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Abstract

Rheumatoid arthritis (RA) is the most common inflammatory rheumatic disease, affecting almost
1% of the world population. It is a long-lasting autoimmune disease, which mainly affects the
joints causing inflammation and swelling of the synovial joint. RA has a significant impact on the
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ability to perform daily activities including simple work and household chores. Nonetheless, due
to the long periods of pain and the continuous use of anti-inflammatory drugs, RA can debilitate
the quality of life and increases mortality. Current therapeutic approaches to treat RA aim to
achieve prolonged activity and early and persistent remission of the disease, with the gradual
adoption of different drugs available. In this study, we developed a novel hydroxychloroquine
and methotrexate co-loaded Pluronic® F-127 nanomicelle and evaluated its therapeutic effects
against RA. Our results showed that drug-loaded nanomicelles were capable of modulating the
inflammatory process of RA and reducing osteoclastogenesis, edema, and cell migration to the
joint. Overall, compared to the free drugs, the drug-loaded nanomicelles showed a 2-fold higher
therapeutic effect.
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1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease of unknown etiology,
characterized by a complex interaction between immune mediators (cytokines and effector
cells) responsible for joint damage that begins in the synovial membrane [1]. The
pathophysiology of RA is complex and involves the proliferation of synovial cells and
fibrosis, formation of pannus, with erosion of cartilage and bone [2]. In the long term, the
pathophysiological process of RA results in joint degradation associated with pain, stiffness,
loss of function and systemic comorbidities, reducing life expectancy and quality of life
[3,4].

Despite advances in recent decades regarding the pathophysiology of RA and the
development of new target therapies, there is still a considerable need to develop more
effective therapies since complete remission is not maintained without continuous treatment.
Current therapies for RA are limited by low drug bioavailability, high drug clearance, and
dose-limiting adverse effects [5]. A promising strategy is to increase the effectiveness of
existing RA drugs through drug delivery systems, such as nanoparticles [1,6-9].

Nanomicelles are one of the most widely used nanoparticles to improve the blood circulation
time, bioavailability, and specificity of various therapeutic agents. Therapeutic agents
(properly loaded into the nanocarrier) can be selectively accumulated in the inflamed

sites through passive or active targeting after systemic administration [5]. In this way, the
damage to other organs is remarkably reduced. In addition, the nanocarriers can protect

the encapsulated therapeutic agents against biodegradation and provide the sustained drug
release, leading to the increased drug efficacy [1,5,10,11].

The College of Rheumatology and the European League Against Rheumatism (ACR /
EULAR) recommend methotrexate (MTX) at the beginning of RA as (part of) the first
treatment due to its favorable balance in efficacy, safety profile and costs [12,13]. When
MTX is used as a single agent, the benefits are quickly realized, but tend to stabilize
after about 6 months of treatment [14]. The literature shows that the combined use of
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MTX with other disease-modifying antirheumatic drugs (DMARDSs) makes therapy more
effective. Among the combined therapies for the treatment of RA, the use of MTX with
the antimalarial drug Hydroxychloroquine (MTX + HCQ) has been showing good results
in clinic. However, studies on the effectiveness of the combined use of these drugs and the
mechanisms of action were not investigated.

In this study, we prepared and characterized Pluronic® F-127 nanomicelles co-loaded with
HCQ and MTX (127-Pluronic-HCQ-MTX) and evaluated /n vitro and in vivo efficacy
against RA. We demonstrated that 127-Pluronic-HCQ-MTX nanomicelles loaded with 50
% of the recommended doses used in the clinic significantly reduced osteoclastogenesis,
edema, and cell migration to the joint in the antigen-induced arthritis animal model. In
addition, the 127-Pluronic-HCQ-MTX nanomicelles could improve the accumulation of
HCQ and MTX in the cells by modulating MRP1.

2. Methodology

2.1

2.2.

Reagents

Phosphate buffered saline (PBS), PBS/EDTA (ethylenediamine tetraacetic acid) (10 mM)
freshly prepared solution, bovine serum albumin (BSA), methylated bovine serum albumin
(mBSA), Freund’s complete adjuvant, Histopaque reagent, Pluronic F127, TRACP staining
kit, DMEM high glucose, Bovine fetal serum, M-CSF, RANK-L, Doxorubicin, Poly-D-
lysine, Glucose, HEPES, Calcium and Magnesium were purchased from Sigma Aldrich (St.
Louis, MO, USA). MayGriinwald and Giemsa dyes were purchased from Merck (Germany).
3% sodium pentabarbital (Hypnol®) was purchased from Syntec (Brazil). Tevametho
(injectable methotrexate 25 mg/mL) was purchased from Teva Farm-acéutica Ltda (Brazil)
and Hydroxychloroquine was purchased from Sigma Aldrich.

