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ABSTRACT

Rheumatoid arthritis (RA) is a common autoimmune disease characterized by joint
inflammation and immune dysfunction. Although various therapeutic approaches have
been utilized for the treatment of RA in clinical applications, the low responsiveness
of RA patients and undesired systemic toxicity are still unresolved problems. Targeting
the resolution pathway of inflammation with pro-resolving mediators would evoke the
protective actions of patient for combating the inflammation. Ac2-26, a 25-amino acid
peptide derived from Annexin A (a pro-resolving mediator), has shown good efficacy
in the treatment of inflammatory disorders. However, the low bioavailability of Ac2-
26 peptides hinders their efficacy in vivo. In this paper, we formed PEGylated lipid
nanoparticles (LDNPs) by the co-assembly of L-ascorbyl palmitate (L-AP) and N-(carbonyl
methoxypolyethylene glycol-2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE-PEGy) to encapsulate and deliver Ac2-26 peptides to the arthritic rats. They
showed good stability and biocompatibility. After being intravenously administrated,
Ac2-26 peptide-loaded PEGylated lipid nanoparticles (ADNPs) showed the prolonged in
vivo circulation time and enhanced accumulation in inflamed sites. In vivo therapeutic
evaluations revealed that ADNPs could attenuate synovial inflammation and improve joint
pathology. Therefore, the pro-resolving therapeutic strategy using ADNPs is effective in RA
treatment.
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1. Introduction

Rheumatoid arthritis (RA) is one of the most widespread
autoimmune diseases, which affects approximately 1% of
the global population [1]. RA is usually characterized by the
infiltration of inflammatory cells, the destruction of joints
and the activation of autoimmune systems [2,3]. Particularly,
the rapid proliferation and activation of T cells and B cells
in inflamed joints break the balance between the host
immune tolerance and immune homeostasis, leading to the
attack of immune systems to own tissues persistently [4].
There are numerous anti-inflammatory therapeutic agents
available in clinical applications. Most of them are based
on immunosuppression or blocking certain inflammatory
signaling pathways. However, the current therapies are often
undesirable [5,6]. For example, clinical studies showed that
approximately 50% of RA patients show low responsiveness
[7]. Moreover, the treatment of RA usually requires a long-
term therapy, which is often associated with systemic
comorbidities [8].

It is generally considered that the onset of inflammatory
diseases is accompanied by a pro-inflammatory phase. The
remission of diseases is often followed by a resolution phase
[9]. In the resolution phase, a variety of endogenous pro-
resolving mediators would be produced. They could promote
inflammation remission, tissue repair and restoration of
immune homeostasis [10]. In RA, the deficiency of the
resolution mechanism commonly leads to a prolonged
disease course, consequently resulting in the chronicity
of diseases and widespread complications [11]. Therefore,
remodeling the resolution function by replenishing sufficient
pro-resolving mediators might provide a potential avenue
for the effective treatment of RA [12]. Compared with
conventional treatments, the pro-resolving therapeutic
strategy has several advantages: (1) motivate the protective
action of patient’s own tissues to combat the inflammatory
infiltration and tissue damage; (2) balance the level of T
helper17 (Th17) and regulatory T (Treg) cells to restore the
immune homeostasis; and (3) reduce the burden of adverse
effects [13,14].

So far, the pro-resolving mediators discovered are
basically endogenous molecules, including autacoids (such
as adenosine, lipoxin A4 and maresin 1), proteins (such
as annexin Al and galectin-1) and polypeptides (such as
aMSH) [7]. Among them, annexin Al is a potent pro-resolving
mediator, which would facilitate inflammation resolution
and tissue repair via binding to the FPR2/ALX receptors
[15]. However, there are various physiological barriers in
the delivery of the protein drug, such as the degradation
of multiple enzymes, the inability to transport across
the membranes and the activation of excessive immune
response in vivo. Currently, the pro-resolving mediators used
in preclinical studies of chronic inflammatory diseases are
mainly purified from the extracts of endogenous substances
[16]. The purification process of pro-resolving mediators is
complicated and expensive. In addition, the total synthesis
of pro-resolving mediators would also face huge challenges
such as high cost and low yield.

Ac2-26 is a mimetic peptide of annexin A1, which can be
formed via solid-phase synthesis. Due to its low molecular
weight and simple structure, Ac2-26 peptides possess better
stability and lower immunogenicity than annexin Al [17].
As a pro-resolving mediator, Ac2-26 peptide can inhibit
the granulocyte trafficking and enhance the efferocytosis
of macrophages in vivo [9,18], thus exerting the effect of
inflammation resolution and tissue repair. Kamaly et al,,
found that Ac2-26 peptides could significantly reduce the
recruitment of polymononuclear neutrophils and decrease
the resolution interval in peritonitis mice [19]. Fredman et al.,
utilized Ac2-26 to stabilize advanced atherosclerotic lesions
and promote inflammation resolution in atherosclerosis [20].

The application of peptides in vivo is often hindered by
several barriers including enzymatic degradation and rapid
elimination. In addition, Ac2-26 peptides are highly insoluble
in aqueous solution. Nanocarriers have been extensively
used as a feasible approach for improving the bioavailability
of drugs by preventing them from enzyme degradation,
extending their in vivo circulation and facilitating their passive
delivery to inflamed joints [21,22]. It is worth noting that
nanocarriers used in chronic inflammatory diseases should
have good biocompatibility and not cause any immune
activation or inflammatory responses [23].

