safety and physiologic stability of the carrier itself, (i) the ability to effectively and
controllably release loaded cargo and, henceforth, (iii) the intracellular drug dose effectiveness. In
this study, we propose polymersomes to enhance the anti-inflammatory properties of prednisolone
disodium phosphate (PDP), while reducing the widespread off-target effects and the drug-resistance
for the treatment of inflammatory disorders. Particularly, we used pH responsive polymersomes made
of amphiphilic poly(2-methacryloyloxyethyl phosphorylcholine)-poly(2-(diisopropylamino)ethyl
methacrylate) (PMPC-PDPA) diblock copolymers. The biocompatible nature of the PMPC block
endows polymersomes with similar stealth properties to poly(ethylene glycol), thus being resistant to
unspecific protein adhesion [13-15]. Additionally, PMPC binds to the scavenger receptor B type I (SR-BI)
highly expressed in macrophages, which in turn enables the selective binding and internalisation of
PMPC-PDPA polymersomes as we recently observed [13-16]. Whereas, the PDPA block bestows the pH
responsive nature of polymersomes, as at pH lower than 6.2 (the PDPA pK,) enables the polymersomes
disassemble and hence release of loaded drug [17]. We have amply demonstrated [14,17-22] that such
feature enables the intracellular cargo delivery, where the polymersome disassembly is confined within
endosomes. Hence, the associated increase in osmotic pressure allows its endosomal escape and the
release of loaded PDP molecules within the cell cytosol. In addition to this, during inflammation,
particularly the most severe, the local environment pH can drop as low as to six due the cellular
acidosis [23]. Herein, we studied the in vitro cellular uptake of PMPC-PDPA polymersomes, loaded
PDP targeted release and hence its therapeutic effect in human macrophages.

2. Materials and Methods

2.1. Preparation of PMPC-PDPA Polymersomes

The PMPC,5-PDPA¢s and Cyanine5-PMPCys5-PDPAy, copolymers were synthesised by
atom-transfer radical polymerisation (ATRP) according to a previously published protocol [24,25]
(details on supplementary materials about the experimental procedures and characterization).
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Polymersomes made by self-assembly of the PMPC,5-PDPA¢g copolymers (Figure Sla) in aqueous
solution were prepared under sterile conditions using the film rehydration method as previously
reported [13,21,26-28] with some modifications. Briefly, 25 mg of PMPCy;—PDPA4g copolymer was
dissolved in an organic solution of 2:1 (v/v) chloroform:methanol (Sigma-Aldrich, Dorset, UK). The
organic solvents were evaporated under vacuum oven at 38 °C for 24 h, resulting in a uniform
polymeric thin film. Then, the film was rehydrated with Dulbecco’s phosphate-buffered saline (DPBS,
Sigma-Aldrich, Dorset, UK) at stable neutral pH for a final concentration of 5 mg/mL, and left under
continuous magnetic stirring (200 rpm, RT15 power, IKA-Werke GmbH & Co. KG, Staufen, Germany)
at room temperature for eight weeks.

Formulations of PMPC-PDPA polymersomes loading prednisolone disodium 21-phosphate
(PDP, C;1HpyNayOgP, MW 484.39, A (250 nm), Tokyo Chemical Industry Co., Ltd., Oxford, UK) were
prepared also using the film rehydration method by dissolving the drug in methanol during the
organic phase prior to copolymer film formation. Additionally, for imaging fluorescence techniques,
Cy5-PMPC-PDPA polymersomes were prepared using above-mentioned film rehydration method.
Mainly, during the organic phase 10% (w/w) Cy5-PMPC,5-PDPAy, (Figure S1b) was dissolved together
with the PMPCy5-PDPAgg copolymer. Afterwards, all formulations of PMPC-PDPA polymersomes
were purified as previously described [29] firstly by centrifugation (2000 rcf, 20 min, 20 °C), following
the size exclusion chromatography.

2.2. Characterisation Studies

2.2.1. Size and Size Distribution Study

The hydrodynamic diameter (Dy) and polydispersity index of PMPC-PDPA polymersomes
were determined by dynamic light scattering (DLS) using the Zetasizer Nano ZS (Zen1600, Malvern
Instruments Ltd., Worcestershire, UK) with a 633 nm HeNe laser in a scattering angle of 173°.
Measurements were recorded at 20 °C in triplicate and samples were diluted for an average count rate
between 100-300 keps.

2.2.2. Morphology Study

The morphology and size of PMPC-PDPA polymersomes were analysed using the JEOL 100CX II
transmission electronic microscope (TEM) (JEOL, Welwyn Garden City, UK) with a tungsten-filament
100 kV, and equipped with a Gatan Erlangshen ES500W camera. Prior to TEM imaging, samples were
stained with 0.75% (w/v) phosphotungesteic acid (Sigma-Aldrich, Dorset, UK) in earlier prepared
glow-discharged copper grids (Agar Scientific, Essex, UK), following a previously reported protocol [30].

2.2.3. Polymer and Drug Quantification Study

The amount of PMPCy5-PDPA¢g copolymer and loaded drug after purification process was
determined by high-performance liquid chromatography (HPLC) using a Dionex Ultimate®3000
(Thermo Scientific, Dartford, UK) This instrument is equipped with a variable wavelength detector
and a C18 analytical column (Jupiter Phenomenex 300A, 150 x 4.6 mm, 5 um). The samples, previously
diluted in DPBS at pH 2.0, were run according to a ramp gradient of eluent A [0.05% (v/v) trifluoroacetic
acid (TFA, Thermo Fisher, Dartford, UK) in Milli-Q filtered H,O] and eluent B [0.05% (v/v) TFA in
methanol]: For 10 min from 5% to 100%; kept constant for 15 min and returned within 1 min to initial
condition. By using the Chomeleon software (version 6.80, Thermo Scientific, Dartford, UK), the
peak area was integrated at respective elution time and A on the HPLC system to analyse the UV
absorption of PMPCy5-PDPAgg at A (220 nm) and PDP at A (250 nm). The amount of PMPCp5-PDPAgg
copolymer and PDP was quantified using their respective calibration curves. Further analysis on the
drug encapsulation and loading efficiencies were determined using a previously reported method [18]
(details on Supplementary Materials).
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2.2.4. Drug Release Study

The PDP release study was performed using the dialysis method under sink conditions as
previously described with some modifications [31]. Briefly, 1 mL of PDP loaded PMPC-PDPA
polymersomes or free drug (at the same concentration of the loaded one) was filled in a cellulose
ester dialysis membrane tube (3.5-5 kDa MWCO, Float-a-Lyzer G2, Spectrum Laboratories Inc.,
Sigma-Aldrich, Dorset, UK). Then, it was dialysed against 10 mL of outer buffer solution under
continuous magnetic stirring (200 rpm, RT15 power, IKA-Werke GmbH & Co. KG, Staufen, Germany)
at 37 °C for 50 h. These dialyses were carried out against three different outer buffer pH conditions:
PBS solution at pH 7.4; acetate-buffered solution at pH 6.5 and 5.0. At regular time points, aliquots
(200 pL) were withdrawn and the same volume of respective fresh buffered solution were replaced
in order to maintain the sink conditions. The quantification of permeated drug aliquots throughout
the 50 h was determined by measuring the UV absorbance of PDP at A (250 nm) using the UV-Vis
microplate spectrophotometer (Synergy HT, Biotek, Swindon, UK) and normalised to the free drug
release profile. Mathematical models for drug-release kinetics (Table S1), including zero-order and
first-order equations, Higuchi, Hixson-Crowell and Korsmeyer—Peppas models, were applied to each
obtained profile to evaluate the mechanism of drug release (details on Supplementary Materials). The
fitting of each model was evaluated based on the correlation coefficient (12) values for each model fit.

2.3. In Vitro Cellular Studies

2.3.1. Cell Culture and Differentiation

Human leukemic monocytes (THP-1) were cultured and maintained in RPMI-1640, containing
2 mM L-glutamine, 25 mM Hepes (Sigma-Aldrich, Dorset, UK) and supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich, Dorset, UK), 1% (v/v) penicillin-streptomycin
(Sigma-Aldrich, Dorset, UK), and 0.1% (v/v) amphotericin B (Sigma-Aldrich, Dorset, UK). THP-1 cells
were used for all in vitro experiments between passage numbers nine and twenty.

THP-1 Blue™ NF-«B reporter cells purchased from InvivoGen were maintained in the same cell
culture medium plus supplemented with 100 pug/mL Normocin™ (InvivoGen, Toulouse, France). In
addition, 10 ug/mL blastacidin (InvivoGen, Toulouse, France) was added to the growth medium every
two passages to maintain selective pressure. The in vitro experiments with these cells were carried out
between passage numbers three and nine.

Prior to all in vitro cellular studies, THP-1 cells differentiation into mature macrophages-like state
(MO-macrophages) was induced through incubation with 10 ng/mL of phorbol 12-myristate 13-acetate
(PMA, Sigma-Aldrich, Dorset, UK) for 48 h in a humidified atmosphere, 95% air, 5% CO, at 37 °C [6].

2.3.2. Cell Viability Assay

For the cell viability assay, THP-1 cells were seeded at a concentration of 5 x 10° cells per well
in 96-well plates (CytoOne) and differentiated as mentioned above. Increasing concentrations of
PMPC-PDPA polymersomes from 1.3 to 2.0 mg/mL were then incubated for 24 and 48 h in a humidified
atmosphere, 95% air, 5% CO, at 37 °C. In another experiment, MO-macrophages were incubated with
PMPC-PDPA polymersomes (<600 pg/mL) loaded with PDP in raging concentrations 2.5 to 40 ug/mL
for 24 and 48 h in a humidified atmosphere, 95% air, 5% CO; at 37 °C. Additionally, free PDP in PBS
solution raging the same concentrations of the loaded one was also incubated with M0O-macrophages
for 24 and 48 h. Control wells were incubated with equivalent volumes of cell culture medium and/or
a solution of 10% (v/v) dimethyl sulfoxide (DMSO, Sigma-Aldrich, Dorset, UK) in DPBS. Later on, to
evaluate the cytotoxicity of all treatments, the Real-Time-Glo™ MT Cell Viability Assay (Promega
Corporation, Hampshire, UK) was used following the manufacturer protocol.
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2.3.3. Cell Uptake Imaging

Cell imaging was performed using confocal laser scanning microscopy (CLSM, Leica SP8, Milton
Keynes, UK). Firstly, THP-1 cells were seeded at a concentration of 5 x 10* cells per glass-bottom Petri
dish (Ibidi) and differentiated as above mentioned. Cy5-PMPC-PDPA polymersomes (0.6 mg/mL)
were then incubated for 0.5, 1, 2, 4, 6, 12, 24, and 48 h, in a humidified atmosphere, 95% air, 5% CO, at
37 °C. After each incubation time point, followed by three steps of DPBS washing, M0O-macrophages
were stained for CLSM live imaging. Hoechst 33342 (Sigma-Aldrich, Dorset, UK) and far-red Cell
Mask™ (Life Technologies Ltd., Thermo Fisher Scientific, Renfrew, UK) were used for nuclear and
cell membrane staining, respectively. At least 10 different regions of the Petri dishes were captured
and analysed using the Fiji Image] software (version 2.0). For the quantification of Cy5-PMPC-PDPA
polymersomes within macrophages, their fluorescent intensity signal was normalised relative to the
nuclear intensity signal.

2.3.4. NF-«B Signalling Imaging and Quantification Assay

NF-«B signalling imaging was preformed using CLSM. Firstly, THP-1 cells were seeded at a
concentration of 5 x 10* cells per glass-bottom Petri dish (Ibidi) and differentiated as above mentioned.
Followed by M0-macrophage activation to M1 state, which was induced with incubation of 600 ng/mL
of lipopolysaccharide (LPS, Sigma-Aldrich, Dorset, UK) for at least 6 h in a humidified atmosphere, 95%
air, 5% CO; at 37 °C [6]. Then, M1-macrophages were incubated with PMPC-PDPA polymersomes
(0.6 mg/mL), either free PDP or PDP loaded polymersomes (10 pg/mL) for 24 h in a humidified
atmosphere, 95% air, 5% CO, at 37 °C. Following treatment, cells were washed with DPBS and fixed
using 3.7% formaldehyde (Sigma-Aldrich, Dorset, UK) for 10 min at room temperature (RT). After
fixation step, followed by DPBS washing for the membrane permeabilization step, cells were incubated
with 0.2% Triton-X (Sigma-Aldrich, Dorset, UK) for a further 10 min at RT. Then, the immunostaining
blocking was performed using 5% bovine serum albumin (BSA) (Sigma-Aldrich, Dorset, UK), to
prevent unspecific antibody binding. After 1 h at RT, cells were incubated with NF«B p65 Antibody
(F-6) Alexa Fluor® 647 (Santa Cruz Biotechnology Inc., Heidelberg, Germany) diluted in 1% BSA
overnight in a humidified chamber at 4 °C. The following day, cells were washed with DPBS and
the nucleus was stained with Hoescht 33342 (Sigma-Aldrich, Dorset, UK) for 10 min at RT, before
visualisation under CLSM. At least 10 different regions of the petri dishes were acquired and the
NF-kB nuclear translocation imaging analysis was evaluated by co-localisation (Pierce’s coefficient
values) of the NF-«B and nucleus fluorescence intensity signals using Fiji Image] software (version 2.0).
Additionally, the quantification of macrophages inflammation levels related to the NF-«B signalling
activity was carried out in the THP-1 Blue™ NF-«B reporter cells, as previously reported [32]. These
cells are stably transfected and express a secreted embryonic alkaline phosphatase (SEAP) reporter
gene driven by an interferon-f minimal promoter fused to five copies of the NF-«B transcription factor,
which promotes cytokines production. Then, once the NF-kB translocation from the cytosol to the
nucleus induces the secretion of the SEAP, this can be quantified by the absorbance read at A (570
nm) using the UV-Vis microplate spectrophotometer (ELx800, BioTek, Swindon, UK). For the SEAP
assay, THP-1 NF-kB reported cells were seeded at a concentration of 5 X 10° cells per well in 96-well
plates (CytoOne) and differentiated as above-mentioned. Followed by M1-macrophage activation with
600 ng/mL of LPS for 6 h [6], cells were then incubated with each one of the treatments for more than 6
and 24 h in a humidified atmosphere, 95% air, 5% CO, at 37 °C. The detection and quantification of
SEAP activity from the collected supernatant was then preformed according to the manufacturer.

2.3.5. RNA Extraction, Reverse Transcription, and Real-Time Quantitative Polymerase Chain Reaction

Analyses on the gene expression of inflammation-related markers, including TNFe, IL1§, IL6 and
IL8, was assessed using real-time quantitative polymerase chain reaction (RT-qPCR). Firstly, THP-1
cells were seeded at a concentration of 10° cells per well in 96-well plates (CytoOne) and differentiated
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as above-mentioned. Following the M1-macrophage activation with 600 ng/mL of LPS (non-treated
control), cells were incubated either with PMPC-PDPA polymersomes (0.6 mg/mL), free PDP or PDP
loaded polymersomes (10 ug/mL) for 6 h in a humidified atmosphere, 95% air, 5% CO, at 37 °C. Cells
were then lysed and the RNA was extracted following the RNeasy mini kit (Qiagen, Manchester, UK)
protocol pre-installed in the QIAcube (Qiagen, Manchester, UK). The total RNA concentration was
measured with NanoDrop 8000 spectrophotometer (Fisher Scientific, Dartford, UK). Complementary
DNA (cDNA) was synthesised from every 1 ug of total mRNA in 20 uL volume with QuantiTect Reverse
Transcription Kit (Qiagen, Manchester, UK) according to the manufacture’s protocol. This procedure
provided a fast and efficient cDNA synthesis with integrated removal of genomic DNA contamination.
Briefly, the sample of RNA is incubated at 42 °C for 2 min to effectively remove containing genomic
DNA, then the reaction occurred for another 15 min at 42 °C and then inactivated at 95 °C. RT q-PCR
reaction was performed on yield cDNA synthesised from each sample using QuantiTec® Rotor-Gene™
SYBR Green RT-PCR kit (Qiagen, Manchester, UK) using the Qiagility instrument software (Qiagen,
Manchester, UK). This software enables rapid and high-precision system of sample preparation for
RT-qPCR analysis, providing a step-by-step guidance for automatic calculation of all primers, cDONA
template and Rotor-Gene SYBR Green master mixes needed for the reaction. The list of designed
primers of each target gene and reference gene used for the gene expression experiments is in the
Supplementary Information (Table S3). Following sample preparation, the PCR mixtures are placed in
the Rotor-Gene Q cycler (Qiagen, Manchester, UK) and amplification process starts using the following
protocol steps: Initial cycling step at 95 °C during 5 min for the DNA polymerase activation; followed
by 40 cycles of 95 °C during 5 s for denaturation; and 60 °C during 10 s for combined annealing
and extension for all primers. RT-qPCR data analysis of folds-changes in gene expression levels
was determined by the—AACt method (details in supplementary materials), using cycle threshold
(Ct) values acquired from the amplification curve using the Rotor-Gene Q instrumentation software
(Qiagen, Manchester, UK).

2.3.6. Enzyme Linked Immunosorbent Assay

IL6 and TNF« protein levels secreted by macrophages were quantified by the enzyme linked
immunosorbent assay (ELISA). Firstly, THP-1 cells were seeded at a concentration of 10° cells per well
in 96-well plates (CytoOne) and differentiated as above mentioned. Following the M1-macrophage
activation with 600 ng/mL of LPS (non-treated control), cells were incubated either with PMPC-PDPA
polymersomes (0.6 mg/mL), free PDP or PDP loaded polymersomes (10 g/mL) for 24 h in a humidified
atmosphere, 95% air, 5% CO; at 37 °C. Cell supernatants were collected and then the ELISA technique
was used following the manufacturer protocol (Invitrogen, Thermo Scientific, Dartford, UK).