Preparation of the nanomicelles

A concentration of 0,3 mg/mL of hydroxychloroquine and 0,6 mg/mL of methotrexate were
added in the micellar dispersion of Pluronic F127. The system was gently stirred using a
magnetic bar (Magnetic Stirrer, IKA, C-MAG HS-7) and then processed for 5 min using an
ultrasonic processor (UP100H, Hielscher, Power: 100 %, Cycle: 1) under ice bath at 10 °C.

2.3. Particle size and zeta potential

The particle size, size distribution, and polydispersity index (PDI) of hanosystem were
determined by dynamic light scattering (DLS) using the equipment Zetasizer Nano ZS
(Malvern Instruments, UK). Measurements were performed in triplicate at 25 °C and the
laser incidence angle in relation to the sample was 173° using a 12 mm? quartz cuvette.

The mean * standard deviation (SD) was assessed. The zeta potential from each nanosystem
has been performed using a Litesizer 500 (Anton Paar, Germany). Measurements were
performed at 20 °C and the laser incidence angle in relation to sample was 15°, using an
Omega shaped cuvette. All data is a mean of 1000 runs.
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2.4. Atomic force microscopy (AFM)

The AFM analysis has been performed using a Multimode 8 microscope (Bruker, Santa
Barbara, CA). Two main analyses have been conducted in the sample (127-Pluronic-HCQ-
MTX-nanomicelles): First, the morphology and topography of the nanomicelles were
analyzed, comparing the sizes observed in the AFM images with the DLS results. In
addition, nanomechanics maps of the micelles were obtained by acquiring approximately
65,000 force curves over each scanning area. For these measurements, Scanasyst Air probes
were used, with a nominal spring constant of 0.4 N/m, however, the actual spring constant of
each probe was calibrated by the thermal noise method. A drop of the nanomicelles solution
was deposited in freshly cleaved mica to form the nanomicelles film. The scanning mode
used was Peak Force Tapping Quantitative Nanomechanics (QNM), with a resolution of 256
x 256 lines per scan and scan frequency of 0.5 Hz.

2.5. Invitro drug release

The drug release profiles of the 127-Pluronic-HCQ-MTX-nanomicelles were studied by a
well-established dialysis method [15,16]. Briefly, 400 uL of the nanomicelles were placed in
the dialysis bag (MWCO 12000-14000 Da). The dialysis bag was suspended and stirred in
30 mL of PBS containing 0.1 % Tween 80 at 37 °C to simulate the “sink condition”. 300 pL
of the outside medium were collected at the scheduled time points over 24 h. The released
HCQ and MTX were quantified by the microplate reader at the wavelengths of 340 nm and
310 nm, respectively.

2.6. Osteoclastogenesis assay

Cell isolation: monocytes were isolated from peripheric blood of volunteers through density
gradient centrifugation. Briefly, blood is stratified 1:1 on Histopaque reagent (Sigma
Aldrich) and centrifuged during 30 min at 400 RCF with no break and acceleration. After,
cells were washed twice and seeded with density of 2,4 x 10° cells/cm? 3 h in controlled
humified atmosphere at 37 °C 5% CO». After 3 h medium culture was replaced with DMEM
high glucose supplemented with 10 % bovine fetal serum and 20 ng/mL M-CSF during 3
days to induce monocyte proliferation.

127-Pluronic-HCQ-MTX-nanomicelles exposition: After 3 days cells were treated with in
DMEM high glucose supplemented with 10 % bovine fetal serum and 20 ng/mL M-CSF

and 30 ng/mL RANK-L with or without hanomicelles with a concentration of 20 pg/mL
HCQ - 0.74 ng/mL MTX or 70 pg/mL HCQ - 2,6 ng/mL MTX nanomicelles respectively.
Treatment was replaced each 3 days during 14 days. Following cells were fixed and

stained with TRACP kit staining (Sigma Aldrich) and numbers of osteoclasts (multinucleated
TRACP positive cells) were quantified.

3. Rheumatoid arthritis model

3.1. Animals

Male C57BL/6 mice (20-30 g) (n = 30) were maintained on a 12 h-light/dark cycle with
controlled temperature with food and water ad /ibitum. The animal study was conducted in
accordance with the ethical guidelines of the International Association for the Study of Pain
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and approved by Institutional Animal Care and Use Internal Review Board (license number
CEUA LW-43/14).

3.2. Body weight assessment

The body weight of all animals in all groups of this study were evaluated and assessed.
Thus, the animals were weighted in the begging and end of the treatment.

3.3. Induction of antigen arthritis

C57BL/6 mice were immunized by subcutaneous injection (sc) on day 0 using 500 ug of
methylated bovine serum albumin (mBSA) in 0.2 mL of an emulsion containing: 0.1 mL of
saline and 0.1 mL of Freund’s full adjuvant. The mice were boosted with the same solution
on day 07. Sham mice (fake immunized) received similar injections on day 0 and day 07, but
without the antigen (MBSA). On the 21 day after the initial injection, arthritis was induced
in the immunized animals by intra-articular (i.a.) injection of mBSA (30 pg/cavity; 25 pL).
The sham mice received saline. From that period, the animals were treated daily, through
intraperitoneal injections (100 pL/animal), for 7 days, and on the 25 day a reinjection was
performed using antigen (30 pg/cavity). On day 28 mice were euthanized using excess of
anesthetic (sodium pentobarbital 3% - Hypnol) for further analyzes.

3.4. Groups

The treatment was evaluated in 7 experimental groups, composed of 5 animals (mice
C57BI/6) in each group. The groups were divided into: i) false immunized: sham; ii)
control group: saline; iii) immunized: mBSA; iv) vehicle group: 127-Pluronic; v) standard
treatment group: Hydroxychloroquine (HCQ) plus Methotrexate (MTX) (2 mg/ Kg and 1
mg / Kg, respectively); vi) intervention group 1: 127-Pluronic-HCQ-MTX nanomicelles (2
mg/ K and 1 mg/ Kg, respectively); vii) intervention group 2: 127-Pluronic-HCQ-MTX
nanomicelles (1 mg / K and 0.5 mg / Kg, respectively).

3.5. Treatment

The standard treatment of HCQ plus MTX (2 mg/kg and 1 mg/Kkg, respectively) was
administered intraperitoneally (i.p., 100 uL/animal). The animals in intervention group

1 were administered intraperitoneally (100 pL/animal) with nanomicelles loaded with
HCQ and MTX at the same dose as the standard treatment (127-Pluronic-HCQ-MTX
nanomicelles, 2 mg/kg and 1 mg/kg, respectively), while the animals in intervention
group 2 were administered intraperitoneally (100 pL/animal) with HCQ and MTX-
loaded nanomicelles in the half dose of the standard treatment (127-Pluronic-HCQ-MTX
nanomicelles, 1 mg/kg and 0.5 mg/kg, respectively).

The animals in the control group (saline) and in the immunized group (mBSA) were
administered intraperitoneally with 100 pL of sterile saline. The animals in the vehicle
group were intraperitoneally administered with 100 uL of Pluronic F127 10 % solubilized in
sterile saline (Table 1).

Colloids Surf B Biointerfaces. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Magne et al. Page 6

3.6. Parameters

All groups were euthanized using excess of anesthetic (sodium pentobarbital 3% Mitutoyo
Corporation, Kanagawa, Japan). Knee joint thickness were evaluated and expressed in
millimeters (mm). The knee synovial cavities were washed out using 300 puL of PBS/EDTA
(10 mM) and leukocyte counts were performed (Coulter Z2, Beckman Coulter Inc., Brea,
CA, USA). Finally, using optical microscopy, smears of cytospin (Cytospin 3, Shandon Inc.,
Pittsburgh, PA, USA) from cells previously stained by the May-Grunwald-Giemsa method
were differentially counted and reported as numbers of cells per cavity (x109).

3.7. MRP1 efflux transporter protein activity

Efflux transport activity of MRP1 was measured using doxorubicin accumulation assay. This
assay was performed using confocal microscopy. Sterilized cover glasses were placed in
6-well plate and covered with 0.1 mg/mL of poly-D-lysine for 10 min prior to washing

with phosphate buffered saline (PBS). HEK293 T cells were plated on poly-D-lysine-coated
cover glass at a density of 5 x 10° cells/well in 2 mL culture medium. Cells were transiently
transfected with 2 ug of an MRP1-GFP expression vector after 24 h using 4 g of jet
PRIME Transfection Reagent with 200 uL of Transfection buffer (Polyplus-transfection SA,
lllkirch, France). After 48 h, cells were pre-treated with 0.1 %, w/v 0.25 % w/v, 0.5 %