2.4. Statistical Analysis

Statistical analyses were performed using GraphPad Prism (version 8.2.1). The difference between
three and more groups was, respectively, analysed through one-way or two-way ANOVA multiple
comparisons. Differences between two groups was evaluated by two-tailed Student’s t-test. The
differences were statistically significant when * p < 0.05, ** p < 0.01, ** p < 0.001 and **** p < 0.0001.

3. Results and Discussion

3.1. PMPC-PDPA Polymersomes Are Suitable Nanocarriers for PDP

The size of PMPC-PDPA polymersomes is one of the key factors to predict both their
stability and behaviour in vivo, including circulation time, biodistribution, cell binding affinity,
and uptake [20,22,33-35]. All the formulations of polymersomes were characterised in terms of
size, distribution, and morphology by DLS and TEM. Light scattering analyses revealed that the
loading of PDP drug into PMPC-PDPA polymersomes corresponds to an increase in size from an
average hydrodynamic diameter (Dy) of 117 + 5 to 178 + 4 nm (Figure S2a). Such a change can be
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attributed in part to the large number of drug molecules loaded within the polymersomes (defined
as the drug loading efficiency; Figure S2c) and consequent swelling of the vesicles membrane. In
addition, the amount of encapsulated PDP within PMPC-PDPA polymersomes, quantified using
HPLC, resulted in 12% + 4% of drug encapsulation efficiency (details in Supplementary Materials).
TEM analyses of PMPC-PDPA polymersomes confirmed the formation of spherical vesicles with
Dy, size in agreement with the DLS measurements (Figure 1a, top image). While, TEM imaging of
the PDP loaded polymersomes revealed the formation of vesicles with an oblate shape (Figure 1a,
bottom image). The non-spherical nature of the polymersomes hinders the interpretation of the DLS
size distribution and while the size increase can be still attributed to the drug loading, the tubular
shapes might not be fitted by the traditional models based on spherical geometry. The PDP structure
(Figure S2d) is partly polar and partly apolar (cholesterol-like) and such amphiphilic nature drives its
insertion within the PDPA hydrophobic membrane of polymersomes. Additionally, the PDP anionic
phosphate group could potentially interact with some residual positive charges still present in the
PDPA block. Both interactions favour the encapsulation process and thus justify the very high loading
numbers of drug molecules per polymersome (Figure S2c). In a previous work [26], we demonstrated
that the inclusion of cholesterol, a molecule similar to PDP, within PMPC-PDPA polymersomes during
the film hydration method stabilises the formation of tubular vesicles. Thus, we infer that the PDP
insertion results in the formation of oblate polymersomes.

3.2. PMPC-PDPA Polymersomes Enable a pH-Controlled Drug Release

To prove the ability of PMPC-PDPA polymersome to release the PDP as a function of the
environment pH, we measured the drug release under different pH conditions at 37 °C, mimicking
the physiologic pH 7.4, the inflamed extracellular tissue (pH 6.5), and the intracellular compartments
(pH 5.0). For PDP loaded polymersomes dialysed under conditions at pH 5.0, resulted in a biphasic
drug release profile (Figure 1b) with an initial burst (immediate pulse of 55% within 1 h) followed by
a sustained drug release overtime. As expected, under pH 5.0 conditions the PDPA amino groups
(pKa 6.2; Figure Sla) get protonated and positively charged. The change of polarity makes the PDPA
hydrophilic and hence the PMPC-PDPA copolymers are no longer capable of forming polymersomes
driving a fast disassembly process [14,17-22] hence, resulting in a burst release of the majority of the
PDP. The following sustained release suggests a mild interaction between the now cationic PDPA and
the anionic PDP phosphate group. Results at pH 6.5 (Figure 1b) also suggest a timed sustained drug
release profile (up to 22%) starting after 8 h under dialysis. The two effects are highly desirable within
both the macrophage intracellular or inflamed milieu where the drug needs to be freed. The drug
release profiles were analysed using several mathematical models (Table S1): Zero-order, first-order,
Hixson-Crowell, Higuch, and Korsmeyer-Peppas. The regression coefficient (r%) analyses (Table S1)
confirm the Higuchi and zero-order as the best fitting model for pH 5.0 and pH 6.5, suggesting that
the PDP release from the PMPC-PDPA polymersomes is indeed caused by a controlled diffusion
mechanism [36,37]. This study proves not only the acidic pH responsiveness of the PDPA block
to bestow the rapid disassemble of polymersomes, but also the drug release profile (Figure 1b)
demonstrated the high stability of PMPC-PDPA polymersomes at physiologic pH 7.4.

3.3. PMPC-PDPA Polymersomes Enable a Rapid Intracellular Drug Delivery

PDP, similar to most glucocorticoids, downregulate inflammatory genes reversing histone
acetylation binding to glucocorticoid receptors (GR) and thus triggering the recruitment of
histonedeacetylase-2 (HDAC2) to the transcription complex [8]. Thus, the site of action of PDP
is indeed the cytosol. Hence, the dynamics of cellular uptake of polymersomes by macrophages is a key
parameter to achieve efficient intracellular delivery [35]. Cellular uptake studies of Cy5-PMPC-PDPA
polymersomes (Cy5-Psome; Figure S2b) was assessed using live imaging CLSM. The amount of
polymersomes increases in a time-dependent manner up to 48 h, resulting in a bimodal profile
(Figure 1c), with a rapid internalisation within 3 h followed by a plateau. The PMPC-PDPA
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polymersomes bind very quickly to the cell surface, saturating their receptors and dwell at the
cell membrane for the first 30 min, as confirmed by the co-localisation of the merged fluorescence
signals (Figure 2). A rapid and enhanced cellular uptake of PMPC-PDPA polymersomes was previously
reported [15,20,21]. The internalisation mechanism is possibly due the combination of the intrinsic
professional phagocytic activity of macrophages [3-5] and with the high affinity interaction of the
PMPC block towards the scavenger receptor class B type I (SR-BI) [13-16]. This enables polymersomes
to selectively bind to the SR-BI cell receptors, a process that triggers rapid internalisation within
macrophages via endocytosis [13-15,19-22].
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Figure 1. (a) Representative TEM images of empty (top) and PDP loaded PMPC-PDPA polymersomes
(bottom) produced via film rehydration method (200 nm scale bar). (b) PDP cumulative drug
release profile in each tested pH condition over 50 h at 37 °C. Data express as mean + SD (n = 3).
(c) Cy5-PMPC-PDPA polymersomes normalised fluorescent intensity relative to the nucleus signal
measured as a function of time upon uptake by macrophages. Data express the mean + SD (10 images
for n = 2). Cell viability assay after 24 h incubation with increasing concentrations of (d) unloaded
PMPC-PDPA polymersomes (Psome), (e) either free PDP or PDP loaded polymersomes (Psome:PDP).
Data express as mean + SD (n = 3).

An important aspect to take into consideration is the potential effect of polymersomes towards
cell viability, because of such an enhanced cell uptake level. Most importantly such a fast entry does
not affect cell viability in MO-macrophages. Both 24 and 48 h of incubation time with PMPC-PDPA
polymersomes showed (Figure 1d; Figure S3a) no significant effects on cells survival, and no cytotoxicity
was observed up to a concentration of 1 mg/mL. Further cytotoxicity investigations were carried out
aiming to compare M0O-macrophages viability as a function of treatment with either the PDP loaded
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PMPC-PDPA polymersomes or the free drug (both tested using the same PDP final concentration),
after 24 and 48 h of incubation. MO-macrophages treated with PDP loaded polymersomes exhibited
over 80% of cell viability upon 24 h of incubation time (Figure le). The cytotoxic effect of the free PDP
was comparable to the loaded one only at lower concentrations (<10 pg/mL). In contrast, cells viability
was reduced in a concentration-dependent manner after 48 h of incubation for both free and loaded
PDP (Figure S3b), resulting in 30% decrease of cell viability at the highest concentration.

nucleus cell membrane Cy5-Psome merge

30 min

1h

3h

7h

12h

24h

Figure 2. Representative CLSM images of Cy5-PMPC-PDPA polymersomes (green fluorescence
intensity signal) cellular uptake overtime (scale bar: 25 pm). Staining of the cell nuclei (blue fluorescence
intensity signal) with Hoechst 33342 and cell membrane (red fluorescence intensity signal) with far-red
CellMask™. The yellow fluorescence intensity signal corresponds to the co-localisation (merge) of the
Cy5-PMPC-PDPA polymersomes and cell membrane fluorescence signals.
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3.4. PDP Loaded PMPC—-PDPA Polymersomes Promote Inflammation Resolution In Vitro

In vitro cellular studies were carried out to evaluate the anti-inflammatory effect of PDP loaded
PMPC-PDPA polymersomes in activated M0-macrophages (also known as M1-macrophages). We
stimulated MO- into M1-macrophages by exposing them to LPS and their activation was assessed
by checking for the nuclear translocation of the pro-inflammatory transcription factor NF-«B [7,38].
As shown by immunofluorescence microscopy (Figure 3a), the NF-kB transcription factor is mainly
cytosolic within MO-macrophages and upon LPS stimulation the NF-«B translocate to the nucleus giving
rise to M1-macrophages. Such an assay can be easily quantified by imaging and we measured 80% cells
presenting nuclear NF-«B fluorescence intensity in good agreement with previously reported data [38].
The NF-«B activity was also measured using THP-1 genetically modified with a NF-«kB reporter that
upon translocation secretes in the media alkaline phosphatase [38]. The secreted embryonic alkaline
phosphatase (SEAP) assay allows the detection and quantification of NF-«B activation through the
quantification of the phosphatase level by colorimetry. Both assays allow for assessing anti-inflammatory
activity of free PDP, loaded, and unloaded PMPC-PDPA polymersomes. Quantitative imaging analysis
of immunofluorescence macrographs (Figure 3b) revealed a mild anti-inflammatory effect of unloaded
polymersomes and a reduction to 60% with the free PDP. While PDP loaded polymersomes significantly
reduce (p < 0.0001 compared to control) the nuclear translocation of NF-«B by 50% after 24 h incubation.
Results plotted in Figure 3¢ showed that all treatments reduced the amount of SEAP secreted with
respect to the M1-macrophages (used as control) either after 6 or 24 h of incubation. Remarkably,
both unloaded and PDP loaded PMPC-PDPA polymersomes show a significant reduction on SEAP
production after 6 h of incubation. This reduction was much more significant (p < 0.001 compared
to control) after 24 h of treatment of M1-macrophages with PDP loaded polymersomes. We thus
demonstrated that PMPC-PDPA polymersomes mediated intracellular delivery of PDP and enhances
its anti-inflammatory effect. The inhibition on the NF-«B transduction signalling pathway is indeed
significantly higher (p < 0.05 compared to free PDP). In the early stages of the inflammation, Nf-«B
translocation from the cytosol to the nucleus occurs, as confirmed by the differences in the CLSM
imaging analysis between M0- and M1-macrophages (Figure 3a). The translocation of Nf-kB induces
then the upregulation of pro-inflammatory genes, TNF«, IL1f, IL6, and IL8 [7,10,38]. We thus
measured such genes mRNA expression by RT-qPCR (Figure 3d) confirming that the transition from
MO to M1 corresponds with upregulation of all these pro-inflammatory genes [6,11]. Further analyses
of the RT-qPCR data plotted in Figure 3d revealed that 6 h incubation with any of the treatments
significantly decreases gene expression levels of all inflammation-related markers compared to the
control. Most notably, all the treatments equally decrease gene expression levels of IL8 (a potent
neutrophil chemo-attractant [39]) by 2-fold (p < 0.0001 compared to control). Such data suggest that PDP
loaded PMPC-PDPA polymersomes can also potentially regulate the activation of neutrophils in vivo,
and hence modulate the recruitment of leucocytes to the inflammation site. Both RT-qPCR and ELISA
results confirmed the well-known immunosuppressive and anti-inflammatory effect of PDP [8,12]. The
free PDP indeed significantly (p < 0.0001 compared to control) decreases the gene expression of all the
tested pro-inflammatory cytokines (Figure 3d). Likewise, PDP loaded PMPC-PDPA polymersomes
significantly downregulate the IL13 and IL6 gene expression levels (more than 10-fold for p < 0.0001
compared to control). Particularly, IL6 plays not only an important role in the activation of both
innate and adaptive immune system, but it is also involved in the regulation of chronic inflammatory
response [10,40]. ELISA analysis plotted in Figure 3e further revealed that IL6 protein secretion levels
are significantly decreased (p < 0.0001 compared to control) after 24 h of incubation with PDP, either
loaded or as free drug. Similar behaviour was observed for TNF« secretion levels (Figure 3e), which
significantly decreases (p < 0.001 compared to control) upon incubation with any of the treatments.
Though, and in agreement with the gene expression studies, ELISA results also show that there was
not a significant difference between free and loaded PDP within PMPC-PDPA polymersomes. In
conclusion, PDP loaded PMPC-PDPA polymersomes have a significant effect on the inhibition of
the NF-kB nuclear translocation (Figure 3c). They also modulate the gene expression profiles of
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pro-inflammatory mediators (Figure 3d), and the secretion level of IL6 and TNF« proteins (Figure 3e)
by M1-macrophages.

Psome:PDP

. 1200 5 eh " 24h
® 80 —¥- ®
5 et 2 100
0 s
N < .
s 3 g s
8 40 2 + +
: 80
8 5
20 n +
O T T T T 60 T T T T T T T
N e 4 4 N e R N e R R
R TERR S FRE
Q & Q ¢ R” ¢
0 2 o«
| R Q
(d) (e)
10 M1 ) = TNFa
Eaome ; - 16
8 Psome:PDP —El 5001
N
s 255 3 .
ot [
3 £ 300
34 e |, 8 100
. Z e
.m <} m 50
O #‘ l%% l}l C T T T T
N
) o&z QOQ .de
2 TNFo.  IL1B IL6 L8 Q% &

<

Figure 3. In vitro inflammation-related cellular studies on M1-macrophages after incubation with

either PMPC-PDPA polymersomes (Psome), free PDP, or PDP loaded polymersomes (Psome:PDP).

(a) Representative CLSM images of NFkB (red fluorescence intensity signal) translocation from
cytoplasm to the nucleus (blue fluorescence intensity signal) (scale bar: 25 pm). (b) Co-localisation

analysis of the merged fluorescence signals (pink). Data express as mean + SD (5 images for n = 2).
(c) SEAP assay for the quantification of Nf-kB nuclear translocation. Data express as mean + SD (n = 3).

(d) RT-qPCR of pro-inflammatory genes expression levels. Data express as mean + SD (1 = 3). (e) ELISA
for IL6 and TNFo protein secretion levels. Data express as mean + SD (1 = 4). In all experiments, the
differences were statistically significant when * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.

-71 -



Chapter 3 | 1l

Pharmaceutics 2019, 11, 614 12 of 15

Remarkably, all the in vitro inflammation-related studies (Figure 3) suggest that unloaded
PMPC-PDPA polymersomes inactivated the NF-kB signalling pathway in M1-macrophages and, as
consequence, the gene expression of inflammation-related cytokines. We believe that this might be
related to the phosphatidylcholine anti-inflammatory properties [41] possibly associated with its
ability to target the SRBI cell receptor. It was previously reported [42] that this receptor regulates
macrophage inflammation upon ligand binding, as the activation of the NF-«B is reduced and leads to
the increase of anti-inflammatory mediators. Still, future studies need to be performed to understand
these remarkable evidences. Taken together, with these in vitro studies, we confirm that LPS-activated
NEF-kB mediates the inflammatory response in macrophages. Moreover, we demonstrate that PDP
loaded PMPC-PDPA polymersomes inhibit the NF-kB nuclear translocation pathway and hence reduce
inflaimmation-related expression at molecular level.

4. Conclusions

PMPC-PDPA polymersomes have been demonstrated here to be a suitable drug delivery carrier
enabling both drug’s protection and stability overtime under mimicking physiologic pH conditions.
The drug release study confirmed the pH responsiveness of polymersomes to acidic pH, mimicking
the intracellular endosomal compartments. This enables an efficient intracellular and targeted delivery
of loaded prednisolone into the cytosol. Invitro cell uptake studies revealed that PMPC-PDPA
polymersomes enhance the accumulation of prednisolone within macrophages without affecting their
viability. Plus, this increases the intracellular bioavailability of effective low dosage of PDP and
hence its anti-inflammatory effect. Indeed, we show that the inflammation-activated NF-kB signalling
pathway was shut down in inflamed macrophages treated with PDP loaded within polymersomes,
and as consequence the expression of pro-inflammatory genes and proteins is reduced. Overall,
pH-responsive PMPC-PDPA polymersomes ensure stability and selectivity towards target cells, as
well as promote inflammation resolution in vitro. We prove the therapeutic potential of pH-responsive
polymersomes to reduce the well-known deleterious side effects and the resistance that compromises
the effectiveness of glucocorticoid therapy in the treatment of inflammatory disorders.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/11/614/s1.
Figure S1: Chemical structure of (a) PMPCy5-PDPAgg and (b) Cy5-PMPCj5-PDPA7y. Figure S2: (a) DLS data
on the hydrodynamic diameter (Dy,) and polydispersity index (PDI) values of all formulations of unloaded and
PDP loaded PMPC-PDPA polymersomes (n = 3). Analysis on the PDI values below 0.2 indicates a formulation
of polymersomes with monodisperse and homogeneous size distribution. (b) TEM representative image of
Cy5-PMPC-PDPA polymersomes produced via film rehydration method (200 nm scale bar). (c) DLS data on the
number of PMPC-PDPA polymersomes as a function of the Dy,. Analysis on the drug loading capacity represented
as the number of PDP molecules per polymersome as a function of their size. (d) Cryo-TEM representative image
of PMPC-PDPA polymersomes produced via pH-switch method (200 nm scale bar). (e) Chemical structure
and electrostatic surfaces of prednisolone disodium 21-phosphate (PDP) and respective representation of the
electrostatic surfaces. Table S1: Mathematical models for drug-release kinetics. Table S2: Correlation coefficient
(r?) from various drug release mathematical models for each pH profile. Figure S3: Cell viability assay after 48 h
incubation with increasing concentrations of (a) unloaded PMPC-PDPA polymersomes, (b) either free PDP or
PDP loaded polymersomes (Psome:PDP). Table S3: Forward (Fw) and reverse (Rv) gene sequences of designed
primers (PRIMER-BLAS; Sigma-Aldrich) used for gene expression studies.
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Polymer Synthesis and Characterization

PMPC-b-PDPA was prepared by loading a round bottom flask (equipped with a magnetic stir
bar) with 2-methacryloyloxyethyl phosphorylcholine (MPC, 25 eq.), 2-(4-morpholino)ethyl 2-
bromoisobutyrate (ME-Br) initiator (1 eq.) and ethanol (final [MPC] = 2.8M), and this solution was
deoxygenated by purging N2 for at least 1 h under stirring at room temperature. Then, 2,2’-bipyridine
(bpy) ligand (2 eq.) and Cu(I)Br (1 eq.) were added as solids whilst maintaining the flask under a mild
positive N2 pressure. The reaction was carried out under a N2 atmosphere at 30 °C. After 90 min (MPC
conversion > 99% from 'H-NMR), an ethanolic solution of 2-(diisopropylamino) ethyl methacrylate
(DPA, 85 eq., [DPA] = 3.8 M), previously deoxygenated by purging N2, was injected into the flask.
After 48 h, the reaction solution was opened to air, diluted with ethanol and left stirring for 1 h. The
solution was then passed through a silica column to remove the copper catalyst. After this step, the
filtrate was concentrated by rotary evaporation and dialysed using a 3.5 kDa MWCO dialysis
membrane (Spectrum Labs, Netherland) against chloroform/methanol 2:1 (v/v) (2-3 x 500 mL),
methanol (2 - 3 x 500 mL), and double-distilled water (4 — 6 x 2 L). After dialysis the copolymer was
isolated by freeze-drying.

'H-NMR [CDCls/CDsOD 3:1 (v/v), 600 MHz, H given in number per monomer unit, all broad
signals]: PMPCzs-PDPAes, 6 = 4.24 (2H, PMPC); 4.14 (2H, PMPC) 3.98 (2H, PDPA), 3.84 (2H, PMPC),
3.69 (2H, PMPC), 3.24 (9H, PMPC) 3.00 (2H, PDPA), 2.64 (2H, PDPA), 1.87-1.78 (2H, PMPC and 2H,
PDPA), 1.01 (12H, PDPA), 0.89 (3H, PMPC and 3H, PDPA). GPC (H20 + 0.25% TFA as eluent):
PMPC25-PDPAss, Min = 21.0 kDa, Mw/Mn = 1.39.

Cyb5-labelled PMPC-b-PDPA  was prepared as above but wusing bis[2 -(2-
bromoisobutyryloxy)ethyl] disulfide as initiator [1]. After purification and isolation, an aliquote of
the obtained polymer was reacted with Cyanine5 maleimide (1.1 eq.) and PPhs (2 eq.) in degassed
chloroform/methanol [2:1 (v/v)]. The final polymer concentration was 1.6 mM, and the reaction was
kept stirring under N2 and in the dark at room temperature for 48 h. After this time, the reaction
solution was opened to the air, filtered onto a silica column and dialysed using a 3.5 kDa MWCO
dialysis membrane (Spectrum Labs, Netherland) against chloroform/methanol 2:1 (v/v) (2 — 3 x 500
mL), methanol (4 — 6 x 500 mL), and double-distilled water (4 — 6 x 2 L). After dialysis the copolymer
was isolated by freeze-drying.

GPC (H20 +0.25% TFA as eluent): Cy5-PMPCas-PDPA7, Mn = 23.0 kDa, Mw/Mn =1.35.

——Cy5-PMPC-PDPA
——PMPC-PDPA

Retention volume (mL)
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Figure S1: Chemical structure of (a) PMPCzs-PDPAes and (b) Cy5-PMPCas-PDP Aro.
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Polymersomes Characterization

Regarding the characterization study, HPLC analyses resulted in the drug encapsulation and
loading efficiencies within PMPC-PDPA polymersomes. The drug encapsulation efficiency (EE) was
calculated as the ratio between the final and initial mass of loaded prednisolone disodium 21-
phosphate (PDP). The drug loading efficiency (LE) was determined according to a previously
reported method [2] represented as the number of PDP molecules loaded within the total lumen
volume of PMPC-PDPA polymersomes (which is related with the size of the vesicle and the actual
amount of loaded drug).
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Figure S2: (a) DLS data on the hydrodynamic diameter (Dn) and polydispersity index (PDI) values of
all formulations of unloaded and PDP loaded PMPC-PDPA polymersomes (1 = 3). Analysis on the
PDI values below 0.2 indicates a formulation of polymersomes with monodisperse and homogeneous
size distribution [3]. (b) TEM representative image of Cy5-PMPC-PDPA polymersomes produced via
film rehydration method (200 nm scale bar). (c) DLS data on the number of PMPC-PDPA
polymersomes as a function of the Dn. Analysis on the drug loading capacity represented as the
number of PDP molecules per polymersome as a function of their size. (d) Cryo-TEM representative
image of PMPC-PDPA polymersomes produced via pH-switch method (200 nm scale bar). (e)
Chemical structure and electrostatic surfaces of prednisolone disodium 21-phosphate (PDP) and
respective representation of the electrostatic surfaces.
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Drug Release study

To examine the kinetics and mechanism of PDP release from the PMPC-PDPA polymersomes,
the data obtained from the in vitro drug release studies of each pH profile was analyzed using various
models, including the zero and first order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas models

[4,5].
Table S1. Mathematical models for drug-release kinetics.
Release Equation ! Information
Model
refers to the process of constant drug release from a drug
Zero—Order Q =Qo + Kot . .
delivery device
Log C=Log Co— represents a system where the release rate of the drug depends
First=Order . .
kit /2.303 on the concentration of the drug in the system
Hixson— Qu1/3-Q:l/3= describes the release from systems where there is a change in
Crowell Khc t surface area and diameter of particles
. . assumes that the drug’s release is caused primarily by a diffusion
Higuchi Qt =ku (t)°2 .
mechanism
p1yer— rovides insight into the type of drug release mechanism takin
Korsmeyer- F=MyM N = Kt* p 8 yp 8 ' 8
Peppas place from swellable devices

1Qis the amount of drug released or dissolved; Qu is initial amount of drug in solution; Co is the initial

concentration of drug; t is the time in hours; F is the fraction of drug release at time t; My/M is the

fraction of drug released at time t; K are the rate constants for each models.

Table S2. Correlation coefficient (r?) from various drug release mathematical models for each pH

profile.

Zero—Order First-Order Hixson-Crowell Higuchi Korsmeyer-Peppas

pH 5.0
pH 6.5
pH 7.4

0.935 0.635 0.643 0.995 0.172
0.984 0.657 0.757 0.959 0.503
0.636 0.419 0.410 0.758 0.348

Cell Viability Study

(a) (b)

2 150 ®
z £z
2 100 2
S 2
3 K
Q

50 (8]
_LE’ s o Psome:PDP
® ? 29, pop

0+ 04

0 1 2 0 10 20 30 40

[Psome] mg/mL [PDP] ug/mL

Figure S3: Cell viability assay after 48 h incubation with increasing concentrations of (a)
unloaded PMPC-PDPA polymersomes, (b) either free PDP or PDP-loaded polymersomes

(Psome:PDP).
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6 of 6

Gene Expression Study

For the RT-qPCR experiments, the ribosomal protein L13A (RPL13A) was used as reference
gene, because it was stably expressed in THP-1, both in stimulated and unstimulated cells (data not
shown).

Table S3. Forward (Fw) and reverse (Rv) gene sequences of designed primers (PRIMER-BLAS;
Sigma-Aldrich) used for gene expression studies.

Gene Primers Classification
Fw CTTCCTTTCCAGTTTGCTGC . .
RPL13A ribosomal protein
Rv TCTCGCAGTCCACTTCCTTT
INE Fw GGAGAAGGGTGACCGACTCA tumor necrosis
o
Rv CTGCCCAGACTCGGCAA factor
Fw TCCAAACCTTTCCACCCCAAA .
IL8 chemokine
Rv ACCCTCTGCACCCAGTTTTC
Fw TGCAATAACCACCCCTGACC . .
IL6 interleukin

Rv AGCTGCGCAGAATGAGATGA

Fw CCAAAGAAGAAGATGGAAAAGGC . .
IL18 interleukin
Rv GGGAACTGGGCAGACTCAAA

RT-qPCR data was analysed using the comparative cycle threshold (Ct) method, also known as
the AACt method. The Ct value of each target gene (TNFa, IL1B, IL6 and IL8) was normalized to the
reference gene (RPL13A), obtaining the ACt value (Equation 1) of treatment and control (i.e., non-
treated). Then, the change in Ct is compared against the control to obtain the AACt value (Equation
2) using the following equations:

ACt = Ct (target gene) — Ct (RPL13A) )

AACt = ACt (treated) — ACt (non-treated) @)

Then, the — AACt values corresponds to the folds in gene expression change of the treated
compared to the non-treated group.
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Abstract

Rheumatoid arthritis (RA) is a chronic inflammatory joint disorder characterised by
progressive synovial inflammation. Methotrexate (Mtx) is a well-known anti-
rheumatic drug used as a first line therapy in RA. Although it is still hampered by
deleterious side-effects, despite its proven therapeutic efficacy. In this study, we
present promising in vitro data using pH-responsive polymersomes, made of
poly(2-methacryloyloxyethyl  phosphorylcholine)-poly(2-(diisopropylamino)ethyl
methacrylate) (PMPC-PDPA), as suitable drug delivery nanocarriers for the
treatment of RA. The great advantages of this nanomedicine are based on the
physicochemical properties of its building blocks. The PMPC endows targeting
ability to enable the selective delivery of the loaded Mtx to the macrophages and
synoviocytes found within the synovium. Whereas, the PDPA pH responsiveness
allows the controlled intracellular release of Mtx along the endocytic pathway.
Thereby, pH-responsive PMPC-PDPA polymersomes have the potential to improve
the therapeutic efficacy of loaded Mtx in resolving synovial inflammation, while

minimizing its off-target toxicity.

Keywords

rheumatoid arthritis, chronic inflammation, methotrexate, pH-responsive
polymersome, macrophages, synoviocytes, cytokines, chemokines,

metalloproteases

Highlights

pH-responsive PMPC-PDPA polymersomes:

e are suitable as drug delivery nanomedicine

e are not cytotoxic

e enable rapid drug delivery within activated macrophages and synoviocytes
e enable the intracellular drug-controlled release

e enhance the immuno-anti-inflammatory therapeutic effect of loaded drug
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1. Introduction

Rheumatoid arthritis (RA) is a chronic immune-mediated inflammatory disease
associated with the enduring synovial inflammation of joints [1, 2]. Severe disease
progression can lead to the synovial tissue damage and further irreversible
destruction of joints [2, 3]. Although, seen as an autoimmune disease, RA etiology
remains still ambiguous, as several environmental, genetic and other risk factors
seem to be involved in its origin [3, 4]. A better understanding of the RA
pathogenesis has led to the identification of molecules and cells involved in the
initiation of the autoimmune response, perpetuation of synovial inflammation and
hence disease destructive progression [1, 2].

RA pathogenesis involves the interplay of both innate and adaptive immune
responses [1, 2, 5]. The influx of immune cells to the synovium and subsequent
interacting cascades of pro-inflammatory cytokines causes synovitis [1, 2, 5]. The
inflammation of the synovium leads to an increased vascular permeability, which
in turn leads to synovial hyperplasia and formation of pannus tissue [6, 7].
Additionally, local synovial cellular interactions initiate and maintain the
inflammatory process through the activation of macrophages and synovial
fibroblasts (also known as synoviocytes) [1, 2, 5]. Both of these cells are found in
abundance in the synovium of joints and play a central role in RA pathogenesis by
actively driving the perpetuation of immune and inflammatory responses and
further damage of joint synovial tissue [1, 2, 8, 9]. Synovial macrophages induce
the secretion of several pro-inflammatory cytokines, such as tumour necrosis
factora (TNFa), interleukin (IL)1B and IL6, and chemokines, such as CXCLS8 (i.e. IL8)
and CCL3 (also known as macrophage inflammatory protein 1a) [1, 2, 5, 9].
Through cascades of cytokine-mediated signalling pathways, synovial
macrophages activate other cells found within the synovium that are involved in
the disease progression [1, 2, 5, 8, 9]. Among them, the synoviocytes inflammatory
phenotype activation stimulates the production of more pro-inflammatory
cytokines and chemokines, thus perpetuating synovial inflammation. These cells
are important in the maintenance of the normal stromal synovial environment of
joints through the secretion of a range of extracellular matrix components [2, 8,
10-12]. Although, under synovitis, activated synoviocytes increase the secretion of
tissue-degrading enzymes, such as the matrix metalloproteinases (MMPs) that are
involved in the degradation of cartilage [2, 8, 10-12]. In addition, the synoviocytes

secrete the receptor activator of nuclear factor-kB (NF-xB) ligand (RANKL), which, in
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turn, induce the differentiation and proliferation of osteoclasts that are mainly
responsible for bone erosion [2, 8, 10-12]. Moreover, synoviocytes play an
important disease-promoting role through the secretion of vascular endothelial
growth factors associated with angiogenesis [6, 7, 12-15]. The enhanced synovial
vascularization and prominent angiogenesis endures synovitis and facilitates the
access of synoviocytes to the bloodstream, hence increasing the dissemination of
arthritis to other unaffected joints [6, 12-14, 16].

The management of RA treatment relies on the use of disease-modifying anti-
rheumatic drugs (DMARDs) for both symptomatic relief and cease of synovial
inflammation progression [3, 17-19]. Thereby, early treatment intervention is
crucial to slow-down the irreversible joint damage [20]. Methotrexate (Mtx) is a
well-known DMARD used currently in clinic as a potent and effective therapy for
RA, and other autoimmune diseases [17-19]. Different mechanisms of action are
involved in the therapeutic effectiveness of this DMARD [21-23]. Namely, Mtx
adenosine-mediated anti-inflammatory and immunosuppressive effects regulate
the production of cellular adhesion and pro-inflammatory molecules involved in
synovial and systemic inflammation [21-23]. Despite the therapeutic efficacy of Mtx
in RA treatment, up to 16% of patients discontinue the therapy, mostly due to
deleterious side effects [17, 18, 24-26]. This fact is particularly an important issue
in RA, because the long-term use of this drug allied with its widespread off-site
biodistribution, causes liver damage, often leading to hepatitis [17, 18, 24-26].
Therefore, there is the urgent need to create novel nanomedicines for delivering
Mtx to the target diseased synovial tissue and hence overcome the limitations of
this DMARD in the treatment of RA. The vital role of both synovial macrophages
and synoviocytes in RA pathogenesis, makes them the target for the delivery of
Mtx, and, ultimately, enhance its therapeutic effect, while minimising off-site
cytotoxicity. Here, we developed an innovative polymer based nanotherapy -
polymersomes loading Mtx - with the potential to target and treat synovial
inflammation. Polymersomes are formed by the self-assembly of amphiphilic block
copolymers into vesicles [27-29]. Thereby, polymersomes enable the encapsulation
of both hydrophilic, amphiphilic and hydrophobic drug molecules in the aqueous
core or in the hydrophobic membrane [28, 30]. In addition, the macromolecular
and synthetic nature of polymersomes building blocks facilitate the tailored design
of their physicochemical properties, including size, shape, surface ligands,
permeability and mechanical stability [27-32]. As well as, the control of their self-
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assembly/disassembly mechanism using environmental stimuli responsiveness,
for example to pH, temperature, hydrolysis, oxidation, light or enzymes [27-32].
In this study, pH-responsive polymersomes are made using the highly
biocompatible hydrophilic block - poly(2-methacryloyloxyethyl phosphorylcholine)
(PMPC) - and the hydrophobic poly(2-(diisopropylamino)ethyl methacrylate) (PDPA)
block. This amphiphilic di-block copolymer is designed to self-assemble into
vesicles only in aqueous conditions at pH above 6.2 (the PDPA pKa) [29] [33, 34]
[35]. Thereby, the PDPA block confers the pH responsiveness of polymersomes to
disassemble at pH lower than 6.2 [28, 29, 33-42]. This pH responsiveness-trigger
mechanism is particularly useful as polymersomes, upon cellular internalisation,
experience a drop in pH within the endosomes (pH~6 to 5.5), which bestows their
rapid disassembling [28, 29, 37, 43]. This, in turn, provokes an osmotic shock in
the endosome and the consequent membrane poration [28, 29, 37, 43]. Thus,
enabling the intracellular release of the loaded Mtx to the cytosol. In addition, this
feature can be further exploited as a targeting strategy for RA, as the cellular
acidosis within the synovium leads to the pH drop [15, 44, 45], thus allowing the
release of loaded Mtx in the target inflamed synovial tissues. Another advantage of
using PMPC-PDPA polymersomes is that PMPC block has an inherent binding affinity
to the family of class B scavenger receptors, including type B1 and B3 [36, 38, 40,
41]. These surface cell receptors are expressed by macrophages and synoviocytes
[46-49], which play a critical role in RA pathogenesis, and that can be therefore
targeted by these polymersomes. In addition, the biocompatible hydrophilic nature
of the PMPC block avoids the protein fouling, which might delay the mononuclear
phagocyte system recognition and rapid clearance of polymersomes from blood
circulation [36, 38, 40, 41].