wi/v and 1% w/vof 127-Pluronic-HCQ-MTX nanomicelles for 30 min, before incubation
with doxorubicin (10 uM) for 1 h. Cells were maintained in buffer (4.5 % glucose, 10 mM
HEPES, PBS containing Ca?* and Mg?*) as intracellular fluorescence was visualized using
an iMIC digital microscope (TILL Photonics GmbH, Gréfelfing, Germany) equipped with
a 1.35 numerical aperture 60x oil-immersion objective. Excitation was done at 488 nm for
GFP and doxorubicin, with emission bands of 475/42 and 605/64 nm, respectively. Images
were processed using ImageJ (NIH, Bethesda, MD).

3.8. Flow cytometry-based Calcein-AM accumulation assay

The effect of nanomicelle (127-Pluroni-HCQ-MTX nanomicelles) on MRP1 mediated
efflux of calcein-AM was ascertained using flow cytometry. HEK 293 overexpressing MRP1
cells were prepared in serum-free medium at a density of 7 x 10° cells/mL and treated
with various concentrations (0.1 %, 0.25 %, 0.5 % and 1%) of 127-Pluronic-HCQ-MTX
nanomicelle for 10 min at 37 °C. Cells were then treated with calcein-AM (0.25uM) for

30 min. Final DMSO concentration was maintained at less than 1% (v/v). MRP1 mediated
efflux activity was stopped using ice-cold PBS buffer (3 mL). Cells were collected, washed
twice with PBS, and re-suspended in a cold PBS buffer containing 1% paraformaldehyde.
Intracellular calcein-AM fluorescence was detected using BD Accuri C6 flow cytometer
(BD Biosciences, San Jose, CA) with excitation and emission at 480 nm and 533/30 nm
respectively. Fluorescent intensity was determined as a mean of 10,000 events. Treatments
were done in triplicates and repeated in two independent experiments.

3.9. Statistical analysis

The results were expressed as the mean + standard error of the mean (EPM) and analyzed
statistically through the analysis of variance test (ANOVA), followed by the Newman-Keuls-
Student or Tukey test for comparison between more than two groups. Student’s “t” test was
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used to compare two experimental groups. All tests were performed using GraphPad Prism
5.00 (GraphPad Software, La Jolla, California, USA). P values less than or equal (<) to 0.05
were considered significant (*; +).

4. Results

4.1. Average size determination by dynamic light scattering and zeta potential

The hydrodynamic diameter of the nanosystem was 48,323 nm (SD 4842 nm). The PDI
value was 0256 (SD 196) and zeta potential was 059 mV (SD 008 mV). The PDI value of
the nanomicelle is very near of the limit of a monodispersive behavior PDI (0,3). However,
for pharmaceutical purposes we assumed the limit of 0.3 and for that reason the nanomicelle
showed a monodispersive behavior. The zeta potential analysis showed a mean zeta potential
of 059 mV, with a conductivity of 391 mS/cm and electrophoretic mobility of 005 um.cm/Vs
(Table 2).

4.2. Atomic force microscopy maps

The Fig. 1 shows the results of topography (peak force error - Fig. 1a and d), Young’s
modulus (Fig. 1b and e) and adhesion (Fig. 1c and f). Topographic images reveal micelles
with diameters of 1.41 um and 1.06 pum, respectively. The Young’s modulus maps show
two very distinct elastic characteristics: in the center of the micelle, a region with greater
Young’s modulus (lighter region), and around that region, a shell with a lower E value,
indicating composite materials, in this case, the drug core and the polymeric shell (127-
Pluronic). The adhesion images show the same characteristic of heterogeneous material, in
this case, the core has higher adhesion force values, and the polymer has lower adhesion
values. This is interesting because loaded micelles have a greater adhesion strength,
improving adhesion in the drug delivery target.

4.3. Invitro drug release

The in vitro drug release profile is showed in Fig. 2.

4.4. Osteoclastogenesis assay

In this study, osteoclastogenesis assay was conducted exposing monocyte from

human peripheral blood to nanomicelles formed by combination of Methotrexate

and Hydroxychloroquine (127-Pluronic-HCQ-MTX nanomicelles) in two different
concentrations, 20 ug/mL HCQ with 074 ng/mL MTX and 70 ug/mL HCQ with 2,6

ng/mL MTX. Four nanomicelles dilutions were tested (1:10, 1:100, 1:1000 and 1:2000)

with the purpose of studying the more effective concentration to use in RA treatment. Our
results showed a dose dependent decrease of osteoclastogenesis in both concentrations tested
compared to control (Fig. 3 A and B).