Here, in vitro studies support the potential of PMPC-PDPA polymersomes to grant
the stability and targeting ability of loaded Mtx towards inflamed synovium. Hence,
enabling the intracellular drug bioavailability and on-site therapeutic efficacy.
Therefore, pH-responsive PMPC-PDPA polymersomes loading Mtx have a high
impact in the progression of inflammatory arthritis and potentially in the treatment
of RA.
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2. Materials and Methods

2.1. Preparation of PMPC-PDPA polymersomes

The PMPC,s-PDPA,; diblock copolymer was synthesised as previously reported [35,
50] by atom-transfer radical polymerization. Polymersomes were prepared by pH-
driven self-assembly of the PMPC,;-PDPA,; copolymers using a previously reported
method [42, 51] with some modifications. Briefly, under sterile conditions, PMPC,;-
PDPA,; copolymer was dissolved in acidic phosphate-buffered saline (PBS 0.1 M,
Sigma-Aldrich) up to a concentration of 10 mg/mL, and the pH solution was
adjusted to pH 2.0 by addition of hydrochloric acid (HCL 2 M). The self-assembly
process was controlled by increasing the solution pH from 2.0 to approximately
neutral pH 7.4, through needle injection system (2 plL/minute), with sodium
hydroxide (NaOH 0.5 M). Formulations of PMPC-PDPA polymersomes loading
methotrexate (Mtx, C,oH,,N;Os;, MW 454.44 ) (300 nm), Sigma-Aldrich) were
prepared also using the above-mentioned pH-switch method by injecting the Mtx
(3 mg/mL) dissolved together in the NaOH solution. Additionally, for fluorescence
imaging in vitro studies, Cyanine5-labelled PMPC-PDPA polymersomes were
prepared using the solvent-switch method as previously reported [52] with some
modifications. Here, 10% (w/w) Cy5-PMPC,;-PDPA;; copolymer, previously
synthesised by atom-transfer radical polymerization [53], was dissolved together
with the PMPC,;-PDPAin an organic solution of 3:1 (v/v) methanol:tetrahydrofuran
(Sigma-Aldrich) for a final copolymer concentration of 20 mg/mL. Then, PBS at
neutral pH was injected at the rate of 2 yL/minute into the organic solution under
constant stirring at 42°C, until a 0.6% (w/v) PBS content was reached. Afterwards,
any remaining organic solvent was removed using dialysis (3.5 kD MWCO tubing
membrane, Spectrum Labs) against PBS for 2 days, with solvent changes occurring
every 3 hours or longer. In the end, after preparation, all formulations of PMPC-
PDPA polymersomes were purified as previously described by size exclusion

chromatography [51].

2.2. Characterization Studies
2.2.1. Size and morphology study

All produced formulations of PMPC-PDPA polymersomes were characterised in term
of size, size distribution and morphology. Dynamic light scattering (DLS) was used

for the hydrodynamic diameter (D,) measurement in the Zetasizer Nano ZS
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(Zen1600, Malvern Instruments), equipped with a 633 nm HeNe laser in a scattering
angle of 173°. Transmission electronic microscopy (TEM) imaging analysis was
conducted on a JEOL 2100 operating at 200 kV, equipped with an Orius
SC2001CCD Gatan camera. Prior to DLS and TEM characterization, samples were

respectively prepared as previously reported [35, 54].

2.2.2. Polymer and drug quantification study

The amount of PMPC,;-PDPA; copolymer and loaded drug after purification process
was determined by high-performance liquid chromatography (HPLC) using a Dionex
Ultimate®3000. This instrument is equipped with a variable wavelength detector
and a C18 analytical column (Jupiter Phenomenex 300A, 150x4.6 mm, 5 um). The
samples, previously diluted in DPBS at pH 2.0, were run according to a ramp
gradient of eluent A [0.05% (v/v) trifluoroacetic acid (TFA, Thermo-Fisher) in Milli-
Q filtered H,0] and eluent B [0.05% (v/v) TFA in methanol]: for 10 minutes from 5%
to 100%; keep constant for 15 minutes and return within 1 minute to initial
condition. By using the Chomeleon software, the peak area was integrated at
respective elution time and wavelength (1) on the HPLC system to analyse the UV
absorption of PMPC,;-PDPA; at .(220 nm) and Mtx at A(300 nm). Then, the amount
of PMPC,;-PDPA;; copolymer and Mtx was quantified using their respective
previously accessed calibration curves. Further analysis on the drug encapsulation
and loading efficiencies were determined using a previously reported method [34,
35] (details in Supplementary Information).

2.2.3. Drug-polymer interaction study

The drug-polymer interaction study was performed by determining the partition
coefficient (expressed as K, and log D) of Mtx in a polymersomes/water system. A
previously reported method of derivative spectrophotometry [55], was used with
some modifications, to determine the K, of Mtx with the PMPC-PDPA membrane at
pH 7.4 and 37°C. Briefly, samples with increasing concentrations of PMPC-PDPA
polymersomes (0 - 120 pM) and a fixed concentration of Mtx (25 pyM) at pH 7.4
were prepared and incubated for 1 hour. The absorption spectra (220 - 370 nm)
were obtained at 37°C using a UV-Vis microplate spectrophotometer (Synergy HT,
Biotek). The obtained experimental data were mathematically analysed using a
previously reported Kp calculator [55]. The second-derivative spectra were used to

eliminate the light scattering effect caused by the polymersomes and improve
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bands resolution. Hence, by plotting the second-derivative values, at a wavelength
where the scattering was eliminated (A,,,~255 nm), as function of the PMPC-PDPA
molar concentrations, the K, (M') was determined by fitting the experimental data
using a nonlinear least-squares regression method. Results on the drug interaction
with the water/polymer system is expressed as log D (details in Supplementary

Information; Figure S1).

2.2.4. Drug release study

The drug release study was performed using the dialysis method under sink
conditions. As previously described [35], 1T mL of Mtx loaded PMPC-PDPA
polymersomes or free Mtx (at the same concentration of the loaded one) was filled
in a cellulose ester dialysis membrane tube (3.5-5 kDa MWCO, Float-a-Lyzer G2,
Spectrum Laboratories Inc.). These dialyses were carried out against 10 mL of three
different outer buffer pH conditions (PBS solution at pH 7.4; acetate-buffered
solution at pH 6.5 and 5.0) for 50 hours under continuous magnetic stirring at
37°C (RT15 power, IKA-Werke GmbH & Co. KG). At regular time points, aliquots
(200 pL) were withdrawn and the same volume of respective fresh outer buffer
solution replaced in order to maintain the sink conditions. The quantification of
permeated drug aliquots throughout the 50 hours was determined by measuring
the UV absorbance of Mtx at A (300 nm) using the UV-Vis microplate
spectrophotometer (Synergy HT, Biotek).

Mathematical models for drug-release kinetics, including zero-order and first-order
equations, Higuchi and Hixson-Crowell models, were applied to each drug release
profile to evaluate the mechanism of drug release (details in Supplementary
Information; Table S1). The fitting of each model was evaluated based on the

correlation coefficient (r?) values.

2.3. In vitro cellular studies
2.3.1. Cell culture and activation

Human leukemic monocytes (THP-1) were cultured and maintained in RPMI-1640,
2 mM L-glutamine, 25 mM Hepes (Sigma-Aldrich) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich), 1% (v/v) penicillin-
streptomycin (Sigma-Aldrich) and 0.1% (v/v) amphotericin B (Sigma-Aldrich). Human
fibroblast like synoviocytes (HFLS) purchase from Sigma-Aldrich were cultured and

maintained in synoviocytes growth medium (Sigma-Aldrich) supplemented with 10
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% (v/v) FBS, 1% (v/v) penicillin-streptomycin, 1% (v/v) L-glutamine (Sigma-Aldrich)
and 0.1% (v/v) amphotericin B. Prior to all in vitro cellular studies, THP-1 cells
differentiation into mature macrophages-like state was induced through incubation
with 10 ng/mL of phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) for 48
hours [35, 56] in a humidified atmosphere, 95% air, 5% CO, at 37°C. Moreover,
unless stated otherwise, macrophages inflammatory phenotype (i.e. activated) was
induced with 600 ng/mL of lipopolysaccharide (LPS, Sigma-Aldrich) [35, 56]; while,
inflammatory synoviocytes were induced with 20 ng/mL of TNFa (Sigma-Aldrich)
[57]. Follow by 24 hours incubation in a humidified atmosphere, 95% air, 5% CO, at
37°C.

2.3.2. Cell uptake imaging study

The cell uptake imaging was performed using confocal laser scanning microscopy
(CLSM, Leica SP8). First, macrophages and synoviocytes were seeded at a
concentration of 5-10* cells per glass-bottom petri dish (Ibidi) and then activated
as above mentioned. Then, cells were incubated with 0.5 mg/mL of Cy5-labelled
PMPC-PDPA polymersomes for 0.5, 1, 2, 4, 6, 12, 24 and 48 hours, in a humidified
atmosphere, 95% air, 5% CO,at 37°C. After each incubation time point, followed by
3 steps of DPBS washing, cells were stained for CLSM live imaging. Respectively,
for nuclear and cell membrane staining, Hoesh 33342 (Sigma-Aldrich) and far-red
Cell Mask™ (Life Technologies) were incubated for 10 minutes at room
temperature, before visualization under CLSM. At least 10 different regions of the
petri dishes were captured and analysed using the Fiji Image) software (version
2.0). For the quantification of Cy5-labelled PMPC-PDPA polymersomes within
stimulated macrophages and synoviocytes, their fluorescent intensity signal was

normalized relative to the nuclear intensity signal.

2.3.3. Cell surface receptors study

The cell scavenger receptor (SR)B1 and SRB3 (commonly known as CD36) proteins
expression levels in either non- or activated cells were detected by Western blotting
assay. First, macrophages and synoviocytes were seeded at a concentration of 10°
cells per well in 6-well plate (CytoOne) and then activated to the inflammatory state
as above mentioned. After 24 hours incubation in a humidified atmosphere, 95%
air, 5% CO, at 37°C, cells then washed with DPBS and lysed using
radioimmunoprecipitation (RIPA) buffer (containing 50 mM Tris-HCl, pH 8.0, 1%

-90 -



Chapter 3 | lll

Nonidet P-40, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 2 mM ethylenediaminetetraacetic acid and 1 mM dithiothreitol)
supplemented with protease and phosphatase inhibitor cocktails. Followed by
centrifugation (12,000 g) at 4°C for 10 minutes to remove the nuclei and any
insoluble cell debris. The post-nuclear extracts were collected and used as total cell
lysates. The protein concentration from these lysates was then determined
following the Bradford assay kit protocol (Bio-Rad). Western blotting was performed
as previously described with minor modifications [58]. Briefly, the cell lysates were
first denatured in 4x Laemmli sample buffer (Bio-Rad) at 95°C for 5 minutes. Then,
10 pg of total cell lysates proteins were separated by electrophoresis on 10% SDS
polyacrylamide gels (previously prepared following the Bio-Rad protocol) and
transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). The PVDF
membranes were then blocked with 5% milk in Tris-buffered saline with 0.1%
Tween-20 (TBST) for 1 hour at room temperature. For the immunodetection of SRB1
and CD36 protein expression, the PVDF membranes were first incubated, overnight
at 4°C, with 1:1000 dilution of each specific primary antibody (Novus Biologicals
NB400-144 and NB400-131) in 1% milk/TBST. And then, after several washes with
TBST, the PVDF membranes were incubated with the secondary antibodies
(1:20000) in 1% milk/TBST for 1 hour at room temperature. The signals of the goat
anti-rabbit and anti-mouse IgG DyLight 800 (Invitrogen) were detected using the
Odyssey CLx imaging system. The densitometry analyses were performed using Fiji
Image] software (version 2.0), and the obtained values represent the ratio between
the immunodetected protein and the glyceraldehyde 3-phosphate dehydrogenase
(GAPDH, Abcam) loading control. Then, the fold change expression was determined

by normalisation to the non-activated control.

2.3.4. Cell viability study

The thiazolyl blue tetrazolium bromide (MTT, Sigma-Aldrich) assay was used, as
previously reported [59], to evaluate the cytotoxicity of PMPC-PDPA polymersomes,
unloaded and loaded Mtx. Briefly, for MTT assay, cells were seeded at a density of
5-10° cell per well in 96-well plates (CytoOne). After seeding and activation,
increasing concentrations of each treatment were incubated for 24 hours in a
humidified atmosphere, 95% air, 5% CO,at 37°C. Control wells were incubated with
equivalent volumes of corresponding cell culture medium and/or a solution of 10%
(v/v) dimethyl sulfoxide (DMSO, Sigma-Aldrich) in DPBS. Follow by 24 hours
incubation, 0.5 mg/mLof MTT solution was added to each well, and 2 hours later
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the MTT solution was replaced by the same volume of DMSO per well to dissolve
the formed formazan crystals. Then, the optical density of solubilized blue crystals
was read by measuring UV absorbance at 590 nm and 630 nm using a UV-Vis
microplate spectrophotometer (SynergyTM HT, Biotek). The cell viability was
determined as the percentage of the metabolic activity of treated cells normalised

to the control wells.

2.3.5. NF«B signalling imaging study

Nuclear factor-kB (NF-kB) signalling imaging was performed using CLSM. Firstly,
cells were seeded at a concentration of 5-10* cells per glass-bottom petri dish (Ibidi)
and activated as above mentioned. Then, M1-macrophages were incubated with 10
pg/mL of either free Mtx or Mtx loaded PMPC-PDPA polymersomes for 24 hours in
a humidified atmosphere, 95% air, 5% CO,at 37°C. Following treatment, cells were
washed with DPBS and fixed using 3.7% formaldehyde (Sigma-Aldrich) for 10
minutes at room temperature. After fixation step, followed by DPBS washing for
the membrane permeabilization step, cells were incubated with 0.2% Triton-X
(Sigma-Aldrich) for a further 10 minutes at room temperature. Then, the
immunostaining blocking was performed using 5% bovine serum albumin (BSA)
(Sigma-Aldrich), to prevent unspecific antibody binding. After 1 hour at room
temperature, cells were incubated with NFkB p65 Antibody (F-6) Alexa Fluor® 647
(SantaCruz Biotechnology) 1:500 diluted in 1% BSA overnight in a humidified
chamber at 4°C. The following day, cells were washed with DPBS and the nucleus
was stained with Hoescht 33342 (Thermo Fisher) for 10 minutes at room
temperature, before visualisation under CLSM. At least 10 different regions of the
petri dishes were acquired and the NF-kB nuclear translocation imaging analysis
was evaluated by co-localisation (Pierce’s coefficient values) of the NF-kB and

nucleus fluorescence intensity signals using Fiji ImageJ software (version 2.0).

2.3.6. Enzyme linked immunosorbent assay

IL6 and TNFa protein levels were determined using an enzyme linked
immunosorbent assay (ELISA). Firstly, macrophages and synoviocytes were seeded
at a concentration of 10° cells per well in 6-well plate (CytoOne) and activated to
the inflammatory state as above mentioned. Followed by 24 hours treatment with
10 pg/mL of either free Mtx or Mtx loaded PMPC-PDPA polymersomes. Cells
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supernatants were then collected and the ELISA (Invitrogen) was carried following

the manufacturer protocol.

2.3.7. RNA extraction, reverse transcription and vreal-time quantitative

polymerase chain reaction

Analyses on the gene expression of inflammation-related markers, including TNFa,
IL1B, IL6, IL8, CCL3 and MMP13 was assessed using real-time quantitative
polymerase chain reaction (RT-gPCR). Firstly, cells were seeded at a concentration
of 10° cells/well in 6-well plate (CytoOne) and activated as above mentioned.
Followed treatment with 10 pg/mL of free Mtx or Mtx loaded PMPC-PDPA
polymersomes, for 6 and 20 hours, respectively for macrophages and synoviocytes.
Cells were then lysed and the RNA was extracted following the RNeasy mini kit
(Qiagen) protocol pre-installed in the QlAcube (Qiagen). The total ribonucleic acid
(RNA) concentration was measured with NanoDrop spectrophotometer
(ThermoScientific). Complementary deoxyribonucleic acid (cDNA) was synthesised
from every 1 ug of total mRNA in 20 uL volume with QuantiTect Reverse
Transcription Kit (Qiagen) according to the manufacture protocol. This procedure
provided a fast and efficient cDNA synthesis with integrated removal of genomic
DNA contamination. Briefly, the sample of RNA is incubated at 42°C for 2 minutes
to effectively remove containing genomic DNA, then the reaction occurred for
another 15 minutes at 42°C and then inactivated at 95°C. RT-gPCR reaction was
performed on yield cDNA synthetized from each sample using QuantiTec® Rotor-
Gene™ SYBR Green RT-PCR kit (Qiagen) using the Qiagility instrument software
(Qiagen). This software enables rapid and high-precision system of sample
preparation for RT-gPCR analysis, providing a step-by-step guidance for automatic
calculation of all primers, cDNA template and Rotor-Gene SYBR Green master mixes
need for the reaction. For the RT-qPCR experiments, the ribosomal protein L13A
(RPL13A) and glyceraldehyde 3-phosphate dehydrogenase (GADPH) were used as
reference genes, respectively for macrophages and synoviocytes. The list of
designed primers of each target gene and reference gene are detailed in the Table
S3 in Supplementary Information. Following sample preparation, the PCR mixtures
are placed in the Rotor-Gene Q cycler (Qiagen) and amplification process starts
using the following protocol steps: initial cycling step at 95°C during 5 minutes for
the DNA polymerase activation; followed by 40 cycles of 95°C during 5 seconds for

denaturation; and 60°C during 10 seconds for combined annealing and extension
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for all primers. RT-gPCR data analysis of folds-changes in gene expression levels
normalized to the non-activated cells was determined by the -AACt method (details
in Supplementary Information), using cycle threshold (Ct) values acquired from the

amplification curve using the Rotor-Gene Q instrumentation software (Qiagen).