4.5. MRP1 efflux transporter protein activity

Our results showed approximately 40-50% MRP1 inhibition, meaning the nanomicelle can
improve the drug accumulation in the cell further supporting our overall findings. We tested
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four different concentrations (0.1 %, 0.25 %, 0.5 % and 1%) and interestingly 0.1 % (the
lowest of the tested concentrations) produced the highest MRP1 inhibition (Fig. 4).

5. Rheumatoid arthritis model

5.1. Body weight assessment

In order to make sure that the treatment under study does not change body weight, the
animals were weighed at the beginning and at the end of the treatment. As seen in Fig. 5,
treatments with HCQ + MTX, 127-Pluronic-HCQ-MTX nanomicelles 1 and 127-Pluronic—
HCQ-MTX nanomicelles 2 did not promote weight loss (Fig. 5A).

5.2. Antigen-Induced Arthritis (AlA)

In the antigen-induced arthritis (AlA) model, mice were previously immunized and
challenged with mBSA via i.a. The antigen injected i.a. binds to cartilage and activates the
local immune response, causing edema and progressive synovitis. In the present study, after
RA induction and intraperitoneal treatment, the measurements of the transverse diameter of
the femur-tibial joint of the animals were evaluated. The results obtained demonstrate that
the challenge with mBSA induced a strong joint edema in animals previously immunized
and untreated (MBSA) compared to the group of false-immunized (sham). The animals
treated with HCQ + MTX, 127-Pluronic-HCQ-MTX nanomicelles 1 and 127-Pluronic—
HCQ-MTX nanomicelles 2 for seven days showed significant inhibition of the formation of
joint edema induced by the antigen compared to the mBSA group. In addition, animals
administered with a vehicle (Pluronic) did not show a significant reduction in edema
compared to the mBSA group (Fig. 5B).

5.3. Analysis of the influx of cells to the joint and number of circulating leukocytes

The activation of the local immune response due to the binding of the antigen to the
cartilage, promotes increased vascular permeability and cell migration. We observed that
animals immunized and challenged with mBSA (mBSA group) showed a significant
increase in the number of leukocytes in the synovial cavity compared to the control group
(saline). The animals treated with HCQ + MTX, 127-Pluronic-HCQ-MTX nanomicelles 1
and 127-Pluronic-HCQ-MTX nanomicelles 2 showed significant inhibition of cell migration
to the joint cavity. It was also observed that the administration of mBSA in false immunized
animals (sham) was not able to promote a significant migration of cells to the joint cavity
and that the administration of the vehicle (pluronic) was not able to significantly reduce

the number of leukocytes in the synovial cavity compared to the mBSA group (Fig. 6A).
However, as shown in Fig. 6B, AR induction by antigen and treatments did not change the
number of total circulating leukocytes

6. Discussion

The size of 48,323 nm is the expected range. For instance, Rollet et al. [17] used folic
acid-functionalized nanocapsules with a size range of 443 nm for the treatment of RA, with
success. The size of micellar nanosystems can vary substantially. For instance, Zhang et

al. [18] developed Pluronic F127 nanomicelles with sizes varying from 45 and 160 nm.
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Additionally, Zhang et al. [19] developed nanomicelles using Pluronic F68 with a size of
94.38 + 2.68 nm. Chen et al. [20] developed Pluronic P123 nanomicelles with size lower
than 200 nm. Finally, Ahmad et al. [21] stated that nanomicelles can be formed of particles
with size varying from 10 nm to 200 nm.

Also, is important to consider that Pluronic nanomicelles, developed in this study were
prepared at lower temperatures. Recent advances in nanomicelle delivery systems have
observed that pluronic F127 nanomicelles can increase in size according to the physical
properties of the medium, such as pH and temperature [22]. Basak et al. [23] demonstrated
that the hydrodynamic radii of nanomicelles increase with decreasing temperature.
According to the authors, the increase in micellar sizes due to the decrease in temperature
is accompanied by an increase in the hydration of the micellar core, while the increase in
temperature results in more compact micelles by excluding the solvent from the micellar
core due to the hydrophobic characteristics of the core.