2.4. Data statistical analysis

Differences using GraphPad Prism. Statistical analyses were performed using
GraphPad Prism (version 8.2.1). Differences between groups were assessed by one-
way or two-way ANOVA with Tukey multiple comparison test. The differences were
statistically significant for * p < 0.05, ** p < 0.01, ***p < 0.001 and **** p < 0.0001.

3. Results
3.1. Physicochemical characterisation

Formulations of unloaded and Mtx-loaded PMPC-PDPA polymersomes were
successfully produced via the pH-switch method; and then characterised in terms
of size, size distribution and morphology. TEM micrograph demonstrated that
PMPC-PDPA polymersomes have a spherical morphology with a small size (60-70
nm) and homogeneous distribution (Figure T1A). Similar size regarding the
hydrodynamic diameter (D,) were measured by DLS (Figure 1B). In recent years,
PMPC-PDPA polymersomes were designed and investigated for efficient loading of
various pharmaceutical molecules, including drugs, proteins and siRNA [28, 29,
33-42]. PMPC-PDPA polymersomes showed efficient encapsulation of Mtx, reaching
high levels of drug loading contents up to 18 wt% (Figure 1B). This value was
achieved mostly because of the method used for the encapsulation of Mtx. As
calculated by the MarvinSketch calculator (Chemaxon), the solubility of the drug in
aqueous media was found to increase as a function of the pH; due to the
deprotonation of the two carboxylic acids present in the chemical structure of Mtx
at pH above 7.1 (Figure S1A). This encouraged the idea of preparing Mtx-loaded
PMPC-PDPA polymersomes through a modified pH-switch method. Whereby, the
drug is solubilised in a NaOH solution, rather than in the polymer solution at pH
2.0, before the self-assembly. This approach enabled a higher loading and
encapsulation efficiency, possibly due to the affinity of Mtx for the polymer during

the self-assembly process. In fact, drug-polymer partition studies showed that the
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experimentally obtained log D at pH 7.4 is 2.2 + 0.1 (Figure S1B), confirming the

affinity of Mtx with the polymeric phase of the water/polymersome system.
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Figure 1. (A) TEM micrograph of Mtx-loaded PMPC-PDPA polymersomes (100 nm scale bar).
(B) Analysis on the drug loading capacity represented as the number of Mtx molecules per
polymersome as a function of their hydrodynamic diameter (D.) measured by DLS. (C) Drug
release profiles of Mtx from PMPC-PDPA polymersomes in pH 5.0, 6.5 and 7.4 buffer solutions
at 37°C for 50 hours (n = 3).

In vitro release studies confirm the pH-responsiveness of PMPC-PDPA
polymersomes to acidic pH mimicking the intracellular endosomal compartments;
thus, resulting in a burst drug release profile at pH 5.0 (Figure 1C). While the Mtx
release was practically complete within 1 hour at pH 5.0, under pH 6.5 conditions,
meant to mimic the extracellular acidosis environment, it is observed a sustained
drug released overtime (up to only 20%; Figure 1C). Drug release kinetics analyses
based on the regression coefficient (r?) revealed that the best fitting model for pH
5.0 and pH 6.5 was obtained by the Zero-Order and Higuchi models (Table S2).
These models suggest a controlled diffusion mechanism of Mtx release from the
PMPC-PDPA polymersomes. In addition, as expected, practically negligible drug
release was observed throughout 50 hours under pH neutral conditions at 37°C
(pH 7.4; Figure 1C). This was also confirmed by analysing the r? for the drug release
profile at pH 7.4, as there was no best-fitted model (Table S2).

3.2. Invitro cell uptake and viability studies

The in vitro cellular uptake of Cy5-PMPC-PDPA polymersomes either by non- or
activated macrophages and synoviocytes was assessed using confocal laser
scanning microscopy (CLSM). CLSM imaging analysis of macrophages revealed that

the normalised fluorescence intensity signal of Cy5-PMPC-PDPA polymersomes
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constantly increases in a time-dependent manner up to 10-hours after incubation,

followed by a plateau (Figure 2A and B).

Cy5-Psome macrophages

79 o non-activated ¢ activated

v e
~ O\O/

Jo—s
Qi'/° s

Cy5-Psome normalised
fluorescence intensity

hours

C 120

100

10h 24h 48h 834 Psomenrx
60

40

Cell viability %

20
macrophages

0 1 2
log [MTX] pg/mL

Figure 2. (A) CLSM images of Cy5-PMPC-PDPA polymersome (green fluorescence intensity
signal) uptake by LPS-activated macrophages overtime. 3D image corresponds to the 24-hour
time point. Staining of the cell nuclei (blue fluorescence intensity signal) with Hoechst 33342
and cell membrane (red fluorescence intensity signal) with far-red CellMask™. (B) Cell uptake
profile of Cy5-PMPC-PDPA polymersomes normalised fluorescent intensity relative to the
nucleus signal measured as a function of time. Data express the mean + SEM (10 images for
n=2). (C) Cell viability assay in LPS-activated macrophages after 24 hours incubation with
increasing concentrations of either free Mtx or Mtx loaded PMPC-PDPA polymersomes. Data

express as mean + SD (n=3).

Conversely, CLSM imaging analysis of normalised Cy5-PMPC-PDPA polymersomes
fluorescence intensity signal on activated synoviocytes resulted in a triphasic cell
uptake profile (Figure 3A and B). First, there was an increase on the internalisation
of Cy5-PMPC-PDPA polymersomes, followed by a plateau of 5 hours and, then
again, an increase of Cy5 fluorescence intensity signal to the double (Figure 3B).
Oppositely, the uptake profile by non-activated synoviocytes suggest a slow
internalisation of Cy5-PMPC-PDPA polymersomes overtime reaching a plateau after
1 hour of incubation. Overall, cell uptake profiles suggest that there is a rapid and

higher internalisation of PMPC-PDPA polymersomes by inflammation activated
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macrophages and synoviocytes comparing with the non-activated ones over the 48
hours period (Figure 2B and 3B).

Additional CLSM imaging analysis suggest that the fluorescence intensity of Cy5-
labelled polymersomes in activated macrophages was higher than in synoviocytes
(Figure 2B and 3B). This is not only due to the intrinsic professional phagocytic
nature of macrophages [60, 61], but also possibly to the high affinity of the PMPC
moiety towards the cell scavenger receptor SRB1 and CD36 [36, 38, 40, 41].
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Figure 3. (A) CLSM images of Cy5-labelled PMPC-PDPA polymersome (green fluorescence
intensity signal) uptake by TNFa-activated synoviocytes over time. 3D image corresponds to
the 10-hour time point. Staining of the cell nuclei (blue fluorescence intensity signal) with
Hoechst 33342 and cell membrane (red fluorescence intensity signal) with far-red CellMask™.
(B) Cell uptake profile of Cy5-PMPC-PDPA polymersomes normalised fluorescent intensity
relative to the nucleus signal measured as a function of time. Data express the mean + SEM
(10 images for n=2). (C) Cell viability assay in TNFa-activated synoviocytes after 24 hours
incubation with increasing concentrations of either free Mtx or Mtx loaded PMPC-PDPA
polymersomes. Data express as mean = SD (n=3).

Thereby, protein expression levels of these cell surface receptors were then
investigated followed by activation of cells using western blot analysis (Figure 4A).
Results revealed that the SRBI and CD36 expression levels in activated

macrophages increased by 2- and 4-fold, respectively, comparing with non-
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activated control (p<0.05 and p<0.01; Figure 4B). Additionally, the activation of
synoviocytes significantly boosts the expression of CD36 (p<0.0001 versus the
non-activated control; Figure 4B). Though, the expression of SRBI was only slightly
increased by these cells (Figure 4B). Thereby, superior uptake of PMPC-PDPA
polymersomes by activated cells possibly occurs due to the high binding affinity of
PMPC to the overexpressed SRBI and CD36 cell surface receptors. In turn, these
surface cell receptors bestow the internalisation of PMPC-PDPA polymersomes via

endocytosis and phagocytosis [30, 43, 46, 471].
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Figure 4. (A) SRBI and CD36 cell surface proteins expression levels in non- and activated
macrophages and synoviocytes detected by western blot assay (n=3). The SRBl and CD36 were
revealed using specific antibodies and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as the loading control. (B) Fold change expression normalised to non-activated
control. Data express as mean + SD (n=3). The differences relative to the non-activated control
were statistically significant for *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

In addition, in vitro cytotoxicity studies were performed to evaluate if such
increased cellular uptake of PMPC-PDPA polymersomes by activated cells might be
affecting their viability. To this end, the MTT assay was carried out on both
activated macrophages and synoviocytes 24 hours after incubation with either free
Mtx, unloaded- or Mtx-loaded PMPC-PDPA polymersomes. Results confirm the
biocompatibility of unloaded PMPC-PDPA polymersomes, as both cell types did not
show any considerable sign of cytotoxicity for concentrations up to 0.6 mg/mL
(Figure S3). MTT results revealed that Mtx-loaded PMPC-PDPA polymersomes did
not show relevant cytotoxicity towards activated macrophages and synoviocytes,
up to a concentration of 20 pg/mL of loaded drug (Figure 2C and 3C). Whereas,
free Mtx treatment displayed concentration dependent-cytotoxicity on both cell
types, resulting in a sharp decrease on cell viability at the highest concentration

(Figure 2C and 3C). Considering these MTT results, any Mtx treatment presented
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henceforth, either as free form or loaded, will be referring to a concentration of 10

ug/mL, if not otherwise specified.

3.3. Invitro inflammation studies

In vitro inflammation cellular studies were carried out in activated macrophages
and synoviocytes to evaluate the anti-inflammatory effect of Mtx-loaded PMPC-
PDPA polymersomes and compare it with free drug treatment.

The inflammatory state of the cells can be confirmed by assessing the cellular
localisation of the inflammatory transcription factor NF-kB using CLSM. As shown
on Figure 5A and C, macrophages and synoviocytes activation with LPS and TNFa,
respectively, trigger the translocation of NF-kB (red fluorescence intensity signal)
found mainly distributed within cytosol on non-activated cells, to the nucleus (blue
fluorescence intensity signal). Thereby, once inflammation is induced, in turn, the
NF-kB translocation signalling pathway is activated. Indeed, CLSM imaging analysis
on the co-localisation fluorescence intensity signal (pink), demonstrate a 2-fold
increase of the NF-kB nuclear translocation in comparison to non-activated cells
(p<0.000T; Figure 5B).
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Figure 5. CLSM images of NFkB (red fluorescence intensity signal) translocation from
cytoplasm to the nucleus (blue fluorescence intensity signal) in (A) LPS-activated macrophages
and (C) TNFa-activated synoviocytes. (B) Quantitative imaging co-localisation (pink
fluorescence intensity signal) analysis after 24 hours treatment with either free Mtx or Mtx-
loaded PMPC-PDPA polymersomes. Data express as mean = SEM (5 images for n=2). The
differences relative to activated cells control were statistically significant when *p<0.05,
**p<0.01, ***p<0.001 and ****p<0.0001.
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NF-xB is a key regulator of gene transcription in RA pathogenesis, with an important
role in the production of pro-inflammatory mediators [1, 2, 9]. Thereby, inhibiting
the activation of the NF-kB signalling pathway is a crucial step to regulate the
synovial inflammatory process.

CLSM imaging analysis on activated macrophages and synoviocytes demonstrate
that Mtx-loaded PMPC-PDPA polymersomes 24 hours treatment resulted in a
significant reduction on the nuclear translocation of NF-kB (p<0.0001 compared to
activated control; Figure 5B). Nonetheless, activated macrophages and
synoviocytes treated with free Mtx also decrease the NF-kB nuclear translocation by
20 and 25%, respectively (p<0.0001 and p<0.001 compared to activated control).
Having demonstrated that both treatments inhibit the activation of the NF-«xB
signalling pathway, it was important to evaluate their efficacy related to the
production of pro-inflammatory cytokines involved in the perpetuation of synovial
inflammatory response.

To this end, protein expression of TNFa and IL6 was analysed by ELISA 24 hours
after treatment of activated macrophages and synoviocytes with increasing
concentrations of either free or loaded Mtx. Results revealed that both treatments
reduce cytokine secretion levels in a concentration-dependent manner on activated
macrophages (Figure 6 A and B). Though, Mtx-loaded polymersomes show a strong
effect in reducing the secretion level of both cytokines, which could be possibly
due to their enhanced uptake by activated cells. This suggests that the intracellular
availability of Mtx could be increased by the PMPC-PDPA polymersomes. In fact,
even lower concentrations of loaded Mtx (2.5 pg/mL) reduced TNFa levels by 1.5-
fold comparing with the free drug treatment (Figure 6A). IL6 concentration was
reduced to almost undetectable levels when activated macrophages were treated
with a Mtx-loaded PMPC-PDPA polymersomes at concentrations higher than 2.5
pug/mL; while equal concentrations of the free drug results in a ~5-fold higher levels
of the same cytokine (Figure 6B).

ELISA results on activated synoviocytes also revealed that both treatments have the
same effect in the secretion of TNFa, decreasing its concentration by nearly 1-fold
compared to the non-treated control (i.e. 0 pg/mL of Mtx; Figure 6D). IL6 secretion
levels in activated synoviocytes treated with Mtx-loaded PMPC-PDPA polymersomes,
were decreased in a concentration-dependent down to 10 pg/mL; oppositely to free

drug treatment that were maintained (Figure 6E).
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Additionally, RT-gPCR was carried out on both activated synoviocytes and
macrophages 24 hours after treatment with loaded or free Mtx to further

investigate the expression profile of a set of inflammation-related genes.
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Figure 6. ELISA analysis on the TNFa and IL6 protein secretion levels in (A, B) LPS-activated
macrophages and (C, D) TNFa-activated synoviocytes after 24 hours incubation with
increasing concentrations of either free Mtx or Mtx-loaded PMPC-PDPA polymersomes. Data
express as mean + SD (n=3).

Results confirmed that activation of macrophages and synoviocytes induces the up-
regulation of all tested pro-inflammatory genes (Figure 7). Treatment of activated
macrophages with Mtx-loaded PMPC-PDPA polymersomes significantly inhibit the
up-regulation of all tested pro-inflammatory cytokines and chemokines expression
levels (Figure 7A). Similarly, free Mtx treatment also significantly reduced the

expression levels of all these genes, except for the TNFa (Figure 7A).
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RT-gPCR analyses on synoviocytes revealed that both treatments significantly
reduce the IL1B, IL6 and MMP13 gene expression levels (Figure 7B). Particularly, IL6
gene expression was significantly decreased on both cell types when treated with
Mtx-loaded PMPC-PDPA polymersomes (p<0.01 and p<0.0001 comparing with the

free drug treatment, for macrophages and synoviocytes, respectively; Figure 7).
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Figure 7. RT-qPCR on the gene expression levels in (A) LPS-activated macrophages and (B)
TNFa-activated synoviocytes after 24 hours incubation with either free Mtx or Mtx-loaded
PMPC-PDPA polymersomes. Data express as mean + SD (n=3). The differences relative to non-
treated control were statistically significant for *p<0.05, **p<0.01, ***p<0.001 and
***%n<0.0001.

Taken together, in vitro inflammation studies demonstrate that Mtx-loaded PMPC-
PDPA polymersomes have strong effect on the inhibition of the NF-kB nuclear
translocation (Figure 5), as well as, on the modulation of the pro-inflammatory

genes and on the protein expression profiles (Figure 6 and 7).

4. Discussion

RA is characterised by a chronic immune-mediated inflammatory process in
synovial joint tissues [1, 2]. Local synovial cellular interactions, namely between
synovial macrophages and fibroblast, are key in the perpetuation of synovial

inflammation, as well as in the processes that drives cartilage damage and further
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bone erosion [1, 2, 5, 9, 11]. Thereby, both macrophages and synoviocytes become
attractive targets for drug delivery within inflamed tissues due to their importance
in RA pathogenesis.

The use of Mtx is the golden standard for the treatment of RA, however often
associated with several off-site cytotoxicity. In this study we present a novel
approach whereby pH-responsive PMPC-PDPA polymersomes loaded with Mtx have
been developed for the treatment of RA.

Characterisation studies confirm the effectiveness of PMPC-PDPA polymersomes as
a nanomedicine that ensures the loading of Mtx and its release on-site when
required. The obtained small size and spherical morphology of PMPC-PDPA
polymersomes (Figure 1A) are key features that enable to predict their stability in
vivo, for instance, under circulation in the bloodstream [62]. The nanometric size
facilitate the passive accumulation of polymersomes through the enhanced
permeation and retention effect, by taking advantage of the prominent
angiogenesis and enhanced vascularisation of inflamed synovial tissues [28, 31,
39, 43, 62]. In addition, these features increase the surface area relatively to the
volume of the polymersome, thus allowing higher biologic interactions and hence
endorsing the cell binding affinity and uptake [28, 31, 32, 39, 43, 62]. In vitro cell
uptake studies demonstrated that PMPC-PDPA polymersomes rapidly accumulate
within inflammation activated macrophages and synoviocytes without affecting
their viability (Figure 2 and 3). This enhanced internalisation is possibly granted by
the polymersomes nanometric size [31, 32] together with the high ligand affinity
of PMPC towards SRBI and CD36 cell scavenger receptors, which are highly
expressed in these activated cells (Figure 4).

Drug release studies confirm the acidic pH responsiveness of PMPC-PDPA
polymersomes to bestow their rapid disassemble along the endocytic pathway (pH
5.0 at 37°C; Figure 1C). As the Mtx mechanism of action occurs intracellularly [21-
23], this feature is key to enable the efficient intracellular delivery of loaded drug
within endosomes and ultimately its release to the cytosol. Thereby, pH-responsive
PMPC-PDPA polymersomes enable the efficient delivery of loaded Mtx within target
synovial cells.