Regarding the entrapment efficacy, we assumed a 100 % encapsulation since we have

used the bulk of nanomicelle without any further treatment [24-27]. Is important to notice
however, that several techniques can be used to purify as dry the solely nanomicelle as a
powder ready-to-use. For example: Masoumi et al. [28]; Arbain et al. [29]; Feng et al. [30]
and Jyotshna et al. [31], centrifuged the nanomicelle in order to obtain the powder. On the
other hand, several studies have used the bulk of nanomicelle, considering the encapsulation
as 100 %. For instance, Carvalho et al. [24], Raval et al. [25], Meng et al. [26] and Jaiswal
et al. [27] assumed that nanomicelles have 100 % of encapsulation, when the nanomicelle in
solution without any further step, as a bulk. Finally, is important to notice that nanomicellar
dispersions are kinetically stable and homogeneous and there is a technical limitation to
separate the nanomicelles from aqueous external medium or dispersing medium. Regarding
the PDI, according to Danaei et al. [32] demonstrated that a dispersion with polydispersity
index (PDI) value varying from 0.1 to 0.5, for pharmaceutical products, may be considered
a monodisperse system. Also, according to Han and Jiang [33] a PDI value higher than 0.1
but lower than 0.3, can be defined as monodispersive. Thus, we considered a monodisperse
nanosystem. The nanoparticle presented a zeta potential of 059 mV. According to Frohlich
[34] the charge is essential for the nanosystem penetration. Positively charged nanosystems
seems to have a facilitate traffic into the cell while negatively charged nanosystem shows a
more difficult cell-trafficking. Thus, the charge seems adequate for the purposed use of the
nanosystem developed.

The 127-Pluronic nanomicelles (127-Pluronic-HCQ-MTX nanomicelles) prolonged the
release of both HCQ and MTX, compared to the free drugs. The results corroborated the
functionality of pluronic nanomicelles as controlled release nanosystems for drug delivery
[35-39]. The Pluronic-HCQ-MTX-nanomicelles showed the initial “burst drug” release,
probably due to the unentrapped drugs in the micelle suspension [40].

Rheumatoid Arthritis (RA) is an autoimmune disease defined by bone and cartilage
degradation, caused by a continuous inflammation of the synovium, which leads to the
swelling of the joints. Depending on the gravity of this disease, it may evolve and develop
cardiovascular, skeletal and pulmonary disorders [41].
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Our results show a reduction in osteoclasts formation directly proportional with
Methotrexate-Hydroxychloroquine nanomicelle concentration. Concentration of 20 ug/mL
HCQ with 074 ng/mL MTX and 70 ug/mL HCQ with 2,6 ng/mL MTX. And its dilution
of 1:10 didn’t allow the formation of osteoclasts at all, while following dilution of

1:100, 1:1000 and 1:2000 showed a dose response reduction in osteoclasts number. This
supposedly will prevent this cell to degrade the bone tissue, providing a delay in RA
evolution.

Methotrexate is considered a first line drug used for treating this disease, being used in
adults, children or elderly patients, having its dose balanced according to the age, weight
and particularities of each individual [41]. It was developed by Yellapregada Subbarao for
the treatment of cancer, being used since 1947 [41] at high doses for leukemia, from 15

to 30 mg. Years later, it was found that when prescribed in lower doses, from 7,5 to 10
mg, it was efficient in patients with Rheumatoid Arthritis [42]. It is usually prescribed in
an early diagnosis, but according to published papers, the effects of this medication should
be supervised because the optimal dose of 25 mg [43], may cause some severe side effects
in some patients such as hair loss, hepatotoxicity and nausea [44]. For a dual therapy,
Methotrexate is often combined with some biological agents that work as second-line drugs,
such as tumor necrosis factor inhibitors.

Literatures show that Disease Modifying Anti-Rheumatic Drugs (DMARDs) are more
effective than the Methotrexate when used alone, despite this medication still being largely
used by many rheumatologists [45]. Hydroxychloroquine is an antimalarial drug that was
accidentally found to be effective against rheumatic diseases. Despite not undergoing

the conventional method of drug development, it has become a common treatment for
various diseases, one of them being RA [46]. However, more recent studies have explored
the combination of Methotrexate with Hydroxychloroquine (MTX + HCQ), which have
proven to be more effective than a monotherapy by Methotrexate alone. There’s a lack of
studies being carried about the efficiency of this mix of medications and to elucidate its
mechanism of action. However, a study showed that 25 mg/week MTX, plus HCQ 400
mg/day, reaching maximum dose within 4-8 weeks improved RA prognostics in human
patients [47]. Our results showed how a significant lower dose /n vitrois sufficient to
inhibit osteoclastogenesis, when the two drugs are combined in nanomicelle. These results
open new prospective to reduce drugs concentration with this new nanomicelle formulation,
enhancing curative efficiency with lower rate adverse effects.

Interestingly, we observed that the lowest of the tested concentrations of 127-Pluronic—
HCQ-MTX nanomicelles (0.1 %) was the one that promoted the greatest inhibition of
protein 1 related to multiple drug resistance (MRP)-1. MRP-1 is a well-established member
of the super-family of ATP Binding Cassette (ABC) transporters that function as efflux
pumps responsible for the MDR (multidrug resistance) phenotype [48]. According to their
broad substrate specificity, these carriers can interfere with the absorption and distribution
of many therapeutic agents, influencing serum concentration and changing the efficiency of
different treatments.
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MTX enters cells through the reduced folate transporter (RFC) and is effluxed by several
transmembrane proteins, including MRPs [49]. It is hypothesized that the overexpression of
these transporters may be a cause of suboptimal response to MTX, since the clinical efficacy
depends, in part, on the intracellular retention of the drug. From the results obtained, we
believe that this new formulation of 127-Pluronic-HCQ-MTX nanomicelles, in addition to
enabling the reduction of the treatment dose, may also favor the inhibition of drug resistance
mechanisms, via inhibition of MRP-1, increasing efficiency therapy.

Considering the complexity of the pathophysiological process of RA, we investigated the
effects of 127-Pluronic-HCQ-MTX nanomicelles in an /n vivo model of antigen-induced
arthritis (AlA). The experimental model consists of immunizing mice with mBSA in potent
adjuvants, followed by intra-articular injection of mBSA in saline. First, we investigated the
effect of 127-Pluronic-HCQ-MTX nanomicelles on the animals’ body weight, since studies
indicate that anti-rheumatic treatments promote unwanted weight loss [50,51]. The results
obtained demonstrate that the mice with induced arthritis and treated for seven days with
nanomicelles loaded with HCQ and MTX did not present a reduction in body weight in the
evaluated concentrations.

Then, we evaluated the effects of 127-Pluronic-HCQ-MTX nanomicelles on the
inflammatory process of induced arthritis. AlA is a well-established and reproducible model
that exhibits several characteristics similar to those seen in human RA, including edema
and infiltration of immune cells into the joint [52]. The regulation of factors such as
vascular permeability and cell migration in the rheumatic process is extremely important,

as persistent inflammation in the joint cavity leads to the formation of pannus, along with
erosion of cartilage and bone [2].

We demonstrated that nanomicelles loaded with MTX + HCQ (127-Pluronic-HCQ-MTX
nanomicelles) are able to reduce the inflammatory process present in induced arthritis,
significantly inhibiting edema and the influx of cells to the joint. The most interesting
finding is that nanomicelles loaded with 50 % of the reference dose used in the clinic
promoted the same inhibitory effects. From these results, we propose that the new
formulation of MTX + HCQ in nanomicelles has similar effects to therapy with free MTX

+ HCQ, with the possibility of significantly reducing the dose used. It is worth mentioning
that the treatment with 127-Pluronic-HCQ-MTX nanomicelles did not change the number of
total circulating leukocytes, suggesting that its effects are local.

In addition to local effects, uncontrolled inflammation can lead to increased immune cells
in the circulation [53]. These activated immune cells determine inflammatory mediators,
including chemokines and cytokines, which further induce immune cell activation and
proliferation and a subsequent synthesis of more inflammatory mediators that cause various
inflammatory responses in target cells and tissues. In RA, this persistent inflammatory
signaling perpetuates disease progression [54].
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7. Conclusion

Our data showed the potential use of 127-Pluronic nanomicelles composed of HCQ and
MTX for the treatment of RA. The results corroborated the drug release profile as a dose-
response behavior. Also, the results showed that lower doses of the nanosystem showed
superior anti-inflammatory results than the traditional HCQ and MTX associated as current
drug, corroborating the higher efficacy of the nanosystem. Finally, the data showed a higher
inhibition on MPR1 substrate avoiding drug resistance mechanism and improving the use for
longer time of the nanomicelle when compared with the current treatment.
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Fig. 1.
Topography images (Peak Force Error — Figures A and D), Young’s modulus maps (Figures