As mentioned before, synovial macrophages and synoviocytes have a highly active
role in the maintenance and perpetuation of the synovial inflammatory process in
RA pathogenesis, mainly through the secretion of high levels of pro-inflammatory
cytokines and chemokines [1, 2, 5, 8, 9, 11]. Under synovitis, these inflammatory

mediators strongly contribute for synovial cells activation since the early disease
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stages [1, 2, 9]. Particularly, synoviocytes take on a more aggressive and invasive
phenotype that eventually drive to irreversible joint destruction [2, 8, 10-12]. The
activation of the inflammatory phenotype in both macrophages and synoviocytes
has been shown as result of the NF-xB signalling pathway activation (Figure 5) and
the increased gene expression of key pro-inflammatory mediators (Figure 7).

In vitro inflammation cellular studies gave insight into the anti-inflammatory action
of low dose Mtx in mediating the secretion of metalloproteases and in the
regulation of cytokines and chemokines expression profiles [9, 21-23]. Mtx-loaded
PMPC-PDPA polymersomes showed an anti-inflammatory effect in inhibiting the NF-
kB nuclear translocation on both activated macrophages and synoviocytes (Figure
5). Moreover, by inhibiting the NFkB nuclear translocation on activated synoviocytes
(Figure 5), Mtx-loaded PMPC-PDPA also might have an impact on bone erosion,
because RANK, which induces osteoclast differentiation, is regulated by NFkB-
dependent signalling [1, 2, 8-12].

Additionally, the inactivation of the NF-xB signalling pathway in turn results in the
decreased expression of pro-inflammatory cytokines and chemokines involved in
the progression of immune and inflammatory responses associated with RA
pathogenesis (Figure 6 and 7). Among these, IL6 mediates both innate and adaptive
immune system activation, together with TNFa and IL1B, since the early acute
inflammatory state of the disease [1, 2, 9, 63, 64]. Therefore, the down-regulation
of IL6 and IL1B observed on both cell types (Figure 6 and 7) are crucial for treatment
efficacy, due to their importance in driving chronic synovial inflammation.
Moreover, the immunosuppressive effect followed by Mtx-loaded PMPC-PDPA
polymersomes treatment was further demonstrated with the reduce expression
levels of IL8 and CCL3 genes on macrophages (Figure 7A). These chemokines are
involved in the acute inflammation phase of RA mediating the recruitment and
activation of immune cells to the synovium [1, 2, 9, 65]. Further confirmation of
the potential efficacy of Mtx-loaded PMPC-PDPA polymersomes in in shutting down
the joint destructive process in RA was results from the down-regulation of MMP13
gene expression on synoviocytes (Figure 7B). During synovial inflammation,
synoviocytes activation induces the production of these metalloproteases, which
are responsible for the cartilage and bone erosion [1, 2, 9-12].

In summary, all the performed in vitro cellular studies prove: (i) the enhanced
targeting ability of PMPC-PDPA polymersomes to be internalised by inflammation-
activated macrophages and synoviocytes; (ii) the effective intracellular drug

delivery and release on-site; (iii) the enhanced efficacy in inhibiting inflammation-
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activated signalling pathways and (iv) the down-expression of pro-inflammatory
cytokines and chemokines. Thus, PMPC-PDPA polymersomes loading Mtx promote

synovial inflammation resolution in vitro.

5. Conclusion

The PMPC-PDPA polymersomes selective delivery of low dose of Mtx within
activated macrophages and synoviocytes exerts anti-inflammatory effects by acting
at different levels of the pathophysiological cascade. In particular, the modulation
of pro-inflammatory expression profiles seems to be crucial for shutting down
synovial inflammation and further control disease progression. Thereby, pH-
responsive PMPC-PDPA polymersomes improve the therapeutic efficacy of loaded
Mtx in resolving synovial arthritic inflammation, while minimizing its off-target
toxicity.

In conclusion, it is possible to recognise the potential of PMPC-PDPA polymersomes
loading Mtx as a promising nanotherapy to target and treat RA. Future studies need
to focus on the evaluation of the therapeutic efficacy of PMPC-PDPA polymersomes

in vivo using relevant animal models of arthritis.
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Supplementary Information

» Drug quantification study

The drug encapsulation efficiency was calculated as the ratio between the final and
initial mass of loaded methotrexate (Mtx) in solution after the injection process. The
drug loading efficiency was determined according to a previously reported method
represented as the number of Mtx molecules loaded within the total lumen volume of
PMPC-PDPA polymersomes (which is related with the size of the vesicle and the actual
amount of loaded drug) [34, 35].

»  Drug-polymer interaction study
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Figure S1. (A) Log Dow calculations for Mtx at different pH conditions using the MarvinSketch
calculator (Chemaxon). (B) Absorption spectra and second-derivative spectra of Mtx at pH 7.4
(25 pM) (blue lines) incubated in with increasing concentrations of PMPC-PDPA polymersomes
at 37°C (gray lines) (0 - 120 pM). Graphic represents the fitting curve of the experimental
second-derivative spectrophotometric data using a nonlinear least squares regression method
at wavelength 255 nm where the scattering is eliminated [55]. The partition coefficients are
then calculated by fitting the equation to experimental derivative spectrophotometric data
through a nonlinear regression method, where the adjustable parameters are D, and K,[55].
D, D, and D, correspond to the second derivative of total, aqueous and polymer absorbance
of Mtx, respectively; K, is the partition coefficient (M'), [polymer] the PMPC-PDPA
concentration (mol.L") and Vg the polymer molar volume (L.mol™).
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» Drug release study

To examine the kinetics and mechanism of Mtx release from the PMPC-PDPA
polymersomes, the data obtained from the in vitro drug release studies of each pH
profile was analysed using various models, including the zero and first order, Higuchi,
and Hixson-Crowell models [66, 67].

Table S1: Mathematical models for drug-release kinetics.

Release Model Equation' Information

refers to the process of constant drug release from
a drug delivery device
represents a system where the release rate of the
drug depends on the concentration of the drug in
the system

describes the release from systems where there is a
change in surface area and diameter of particles

assumes that the drug “s release is caused primarily

by a diffusion mechanism

Zero-Order Q= Qo + Kt

First-Order 2.303

Hixson-Crowell Qo1/3 -Q1/3 =Ky t

Higuchi Qt = ky (0)°°

' Qis the amount of drug released or dissolved; Q, is initial amount of drug in solution; C, is the initial
concentration of drug; t is the time in hours; F is the fraction of drug release at time t; M./M is the
fraction of drug released at time t; K are the rate constants for each models.

Table S2: Correlation coefficient (r) from various drug release
mathematical models for each pH profile.

Zero-Order First-Order Hixson-Crowell Higuchi
pH 5.0 0.890 0.348 0.648 0.994
pH 6.5 0.957 0.561 0.708 0.962
pH 7.4 0.676 0.462 0.573 0.684

» Gene expression study

For the RT-qPCR experiments, the ribosomal protein L13A (RPL13A) and glyceraldehyde
3-phosphate dehydrogenase (GADPH) were used as reference genes, respectively for
THP1 and HFLS cells.

Table S3: Forward (Fw) and reverse (Rv) gene sequences of designed primers (PRIMER-
BLAS from Sigma-Aldrich) used for gene expression studies.

Gene Primers
RPL13A Fw CTTCCTTTCCAGTTTGCTGC Rv TCTCGCAGTCCACTTCCTTT
GADPH Fw CAGCCTCAAGATCATCAGCA Rv.  GTCTTCTGGGTGGCAGTGAT
TNFa Fw GGAGAAGGGTGACCGACTCA Rv CTGCCCAGACTCGGCAA

IL8 Fw TCCAAACCTTTCCACCCCAAA Rv ACCCTCTGCACCCAGTTTTC
IL6 Fw TGCAATAACCACCCCTGACC Rv.  AGCTGCGCAGAATGAGATGA
IL1p Fw CCAAAGCAACAAGATGGAAAAGGC Rv  GGGAACTGGGCAGACTCAAA

CCL3 Fw GCTCTCTGCAACCAGTTCTCT Rv CACTGGCTGCTCGTCTCAAA
MMP13 Fw TTGAGCTGGACTCATTGTCG Rv. TCTCGGAGCCTCTCAGTCAT
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RT-gPCR data was analysed using the comparative cycle threshold (Ct) method, also known
as the AACt method. The Ct value of each target gene was normalized to the reference gene,
obtaining the ACt value (eq. 1) of treatment and non-treated control. Then, the change in
Ct is compared against the control to obtain the AACt value (eq. 2). Then, the - AACt values
corresponds to the folds in gene expression change of the treated compared to the

non-treated group.
ACt = Ct (target gene) - Ct (reference gene) 4]

AACt = ACt (treated) - ACt (non-treated) 2

»  Characterisation study

Figure S2. TEM micrograph of Cy5-PMPC-PDPA polymersomes produced by solvent-switch

method (100 nm scale bar).

»  Cell viability study
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Figure S3. Cell viability of 24 hours treatment with unloaded PMPC-PDPA polymersomes

in activated macrophages and synoviocytes.
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Abstract

Rheumatoid arthritis (RA) is a systemic immune-mediated chronic inflammatory
disease. It is characterised by inflammation of joint synovial tissues, followed by a
progressive and irreversible joint structural destruction. Current gold-standard
treatment of RA includes conventional disease-modifying anti-rheumatic drugs,
such as methotrexate (Mtx). Despite being a highly effective drug, severe side
effects and intolerance issues often limits its therapeutic potential. Here, we
present a pH-responsive nano-immune therapy for rheumatoid arthritis - pH-NITRA
- with the aim to overcome the therapeutic drawbacks of Mtx. In vivo studies were
carried out in an established adjuvant-induced arthritis animal model to evaluate
the biodistribution, biocompatibility and therapeutic efficacy of pH-NITRA. First, we
demonstrate the selective accumulation of pH-NITRA within the synovial
inflammation site and possibly reduced off-target action in other organs. Second,
we show the beneficial therapeutic effect of pH-NITRA loading Mtx in preventing
both inflammatory arthritic manifestations and destruction of joints after 15 days
of treatment. With this study, we prove the therapeutic potential of pH-NITRA in
the complete abrogation of arthritis progression, which makes it a promising anti-

inflammatory nanotherapy in the treatment of RA.

Key words

rheumatoid arthritis, methotrexate, nanotherapy, polymersomes, in vivo, AlA

model, biodistribution, therapeutic efficacy

Highlights

e pH-NITRA accumulated in areas of synovial inflammation.

e pH-NITRA resolve arthritic inflammation.

e pH-NITRA abrogate the joint destructive process.

e Mtx-loaded pH-NITRA showed similar efficacy as the free Mtx.
e pH-NITRA remarkably showed anti-inflammatory efficacy.
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1. Introduction

Rheumatoid arthritis (RA) is chronic inflammatory immune mediated disease
affecting nearly 1% of the population [1-3]. Arthritic disorders are characterised by
progressive inflammation of the synovial tissue of multiple body joints, causing
progressive loss of joint functionality [2-5]. At an early stage, the disease
manifestations include synovitis, erythema and joint swelling [2, 5-11]. As the
disease progresses, cellular interactions and cascades of pro-inflammatory
cytokines in the synovium results in the formation of pannus tissue, causing joint
stiffness [2, 4-7, 10-14]. At later disease stages, the chronic synovial inflammation
leads to cartilage damage and then eventually the bone erosion [4-7]. Therefore,
the stage of synovial inflammation of joints is a key hallmark to measure the
disease progression and severity [6, 7, 15].

Although not regarded as lethal, RA is a serious health condition with no resolutive
cure so far, despite the advances of treatment modalities focused mostly towards
the treatment of inflammation manifestations [16-18]. During the first half of the
20" century, the progression of RA from synovial inflammation to the major joint
disability was often inevitable [6, 9, 17, 18]. The European League Against
Rheumatism (EULAR) and the American College of Rheumatology (ACR) endorse
that an early intervention is crucial for treatment success in the remission of
arthritic inflammation and in preventing the irreversible joint destruction [9, 17,
18]. The current treatment guidelines of EULAR and ACR include the use of
methotrexate (Mtx) as a monotherapy or in a combination therapy with
glucocorticoids [2, 9, 16-18]. Despite being a highly effective disease-modifying
anti-rheumatic drug used in clinic for RA treatment, several adverse effects
(hepatotoxicity, ulcerative colitis, nephrotoxicity) and intolerance issues frequently
limit its therapeutic potential [2, 19-21].

In the last 15 years, several nanomedicines have been developed to improve the
Mtx selectivity and on-site delivery in inflamed synovial tissues, in order to
overcome the drawbacks that this drug entails [3, 22, 23]. Our recent findings
(Gouveia, V. M. et al., unpublished) encourage the use of Mtx-loaded pH-responsive
polymersomes made of poly(2-(methacryloyloxy) ethyl phosphorylcholine - poly(2-
(diisopropylamino)ethyl methacrylate (PMPC-PDPA), as a promising nanomedicine
to target and treat RA. This in vitro study demonstrates PMPC-PDPA polymersomes
ability to enable the selective and increase uptake by activated synovial cells and

to control the intracellular release of loaded Mtx. Hence, to improve the on-site
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drug therapeutic activity and reduce the immune-mediated inflammatory response
in vitro. Based on these very recent findings, we propose a promising pH-
responsive nano immune therapy for rheumatoid arthritis - pH-NITRA. The aim in
this in vivo study was to investigate pH-NITRA safety and therapeutic effectiveness
in established adjuvant-induced arthritis (AIA) animal model. The AIA animal model
for arthritis has been extensively used for testing a variety of anti-arthritic and
biologic therapies, as it shares key features with human RA [24, 25]. Comparing
with other arthritis animal models, the AIA exhibits the greatest magnitude of
disease symptoms as measured by erythema, cellular infiltration, synovial
hyperplasia and high cytokine levels within the synovial joint [24, 25]. Other
important arthritic hallmarks of advanced disease stages, such as cartilage damage
and bone erosions, are also present in this model [25, 26].

The pH-NITRA nanotherapy was evaluated for its anti-inflammatory and anti-
arthritic efficacy by assessing (i) the arthritis inflammation score, (ii) the serum
level of pro-inflammatory cytokines and (i) the histopathological features of paw
ankle joints of AlA rats. With this in vivo study, we demonstrate the ability of pH-
NITRA to accumulate within inflamed joints of AIA rats, to decrease the synovial
inflammation and to completely abrogate arthritis progression, while reducing

deleterious off-site effects that compromises the effectiveness of RA treatment.

2. Methods
2.1. Preparation and characterization of pH-NITRA

The pH-responsive poly(2-methacryloyloxyethyl phosphorylcholine)-poly(2-
(diisopropylamino)ethyl methacrylate) (PMPC-PDPA) polymersomes were prepared
using the previously reported pH-switch method with some modifications [27, 28].
Briefly, under sterile conditions, PMPC,;-PDPA;; copolymer, previously synthesised
by atom-transfer radical polymerization [29], was dissolved in acidic phosphate-
buffered saline (PBS 0.1 M, Sigma-Aldrich) up to a concentration of 10 mg/mL, and
the pH solution was adjusted to pH 2.0 by addition of hydrochloric acid (HCL 2 M).
The pH-driven self-assembly process was controlled by increasing the solution pH
from 2.0 to approximately neutral pH 7.4, through needle injection system (2
uL/minute), with sodium hydroxide (NaOH 0.5 M). Formulations of pH-NITRA (i.e.
PMPC-PDPA polymersomes loading methotrexate (Mtx, C,H,,N;Os, MW 454.44 )

(300 nm), Sigma-Aldrich)) were prepared also using the above-mentioned pH-switch
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method by injecting the Mtx (3 mg/mL) dissolved together in the NaOH solution.
Additionally, for fluorescence imaging purposes Cyanine7-labelled PMPC-PDPA
polymersomes were prepared using the solvent-switch method as reported with
some modifications [30]. Briefly, 10% (w/w) Cy7-PMPC,;-PDPA;; copolymer was
dissolved together with the PMPC,;-PDPA;; in an organic solution of 3:1 (v/v)
methanol:tetrahydrofuran (Sigma-Aldrich) for a final copolymer concentration of 20
mg/mL. Then, PBS at neutral pH was added into the copolymer solution under
constant stirring at 42°C, through needle injection system at the rate of 2
uL/minute, until a 0.6% (w/v) PBS content was reached. Finally, any remained
organic solvent was removed by dialysis (3.5 kD MWCO tubing membrane,
Spectrum Labs) against PBS for 2 days. Afterwards, all formulations of PMPC-PDPA
polymersomes were purified, as previously described by size exclusion
chromatography, and characterised in terms of size, size distribution and
morphology [28]. Dynamic light scattering (DLS) technique was used for the
hydrodynamic size measurements in the Zetasizer Nano ZS (Zen1600, Malvern
Instruments), equipped with a 633 nm HeNe laser in a scattering angle of 173°.
Additionally, the morphology was accessed by transmission electronic microscopy
(TEM) using a JEOL 2100 operating at 200 kV, equipped with an Orius SC2001CCD
Gatan camera. Prior to DLS and TEM characterization, all samples were respectively
prepared as previously reported [31, 32]. Follow the purification process, the pH-
NITRA drug loading capacity, estimated as the number of Mtx molecules per PMPC-
PDPA polymersome, was determined using a previously reported method [32, 33],
after measurement on the amount of PMPC,;-PDPA; copolymer and loaded Mtx by
high-performance liquid chromatography (HPLC, Dionex Ultimate®3000, Thermo

Scientific).

2.2. In vivo pH-NITRA therapeutic efficacy
2.2.1. Animal experimental design

Adjuvant induced arthritis (AIA) 8-week-old female Wistar rats purchased from
Charles River laboratories international (Spain) were housed in European type Il
standard filter top cages (Tecniplast) at the Specific Pathogen Free animal facility
at the Institute of Molecular Medicine at the Faculty of Medicine, University of
Lisbon. Here, the animals were individually identified and randomly housed in
experimental groups of n=5, as follows: (i) AlA treated with Mtx (0.223 mg/kg body
weight by daily intraperitoneal (i.p.) administration); (ii)) AIA treated with Mtx-
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loaded PMPC-PDPA polymersomes (0.223 mg/kg/day via i.p.); (iii) AlA treated with
unloaded PMPC-PDPA polymersomes (10 mg/kg body weight corresponding to the
an equal mass of polymer injected in the (ii) group); the respective (iv) AIA and (v)
non-arthritic healthy vehicle groups (received an equal volume of PBS). Daily i.p.
injections in treated and vehicle groups started 4 days after disease induction,
when the AIA Wistar rats already presented clinical signs of arthritis [34-36].
Experiments were approved by the Animal User and Ethical Committees, at the
Institute of Molecular Medicine according to Portuguese law and European

recommendations.

2.2.2. Arthritic inflammatory signs evaluation

Arthritic inflammation signs in rats’ paws and body weight were evaluated on a
daily basis during the 15 days period of treatment. Inflammation scores were
recorded following standard protocols and criteria established [34-36] by counting
the score of each joint in a scale of 0 - 3, where: 0 = absence, 1 = erythema; 2 =
erythema and joint swelling; 3 = deformities and functional impairment of the
entire paw. The total inflammation score of each animal was defined as the sum of
the partial scores of each affected joint. Additionally, the swelling of the hind paws
was evaluated by measuring the ankle perimeter. In the end, all animals were then
sacrificed 19 days post disease induction (15 days after treatment was started)
where a maximum disease activity and severity occurs [25]. At the sacrifice time
animals were anesthetised with pentobarbital (100 mg/kg body weight)
administrated intraperitoneally. Here, the blood samples were collected by cardiac
puncture and then processed (centrifugation 2000 rcf for 10 minutes at 4°C) for
further serum subsequent analysis. Afterwards, the animal was perfused
transcardially with PBS for vascular and organs haemoglobin release. The main
organs (kidney, spleen, liver and heart) and all paws were also collected and wet

weight for further analysis.

2.2.3. Hind paws histopathological evaluation

Left hind paw samples were collected at the time of sacrifice and fixed immediately
in 10% (v/v) neutral buffered formalin solution and then decalcified in 10% (v/v)
formic acid. Samples were then dehydrated and embedded in paraffin, serially
sectioned at a thickness of 4 um. Sections were stained with haematoxylin and

eosin (H&E) for histological analysis and were scanned using Hamamatsu
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NanoZoomerSQ slide scanner. The histopathological evaluation of structural
changes and cellular infiltration was performed following previously reported [34-
36] criteria in a blind fashion using 5 semi-quantitative scores: Sublining layer
infiltration score (0 = none to diffuse infiltration, 1 = lymphoid cell aggregate, 2 =
lymphoid follicles, 3 = lymphoid follicles with germinal center formation); Lining

layer cell number score (0 = fewer than three layers, 1 = three to four layers, 2

five to six layers, 3 = more than six layers); Bone erosion score (0 = no erosions, 1
= minimal, 2 = mild, 3 = moderate; 4 = severe); Cartilage surface (0 = normal, 1 =
irregular, 2 = clefts, 3 = clefts to bone); Global severity score (0 = no signs of

inflammation, 1 = mild, 2 = moderate, 3 = severe).

2.2.4. Serum inflammation-related cytokines

Serum levels of TNFa, IL1B and IL6 were quantified using a specific rat enzyme
linked immunosorbent assay (ELISA, Invitrogen, Thermo Scientific) following the

manufacturer protocol.

2.3. In vivo pH-NITRA pharmacokinetics and biodistribution

Animals from both healthy and arthritic vehicle groups were injected
intraperitoneally (i.p.) with Cy7-labelled pH-NITRA polymersomes (10 mg/Kg body
weight) at 24 hours prior sacrifice. For pharmacokinetics analysis, blood samples
were collected from the rat tail at several timepoints (0.5, 2, 4, 8 and 24 hours) and
immediately processed (centrifugation 2000 rcf for 10 minutes at 4°C) for plasma
separation from the blood cells. The plasma concentration of near infrared (NIR)
fluorescence of Cy7-labelled pH-NITRA was measured using a multimode
microplate fluorometer (Spark, Tecan, Switzerland). For the biodistribution study,
24 hours post i.p. injection., the main organs (kidney, spleen, liver and heart) were
collected and wet weight and further NIR fluorescence analysis of Cy7-labelled pH-
NITRA was accessed. Briefly, a part of the organ tissue was weight and
homogenised following the protocol of the Precellys soft tissue lysing kit (CK14,
Bertin Instruments, VWR, UK). The fluorescence of Cy7-labelled pH-NITRA was
measured in using a multimode microplate fluorometer (Spark, Tecan,
Switzerland). Additionally, an in vivo imaging system (IVIS, Perkin Elmer) was used
to evaluate the biodistribution of Cy7-labelled pH-NITRA in the front and right hind
paws of both healthy and AIA Wistar rats.
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2.4. Data statistical analysis

Statistical analyses were performed using GraphPad Prism (version 8.2.1).
Differences between groups were assessed by one-way or two-way ANOVA with
Tukey multiple comparison test. The differences were statistically significant when
*p <0.05, **p <0.01, ***p <0.001 and **** p < 0.0001.

3. Results and Discussion
3.1. pH-NITRA physicochemical characterisation

Formulations of pH-NITRA (i.e. PMPC-PDPA polymersomes) either unloaded or Mtx-
loaded were successfully produced by pH-switch self-assembling methodology as
previously mentioned (Gouveia V. M. et al., unpublished).

Transmission electron microscopy (TEM) characterisation confirm the spherical
morphology of pH-NITRA polymersomes with a uniform size distribution of about
90 nm (Figure 1A). Dynamic light scattering (DLS) measurements showed that both
Mtx-loaded and unloaded pH-NITRA polymersomes presented unimodal size
distribution profiles with hydrodynamic diameters (D,, Figure 1B) of 93.2 + 12.7
nm and 96.4 + 11.5 nm, respectively.
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Figure 1. (A) Representative TEM image of Mtx-loaded pH-NITRA polymersomes (100 nm
scale bar). (B) Analysis on the drug loading capacity represented as the number of Mtx
molecules per PMPC-PDPA polymersome as a function of their hydrodynamic diameter (D)
measured by DLS.
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High performance liquid chromatography quantifications revealed the final amount
of Mtx in the pH-NITRA:Mtx formulation was of 5.1 mg. More importantly, the drug
loading capacity of pH-NITRA polymersomes guarantees the required dose of
loaded Mtx to be injected in the animals throughout the in vivo experiments (Figure
1B).

3.2. pH-NITRA in vivo pharmacokinetics and biodistribution

In order to understand the behaviour and stability of pH-NITRA polymersomes in
vivo, were carried out a pharmacokinetic study of 24 hours. Two experimental
groups of rats (n=3), one healthy and other with adjuvant-induced arthritis (AlA),
were intraperitoneally (i.p.) injected with Cy7-labelled pH-NITRA polymersomes (10
mg/kg body weight). Blood samples were collected by tail vein puncture at 0.5, 2,
4, 8 and 24 hours. The plasma concentration profiles over-time of the injected Cy7-
labelled pH-NITRA polymersomes in both healthy and arthritic animal models
indicates a two phases profile typical of i.p. administration (Figure 2A). It also
reveals similarities between healthy and AIA rats in terms of absorption and
elimination phases. The absorption phase occurred immediately after the i.p.
injection, reaching a maximum peak of concentration in the plasma after 2 hours
in both experimental groups (70 + 23 ug/ml; Figure 2A). The terminal half-life (t,,)
of Cy7-labelled pH-NITRA in the plasma of healthy and arthritic animals were
calculated by a one phase decay analysis starting from the elimination phase (dot
lines in Figure 2A and B). The results suggest a longer t,,in the AIA group of
animals, although the difference with the healthy group was not statistically
significant (Figure 2B). In addition, the elimination rate (Ke) in healthy rats was 2.5
times faster than in AIA group (Figure 2B). Despite the similarity of the plasma
concentration-time profiles, the area under the plasma concentration-time curve
(AUC, determined by the trapezoid rule during the 24 hours of the experiment) for
the AIA profile was greater than for healthy one (Figure 2B). These results suggest
longer blood circulation time of pH-NITRA polymersomes in the arthritic animal
model.

Biodistribution studies of pH-NITRA polymersomes in the main organs were
assessed in both healthy and arthritic animal models. After 24 hours from the i.p.
injection of Cy7-labelled pH-NITRA, all animals were euthanised and various
organs, including the spleen, kidneys, liver and heart, were removed and wet

weighed.
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Figure 2. (A) The blood plasma concentration-time profiles of Cy7-labelled pH-NITRA after
intraperitoneal injection in healthy and AIA Wistar rats. The plasma concentrations of Cy7-
labelled pH-NITRA are expressed in ug/mL. (B) Pharmacokinetic parameters - terminal half-
life (ti2), elimination rate (Ke), area under the curve (AUC) - regarding the plasma
concentration-time profiles of Cy7-labelled pH-NITRA after intraperitoneal injection of healthy
and AIA Wistar rats. (C) The injected dose of Cy7-labelled pH-NITRA (% ID) in the spleen,
kidney, liver, heart, after 24 hours intraperitoneal injection in healthy and AIA Wistar rats. (D)
The % ID of Cy7-labelled pH-NITRA per gram of organ tissue weight. (E, F) IVIS images of the
right hind and front paws of healthy and AIA Wistar rats. Data express the mean + SEM (n=3).
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The percentage of injected dose per gram of tissue (%ID/g) was then calculated
correlating the measured intensity of fluorescence of Cy7-labelled pH-NITRA to the
total weight of each organ. The results revealed that high amounts of Cy7-labelled
pH-NITRA were found in the spleen of both groups of animals (4.7 £ 1.2 and 3.0 +
1.2 % for healthy and AIA rats, respectively; Figure 2D). Conversely, that the
injected dose of Cy7-labelled pH-NITRA per gram of liver was only of 1.0 + 0.1 and
1.2 £ 0.1 % for healthy and AIA rats, respectively (Figure 2D). Additionally, the
amount of Cy7-labelled pH-NITRA polymersomes determined in the heart and
kidneys was negligible (Figure 2C and 2D). Still, there are no significant differences
between the healthy and arthritic rats (Figure 2C and D).

Besides the distribution in the main organs, it was important to assess the
distribution of pH-NITRA in the paws in order to assess their ability to target areas
of inflammation. Thus, IVIS imaging was performed in all rat paws 24 hours after
i.p. injection of Cy7-labelled pH-NITRA polymersomes. Results show that no epi-
fluorescence intensity signal was detected in the paws of healthy rats (used as
control group; Figure 2E). While, the paws of AlA rats exhibited a much higher epi-
fluorescence intensity signal (Figure 2F). Interestingly, we noticed that the
fluorescence intensity detected in the paws of AlA rats was dependent of the degree
of joint swelling. For instance, as observed on Figure 2F, paws of the rat A1 were
scored with 2, oppositely to A2 and A3 that were with 3. Overall, IVIS imaging

analysis confirm that pH-NITRA accumulated in inflamed paws of AlA rats.

3.3. pH-NITRA in vivo therapeutic efficacy

The AIA rat model has a rapid and severe disease progression, following the
administration of a foreign antigen of mycobacterial origin [24, 25]. The ankle
swelling of the hind paws, monitored by the inflammation score and by measuring
the ankle perimeter, is indicate of disease progression and severity [24, 25]. The
rapid symptomatic escalation was observed in the AIA vehicle-treated group
overtime (Figure 3A). At day 4 post disease induction, the arthritis was developed
in all paws as evidenced by the presence erythema and the visible swelling of the
joint (Figure 3B and C). In comparison to the healthy animals (which the
inflammation score is 0), the AIA vehicle control group showed a significant
increase in the ankle swelling (p<0.0001; Figure 3C). Additionally, as shown on
Figure 3D, there was an increase of the ankle swelling by 15% relative to the first

day before treatment starts (which also corresponds to the fourth day post disease
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induction). Moreover, AlA rats lost weight by the end of the 19 days post disease
induction (6% since the beginning of vehicle-treatment; Figure 3E and F).

In this animal model, the severity of the disease increases over time, reaching the
acute inflammation phase by day 13 post induction [34-36]. Indeed, as shown in
Figure 3, all the arthritic inflammatory clinical signs are severely increased up to
day 13 after the induction of inflammation in the AIA vehicle-treated group of
animals (p<0.001 comparing with the healthy control group). Also, the results
confirmed the continuous disease progression between day 13 and 19 in AIA
animals, as observed by their body weight loss, the increase in swelling of the hind
paws and the arthritic inflammation score. The maximal swelling of the paws, that
is generally observed in this model, occurs by day 19 post induction before
reaching a plateau phase [34-36]. Taking this into consideration, the experiment
was completed within this time frame.

Having established the accumulation of pH-NITRA to inflamed synovial tissue, the
therapeutic efficacy and ability of pH-NITRA nanotherapy to control the progression
of arthritic inflammation was evaluated for 15 days of treatment (starting at the
fourth day post disease induction) in the AIA rat model. To this end, the different
groups of AIA rats were daily intraperitoneally (i.p.) injected with free Mtx, Mtx-
loaded pH-NITRA (i.e. pH-NITRA:Mtx) and unloaded pH-NITRA polymersomes. The
therapeutic efficacy of all these treatments in the arthritic animal model were
investigated by measurement of animals’ body weight, hind paw swelling, and
inflammation clinical scores of all paws throughout 15 days. Result analysis
revealed that vehicle-treated control group of AIA rats present a progressive
arthritis inflammatory score (Figure 3A). By the end of the treatment, paw volumes
increased by an average of 15% (Figure 3D) and the rats lost over 4% of their body
weight (Figure 3F). All the other treatments resulted in the decrease of the clinical
inflammatory arthritic signs in the rats paws comparing with AIA vehicle-treated
group (Figure 3A and C). Indeed, AIA animals treated with either pH-NITRA:Mtx or
Mtx exhibited a significantly lower arthritic inflammation score than the unloaded
pH-NITRA treatment group especially in the last 5 days of treatment (p<0.0001;
Figure 3A). The average paw swelling of the pH-NITRA:Mtx- and Mtx-treated groups
was significantly reduced by 22% and 19% respectively (p<0.0001 versus the AlA
vehicle-group; Figure 3D). Although, the paw swelling in AIA rats from the pH-
NITRA treatment group was reduced only by 4% still when comparing with the AIA
control group there was a striking difference by the end of 15 days (p<0.0001,
Figure 3D).

-124 -



A
o 1014 Aa —_
o A
8 |0 prnmRA Lk
§ | /
2 |o pH-NITRAMtx -4
£ 6
: /
)
=
£ N /$'°’°’°‘o—0'°
L 24 s o-0.nat 990060
| thpggentooettes
<
t
<
0 T : .
0 5 10 15
Days of treatment
(o 4
= Healthy o pH-NITRA + Mitx
A AIA o pH-NITRA:Mtx -
- —
5 e
a >
H /
E 31— >¥/T_#
GL) i
o
2
=
c
<
2- . —— 8 — 2 — -n
0 5 10 15
Days of treatment
E
2404 a AIA o pH-NITRA + Mtx
= Healthy o pH-NITRA:Mtx
2254 JEIPEEE
R e
£ 210
o
z
> 1954 é
3 %—é
® 1801 ' e
165
0 5 10 15

Days of treatment

% Ankle swelling

% Body growth

Chapter 3 | IV

Healthy AlA

w
?

A AIA O pH-NITRA
¢ Mtx o pH-NITRA:Mtx

N
Q@

_.
@

o

FhrK

-104

-204

kkk

Fhkk

-30-

151 *

104 1

A AIA o pH-NITRA
¢ Mtx © pH-NITRA:Mtx

-104

Figure 3. (A) Paws arthritic inflammation score over the 15 days period of treatment. Data

defined as the mean = SEM of the sum of the partial scores of each affected joint. (B)

Representative images of the left hind paw of a healthy and adjuvant-induced arthritis (AIA)

Wistar rat. (C) Ankle perimeter of hind paws over the 15 days of treatment. (D) Variation of

the ankle swelling percentage of the hind paws after the 15 days of treatment. (E) Body weight

of all animals over the 15 days of treatment. (F) Variation of the body growth percentage of

animals after the 15 days of treatment. Data express the mean = SEM (n=5 per experimental
group). Statistical analysis for * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001.
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AlA rats receiving either Mtx or pH-NITRA:Mtx treatment resulted in the same
degree of paw inflammation score and hind paws swelling (Figure 3A and D,
respectively). Furthermore, we observed that oppositely to the arthritic animals, by
the end of 15 days, as a consequence of the pH-NITRA:Mtx treatment the body
weight increased by 11% (p<0.0001; Figure 3F). Overall, results revealed that daily
treatment of AIA rats with pH-NITRA:Mtx effectively hinder arthritic inflammation.

3.3.1. Histological evaluation of the hind paws

Inflammation affects local joints and promotes bone damage in AlA rats since the
early stage of arthritis [15, 24, 25]. The therapeutic effect of the different
treatments in the joint of left hind paws was assessed using hematoxylin & eosin
(H&E) histological analysis.