B and E) and adhesion force maps (Figures C and F) of individual 127—Pluronic-HCQ-
MTX-nanomicelles.
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Fig. 2.
In vitro accumulative drug release from the Pluronic-HCQ-MTX-nanomicelles. The

samples were dialyzed (MWCO 12,000-14,000 Da) against PBS containing 0.1 % Tween 80
at 37 °C, to simulate the “sink condition”.
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Fig. 3.
Evaluation of osteoclastogenesis after in vitro treatment with HCQ + MTX-loaded

nanomicelles in two concentrations: 20 ug/mL HCQ +0.74 ng/mL MTX and 70 ug/mL
HCQ +2.6 ng/mL MTX), in different dilutions. 3B: Representative graph of the number

of osteoclasts after in vitro treatment with HCQ + MTX-loaded nanomicelles in two
concentrations: 20 ug/mL HCQ +0.74 ng/mL MTX and 70 ug/mL HCQ +2.6 ng/mL MTX),
in different dilutions.
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Fig. 4.

Effect of 127-Pluronic-HCQ-MTX Nanomicelle on MRP1 mediated efflux activity.
HEK293/MRP1 cells were treated with various concentration (0.1 %, 0.25 %, 0.5 % and 1%
all % wiv) of the test compound, and 50uM of MK571 (positive control) for 10 min at 37

°C before treatment with 0.25 uM calcein-AM for 30 min. Flow cytometric measurements
of intracellular calcein-AM was conducted at 488 nm and 533/30 nm for excitation and
emission wavelengths, respectively. Experiments were done as triplicates in two independent
experiments and presented as mean + S.E.M. *P < 0.05; **P < 0.01; ***P < 0.001 compared
to control.
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Fig. 5.

A:g Body weight assessment. Twenty-one days after antigen induction of RA, the animals
were treated daily with HCQ + MTX, 127-Pluronic-HCQ-MTX nanomicelles 1 or 127-
Pluronic-HCQ-MTX nanomicelles 2 via i.p. for seven days. The animals in the control
group (sham) and in the immunized group (mBSA) were administered intraperitoneally
with sterile saline. The animals in the vehicle group were administered intraperitoneally
with Pluronic 10 %. The results are presented as the mean of the differences between
pre-treatment and post-treatment weight (A) £ SEM of five mice per group. 5B:127-
Pluronic-HCQ-MTX nanomicelles reduces antigen-induced edema. Knee joint edema
was assessed by measuring the transverse diameter of thefemur-tibial joint with the aid of a
digital caliper (Digmatic caliper, Mitutoyo Corp. Kanagawa, Japan). The edema values were
expressed by the difference (A) between the diameters measured before (baseline) and after
+ SEM treatment and were represented in millimeters (mm). +++ p < 0.001 compared to
sham group; *** p < 0.001 compared to mBSA group.
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Fig. 6.

1297-Pluronic—HCQ-MTX nanomicelles inhibits inflow of cells into the joint cavity. (A) The
number of leukocytes present in the femurtibial joint was assessed by counting the total
number of leukocytes present in the synovial lavage and the analysis performed using an
automatic microparticle counter (Z1; Beckman-Coulter, USA). The results were presented
as number of cells x10° + SEM. + + p < 0.01 compared to saline group. ** P < 0.01
compared to mBSA group. (B) The number of total circulating leukocytes was evaluated

in the blood supernatant after centrifugation and the analysis was carried out using the
automatic microparticle counter. The results were presented as number of cells x10% + SEM.
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Table 1

Treatments administered to different groups after induction of experimental arthritis.

Group Treatment

Sham Sterile saline

Saline Sterile saline

mBSA Sterile saline

Pluronic Pluronic 10 % (pure solution)
HCQ + MTX HCQ: 2 mg/kg + MTX: 1 mg/kg

127-Pluronic-HCQ-MTX nanomicelles 1 HCQ: 2 mg/kg + MTX: 1 mg/kg
127-Pluronic-HCQ-MTX nanomicelles 2 HCQ: 1 mg/kg + MTX: 0,5 mg/kg
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Table 2

Values referring to the average size by dynamic light scattering and zeta potential of the nanomicelles loaded
with HCQ plus MTX.

Parameter Value

Hydrodynamic diameter 48,323 nm (SD 4842 nm)

PDI 0256 (SD 196)
Zeta potential 059 mV (SD 008 mV)
Conductivity 391 mS/cm (SD 009 mS/cm)

Electrophoretic mobility 005 um.cm/Vs (SD 001 um.cm/Vs)
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