The H&E images of the AIA vehicle-treated animals show signs of the early
inflammatory process, such as immune cellular infiltration and proliferation,
followed by formation of pannus (Figure 4A, B and C). Histological analyses using
semi-quantitative scores were performed to identify signs of cartilage degradation
and bone erosion, also revealing that both scores were significantly increased in
the AIA vehicle-treated group comparing with the healthy one (p<0.0001; Figure
4D and E). Conversely, histological analysis of the AIA animal joints from either Mtx
or pH-NITRA:Mtx treatment groups resulted in a reduction of the sublining layer
infiltration score (Figure 4B) and number of lining layer of cells score compared to
the arthritic group (p<0.01; Figure 4C). As a consequence of no apparent pannus
formation, histological analyses of arthritic rats treated with pH-NITRA:Mtx showed
a smooth cartilage surface and a reduced subchondral bone leukocyte infiltration
(Figure 4E). Consistent with these results, treatment with pH-NITRA:Mtx was more
efficient in reducing the bone damage (Figure 4D; p<0.1 versus Mtx-treated group).
Hence, negligible differences on the global disease severity score were observed in
AIA rats administrated with the pH-NITRA:Mtx compared with the healthy rats
(Figure 4F). Interestingly, i.p. injection of empty pH-NITRA also demonstrated to
have a significant therapeutic effect in the arthritic animals, particularly in
preventing bone and cartilage degradation (p<0.001 and p<0.0001 versus AlA
vehicle-treated animals respectively). Additionally, as expected there was no visible
inflammation in the paws for all the other treatments with respect to the AIA group
(Figure 4A). Overall, H&E results analysis suggest that pH-NITRA completely

abrogate arthritic inflammation hence preventing joint destruction.
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Figure 4. (A) H&E histological representative images of the left hind paw of each experimental
animal group (scale bar: 500 um; SM: synovial membrane; CD: cartilage damage; BE: bone
erosion). Histological evaluation: (B) Sublining layer infiltration score (0 = none to diffuse
infiltration, 1 = lymphoid cell aggregate, 2 = lymphoid follicles, 3 = lymphoid follicles with
germinal centre formation); (C) Lining layer cell number score (0 = fewer than three layers, 1
= three to four layers, 2 = five to six layers, 3 = more than six layers); (D) Bone erosion score
(0 = no erosions, 1 = minimal, 2 = mild, 3 = moderate, 4 = severe); (E) Cartilage damage score
(0 = normal, 1 =irregular, 2 = clefts, 3 = clefts to bone); (F) Global severity score (0 = no signs
of inflammation, 1 = mild, 2 = moderate, 3 = severe). Data express the mean + SEM. Statistical
analysis versus the AIA experimental group (* p < 0.05, ** p < 0.01, *** p < 0.001 and **** p
< 0.0001) and the pH-NITRA:Mtx experimental group (* p < 0.1 and * p < 0.05).
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3.3.2. Serum inflammation-related cytokines analyses

Increased levels of TNFa, IL1B and IL6 in the serum of AlA rat animals are associated
with disease activity [5, 10, 15, 24, 25, 37]. The levels of these pro-inflammatory
cytokines in all animals were quantified in serum by ELISA. ELISA results revealed
that vehicle-treated AIA rats exhibited high serum levels of TNFa, IL1B and IL6, in
comparison with the healthy control group (p<0.0001, p<0.0001 and p<0.01
respectively; Figure 5). Thereby, as expected, the arthritic group of rats present
systemic inflammatory manifestations reflected by hyperplasia and synovial
inflammation. In contrast, all tested inflammation-related cytokines decreased to a
different extent in the three arthritic groups daily administrated with pH-NITRA,
Mtx and pH-NITRA:Mtx. Both Mtx and pH-NITRA:Mtx treatments significantly
decreased TNFa concentration in the serum by 5-fold (p<0.001 versus AlA vehicle-
treated group; Figure 5A). The serum levels of IL1B also decreased in both Mtx-
and pH-NITRA:Mtx-treated AIA rats when compared with the vehicle-treated groups
(respectively, p<0.001 and p<0.0001; Figure 5B).
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Figure 5. Inflammation-related cytokine analysis in the serum of animals after the 15 days of
treatment. Data express the mean + SEM (n=5 per experimental group). Statistical analysis
versus the AIA experimental group (* p < 0.05, ** p <0.01, *** p < 0.001 and **** p < 0.0001)
and the pH-NITRA:Mtx experimental group (* p < 0.1).

Remarkably, pH-NITRA also had similar therapeutic effect at reducing the serum
pro-inflammatory cytokine levels, particularly for TNFo and IL1B (p<0.01 and p
<0.0001 respectively when compared with vehicle-treated arthritic rats). The serum
concentration levels of IL1B were similar and with negligible differences for both
pH-NITRA treatments when compared with the healthy control group. We had
shown in a previous in vitro study that PMPC-PDPA polymersomes (i.e. pH-NITRA)
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effectively inhibit inflammatory pathways signalling and supress the production of
TNFa, IL1B and IL6 by activated macrophages [32]. Moreover, pH-NITRA:Mtx was
more effective (p<0.1) in reducing the IL1B and IL6 levels in serum than
conventional Mtx-treatment (Figure 5B and C). Increased values of serum IL6 were
also observed in the vehicle-treated AIA group, which have shown bone loss
evidence in the histological analyses (Figure 4A and D). By the end of 15 days, the
IL6 concentration of the pH-NITRA:Mtx-treated group was significantly reduced to
154 + 28 pg/mL (p<0.01 versus AlA vehicle-treated group; Figure 5C), which was
similar to the healthy vehicle-treated rats (131 + 15 pg/mL).

4, Discussion

Arthritis severity is characterised by synovial hyperplasia, due to the infiltration of
immune cells and formation of pannus, which invades joint cartilage surface and
leads to bone erosion [5, 10]. This in vivo study demonstrates the therapeutic
potential of pH-NITRA loading Mtx in the complete abrogation of arthritis
inflammation progression and hence in improving RA treatment.

In vivo pharmacokinetic studies of 24 hours in the AIA rats are indicative of the pH-
NITRA polymersomes ability to enable their late recognition and elimination by the
reticuloendothelial system, hence avoiding their rapid clearance from blood
circulation. Thus, we confirm that the PMPC building block ensures the pH-NITRA
with stealth properties upon administration in vivo, as well as, stability in
physiologic fluids until reaching the synovial disease-inflamed tissue.
Biodistribution studies indeed prove the pH-NITRA polymersomes ability to
selectively accumulate within inflamed joints of arthritic animals. This
accumulation is facilitated most likely ascribed to the small size of the
polymersomes plus the enhanced vascular permeability and prominent
angiogenesis of synovial inflamed tissues [13, 14, 38-41].

Additional biodistribution studies the organs of AIA rats revealed that high
amounts of pH-NITRA polymersomes were found in the liver and spleen (Figure 2C
and D). Accumulation of pH-NITRA polymersomes within these organs is mostly
due to the fact that these are the main routes of excretion for nanomedicines upon
administration [42]. And also the fact that most of the i.p. injected substances enter
the portal vein and pass through the liver before entering the systemic circulation

[42, 43]. Still, a surprisingly low fluorescence intensity was detected in the liver of
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both healthy and AIA groups of animals. Nevertheless, in vivo biodistribution
studies are indicative of pH-NITRA polymersomes ability to improve the on-target
bioavailability of loaded Mtx, while potentially decreasing off-target systemic
exposure and the well-known deleterious hepatotoxic side effects [21]. Indeed, the
safety and biocompatibility of pH-NITRA polymersomes in prolonged
administration must be guarantee, as they should not cause any cytotoxic,
inflammatory or immunogenic effects. In this study, we showed the
biocompatibility of pH-NITRA polymersomes in vivo, as no apparent subacute
systemic toxicity was observed after 15 days of daily treatment. Although, in order
to confirm the extent of any tissue damage and cytotoxic effect related to the
treatment of AIA rats, further histopathological analysis need to be performed on
the spleen and liver.

The in vivo studies on the therapeutic efficacy of pH-NITRA nanotherapy included
clinical arthritic signs and inflammation-related histologic analyses on AlA treated
animals. Treatment of arthritic animals with Mtx-loaded pH-NITRA resulted in the
suppression arthritic synovial inflammation. Also, in the complete abrogation of
joint synovial hyperplasia and hence preventing cartilage and bone damages. The
enhanced on-site bioavailability of loaded Mtx is fundamental for its therapeutic
efficacy. Hereby, the anti-rheumatic and -inflammatory therapeutic effect of pH-
NITRA nanotherapy is mostly result of their facilitated accumulation within synovial
tissues of inflamed joints. However, also free Mtx treatment had similar beneficial
therapeutic effect in the inhibition of the inflammatory arthritic signs (Figure 3 and
4). The timing and dosing of Mtx administrated are also key parameters for
treatment efficacy, due to the drug’s rapid clearance. It should be noted that the
same dose of Mtx (0.223 mg/kg/day) was used in this study either free or loaded.
In this sense, in further in vivo studies, it would be interesting to lower the
administrated dosage of loaded Mtx to evaluate then whether the same (or even
better) therapeutic effect would be achieve compared to conventional Mtx
treatment. Additionally, it would be also interesting to double the treatment time,
as Mtx-loaded pH-NITRA polymersomes might have a long-time effect until
complete disease remission.

Further serum levels of pro-inflammatory cytokines analysis demonstrated the
efficacy of Mtx-loaded pH-NITRA treatment to inhibit systemic inflammation in
arthritic animals. In RA, synovial inflammation progresses through interacting
cascades of pro-inflammatory cytokines [5, 10, 15, 44]. In particular, TNFa, ILTB

and IL6 are reported to be inherently associated to systemic and local
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inflammations in patients with RA [5, 10, 15, 44]. TNFa and IL1B are believed to
play an important role since the early phase of the disease as they directly stimulate
the infiltration of leucocytes, neutrophils and macrophages into the synovium [5,
10, 15, 44]. IL6 is involved in the perpetuation of synovial inflammation together
with IL18 and TNFa, but it plays also a key role in the progressive damage of joints
[5, 10, 15, 44-46]. IL6 activates the synoviocytes to release metalloproteases
proteases and reactive oxygen species, leading to the destruction of the cartilage
tissue [5, 10, 12, 15, 44, 45]. This cytokine is also involved in the osteoclast
differentiation and activation, which are mostly responsible for bone erosion [5,
10, 12, 15, 44, 45]. Thereby, the demonstrated reduction on the secretion levels
of these inflammation-mediated cytokines show the potential of pH-NITRA
nanotherapy to control the progression of systemic inflammation, as well as, to
abrogate the disease destructive process.

Remarkably, unloaded pH-NITRA polymersomes show to be also effective in
supressing arthritic and systemic inflammatory signs in AIA model of arthritis.
Previous reports ascribed the anti-inflammatory action of PMPC-PDPA
polymersomes, to the enhanced internalisation of phosphatidylcholine (in the
polymeric chain of PMPC block) through the cell scavenger receptor class B type 1,
which, in turn, is involve in the regulation of intracellular inflammatory pathways
[32, 47, 48].

In summary, the Mtx-loaded pH-NITRA nanotherapy exhibit an effective anti-
arthritic and -inflammatory therapeutic effect with significant amelioration of

synovial inflammation and complete abrogation of arthritis progression in vivo.

5. Conclusion

In vivo studies prove that pH-NITRA polymersomes selectively reach the arthritic
inflamed joints, with reduced accumulation in secretion organs. The intraperitoneal
administration of Mtx-loaded pH-NITRA polymersomes in an arthritic animal model
is highly effective in the inhibition of the inflammatory arthritic signs. In addition
to be highly effective in supressing both local and systemic immune- and
inflammatory-mediated responses. More interestingly, unloaded pH-NITRA is able
to abrogate arthritic inflammation, as well as, the progression of systemic
inflammation, in the same model of arthritis. In conclusion, with this study, we

demonstrate the beneficial therapeutic effects of pH-NITRA polymersomes and
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prove its potential to control the disease inflammatory activity and to hinder
arthritis progression. Hence, establishing them as a very promising nanotherapy in
the treatment of RA.
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Rheumatoid arthritis (RA) is a chronic systemic inflammatory and autoimmune
disease characterised by progressive synovial inflammation of joints. The
treatment of RA remains a challenge as there is no resolutive cure so far.
Conventional therapies for the early treatment intervention include glucocorticoids
(GCs) and disease-modifying anti-rheumatic drugs (DMARDs), such as prednisolone
and methotrexate, respectively [1, 2]. Still, the prolonged administration of these
drugs not only entails deleterious side effects, risk of infection and intolerance
issues, but also medical and indirect costs associated with the chronic treatment
[1, 2]. This often limits the well-known therapeutic potential of these drugs to
achieve disease complete remission.

Owing to these drawbacks, the aim of this thesis was to enhance RA treatment by
designing innovative nanotherapies with therapeutic potential to target and treat
synovial inflammation. And hence, to overcome the limitations related to the long-
term use of well-establish conventional drugs - prednisolone and methotrexate.

A better understanding of the disease pathogenesis uncovers the inflamed
synovium and the increased presence of macrophages and synoviocytes found
within it as the targets to improve RA treatment. The lipid- and polymer-based
nanomedicines (liposomes and polymersomes, respectively) presented on Chapter
3 of this thesis were specifically designed to target the inflamed synovium based
on the principles of passive and active targeting. The uniqueness of the developed
nanomedicines relies on their physicochemical properties tailored to enable the
selective and effective drug delivery into target disease-inflamed site, in a way to
improve its release when required. In this sense, as demonstrated on Chapter 3 of
this thesis:

(i) The nanomedicines provide protection and stability of the loaded drug from
degradation in physiologic fluids and hence from off-target systemic
activation.

(i) The nanomedicines are made of biocompatible lipids and polymers, thus not
causing cytotoxicity, neither any inflammatory or immunogenic responses
by themselves.

(iii) The stealth properties of these nanomedicines can delay the recognition and
clearance by the mononuclear phagocyte system in circulation, by providing
a hydrophilic and steric barrier against opsonisation.

(iv) The size and morphology of the nanomedicines enhances their ability to

passively accumulate within the inflamed synovia via the enhanced
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permeability and retention phenomenon by taking advantage of inflamed
synovial neovascularisation.

(v) The nanomedicines active targeting ability, bestowed either by the
hyaluronic acid or the poly(2-methacryloyloxyethyl phosphorylcholine,
enables binding specificity and hence uptake by synovial macrophages and
synoviocytes.

(vi) The pH-responsive properties of these nanomedicines ensure the controlled

drug delivery and on-site intracellular release.

By taking advantage of the stability, selectivity and pH sensitivity of these
nanomedicines, both in vitro and in vivo studies prove the potential of this step-
by-step approach to target inflamed synovial tissues and cells. Hence, to enhance
on-site bioavailability, activity and therapeutic effectiveness of loaded conventional
drugs. More importantly, in vivo studies demonstrate the great potential of the
developed nanotherapy in the resolution of chronic synovial inflammation and in
the abrogation of disease progression. This can significantly impact current
treatment guidelines, in which the control of disease progression is recommended
at 6 to 12 months as an approach to improve RA treatment and advanced prognosis
[1, 2]. So, unlike conventional therapies, the developed nanotherapy promises to
efficiently target and treat arthritic inflammation, while potentially limiting off-site
systemic toxicity.

The proposed nanomedicines offer many potential therapeutic advantages, still
there are factors to be considered and limitations to overcome before future clinical
implementation. The safety and biocompatibility of nanomedicines in chronic RA
therapy must be considered, since the nanomedicine alone should not cause any
cytotoxic, inflammatory or immunogenic effect. Indeed, in vivo subacute systemic
toxicity was assessed after daily administration for 15 days. Although, given the
chronic component of the disease, sub-chronic and chronic toxicity studies should
be also assessed. These include full clinical pathology (clinical biochemistry and
hematology), organ weights and histopathology. This is particularly crucial for the
organs belonging to the mononuclear phagocyte system, responsible for the body
clearance of nanomedicines. In addition to assess in vivo immunotoxicology, the
batch-to-batch consistency of the developed nanomedicines, their physicochemical
stability and sterility are key factors for the production scale-up. The assessment

and validation of all these factors is crucial in order to eliminate potential toxicity-
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related clinical failure. This may be a costly and time-consuming process that may
reduce the speed of translation into clinical trials.

Furthermore, the route of administration should be chosen based on clinical
relevance as well as practicality for future implementation. In the case of intra-
articular administration of nanomedicines, the number of injections needs to be
reduced. As, a part of being extremely painful to the patient, repeated needle
punctures may increase the risk of infection or septic arthritis. Also, the intra-
articular injection of gel-type formulations can cause an increased viscosity of the
synovial fluid, which, in turn, leads to an increased pressure within the joint and
further synovial tissue damage. On the other hand, parenteral formulations should
ideally have long-lasting therapeutic effect, as daily intraperitoneal or intravenous
injection are unlikely to improve patient compliance.

Nonetheless, the proposed nanomedicines have the potential to revolutionize and
improve the RA treatment, as their properties may allow the clinical prolonged
administration of conventional DMARDs and GCs, with less risk of off-target
deleterious effects. Thus also, possibly decreasing high costs associated with the

use of biologic therapy.

nanotherapy in vitro in vivo clinical

i iti development implementation
Rheumatoid Arthritis P clinical trials it

treatment
guidelines

Figure 1. Target-to-treat nanotherapy for rheumatoid arthritis: from idea to clinics.

Moreover, arthritis and the conventional drugs used in this study are not limited in
their application neither to the disease. Thereby, the developed nanotherapies
might also have an impact in other arthritic inflammatory conditions that employ
similar treatment guidelines, namely osteoarthritis, enteropathic arthritis,
fibromyalgia, gout, ankylosing and cervical spondylitis [1]. Particularly, the
improved therapeutic targeting of methotrexate could also have potential
applications in the treatment of several other auto-immune diseases, such as lupus,
psoriasis, myasthenia gravis and inflammatory bowel disease. Therefore, the

proposed pH-responsive nanomedicine exhibits potential to be immensely
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beneficial to patients suffering also from other inflammatory and autoimmune
disorders.

Concluding, | am confident that the target-to-treat nanotherapy presented in this
thesis has the potential to be clinically translated in the near future for the
treatment of chronic inflammatory autoimmune disorders (Figure 1). Patients with
RA will benefit from a safe and improved therapeutic efficiency with negligible side
effects and less dose frequency. Not only this may lead to an improved patient
commitment to the treatment, but also to a substantial improvement of their
quality of life. Thereby, in addition to improve the current clinical limitations,
target-to-treat nanotherapy may also have an impact on healthcare and

socioeconomic associated costs with RA treatment.
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