N-(carbonyl = methoxypolyethylene  glycol-2000)-1,2-
distearoyl-sn-glycero-3- phosphoethanolamine (DSPE-PEGy)
has been approved by the Food and Drug Administration
(FDA) for numerous medical applications [24,25]. It has
been shown that PEGylated nanoparticles ensure the in
vivo circulation time of therapeutic agents [26]. L-ascorbyl
palmitate (L-AP), a potent antioxidant and scavenger of free
radical, has been utilized as a nontoxic and efficient food
additive [27]. In this paper, we prepared PEGylated lipid
nanoparticles (LDNPs) by the co-assembly of L-AP and DSPE-
PEG,y, which can be used to encapsulate and deliver Ac2-26
peptides to arthritic joints. The physicochemical properties
were systemically investigated. The in vivo pharmacokinetics
and pharmacodynamic distribution behaviors were assessed
in healthy rats and arthritic rats, respectively. In addition,
the therapeutic efficacy and immune response of Ac2-
26-loaded PEGylated lipid nanoparticles (ADNPs)
evaluated in arthritic rats. So far, the Ac2-26 peptide has
never been applied in the treatment of RA. And there is
no drug formulation designed aiming at the pro-resolving
pathway to achieve the remission of RA. Therefore, our study
would provide a new therapeutic approach for RA treatment.

were

2. Materials and methods
2.1. Materials

DSPE-PEG,, was obtained from Ponsure Biological (Shanghai,
China). L-AP was purchased from Shanghai Aladdin Bio-
Chem Technology Co., LTD (Shanghai, China). Cy5-NHS ester
was purchased from Dalian Meilun Biotechnology Co., Ltd.
(Dalian, China). Ac2-26 (AMVSEFLKQAWFIENEEQEYVQTVK)
was obtained from Jier Biotech (Shanghai, China). Complete
Freund’s adjuvant (CFA) was provided by Chondrex, Inc.
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(Washington DC, USA). Methanol, dimethyl sulfoxide (DMSO)
and 1,2- propylene glycol were purchased from Kemiou
(Tianjin, China). As for the analysis of flow cytometry, the
antibodies BV605-CD3(clone 1F4), FITC-CD4 (clone OX35), PE-
CD25 (clone 0X39), APC-Foxp3 (clone FJK-16s) and APC IL-
17A (clone eBio18B7) were purchased from eBioscience (USA).
Male SD rats were provided by the Dashuo experimental
animal center (Chengdu, China). All animal studies were
performed according to the recommendations in the U.S.
National Institutes of Health Guide for the Care and Use of
Laboratory and were approved by the Ethics committee of
Southwest Jiaotong University.

2.2. Preparation of LDNPs and ADNPs

LDNPs were prepared via a thin film hydration method [28].
Firstly, L-AP (1mg) and DSPE-PEG, (5mg) were dissolved in
4ml methanol at the molar ratio of 1:1. The mixed solution
was then added to a round bottom flask. After removing
methanol by rotating evaporator under reduced pressure for
15min at 50°C, a thin film was formed in the bottom of the
flask. LDNPs were formed after rehydrating the thin film in
2ml deionized water at 50°C. ADNPs were formed using the
same procedure as mentioned above. Briefly, Ac2-26 (500 pg),
L-AP (1mg) and DSPE-PEG,, (5 mg) were completely dissolved
in 4ml methanol in a round-bottom flask. The ADNPs
were formed after rehydrating the thin film with deionized
water.

2.3. Characterization of LDNPs and ADNPs

The particle size and polydispersity index (PDI) of LDNPs
and ADNPs were measured by dynamic light scattering (DLS)
at 25°C (Zetasizer Nano instrument, Anton Paar, Austria).
The morphology of LDNPs and ADNPs were examined by
a transmission electron microscope (TEM, JEOL TEM-1011,
Japan). The absorption spectra of LDNPs and ADNPs were
measured by Ultraviolet-visible (UV-vis) spectrophotometer
(Agilent, Cary3500, USA).

2.4.  Encapsulation efficiency and drug loading

The encapsulation efficiency (EE) and drug loading (DL)
of ADNPs were investigated by ultrafiltration method [29].
Briefly, 1ml ADNPs were added to an ultrafiltration tube
(Millipore, MWCO100kD) and centrifuged at 2000rpm for
15min to separate free Ac2-26 and ADNPs. Then the
subnatant of centrifugation samples was quantified with
high-performance liquid chromatography (HPLC, Agilent 1260,
USA). The encapsulation efficiency and drug loading of ADNPs
were calculated using the following equations:

Weight of encapsulated Ac2 — 26 in ADNPs

EE (%) = Weight of total Ac2 — 26

x 100%

Weight of encapsulated Ac2 — 26 in ADNPs

DL (%) = - -
(%) Total weight of ADNPs formulation

x 100%

2.5.  Stability study

The size and PDI of ADNPs at 37°C were monitored
over time. Meanwhile, the stability of ADNPs in plasma
was investigated by incubating them with human serum
albumin (HSA) solution at 37 °C. Briefly, 100 ul HSA solution
(4%, w/v) was incubated with ADNPs at the concentration
varying from 0.3mg/ml to 3mg/ml. After being incubated
for predetermined time intervals, the absorbance of different
samples at 600nm defined as turbidity was measured by a
microplate reader (Thermo Scientific, USA) [30].

2.6. Cell cytotoxicity of LDNPs

To evaluate the biocompatibility of LDNPs, Raw264.7 and
HUVEC cells were seeded in 96-well plates at a density
of 1x10* per well in culture medium. LDNPs at the
concentration ranging from 0 to 250 pg/ml were added to
different cell samples and incubated with cells for 24 h. Then
the cell viability was detected by MTT assay. Briefly, the culture
medium was discarded and 20 pl MTT (5 mg/ml) was added
to each well. After 4h incubation, the culture medium was
removed and 150 pl DMSO was added to dissolve the formazan
crystals. All samples were incubated for another 15min at
37 °C. Finally, the absorbance at 490nm was determined by
a microplate reader. The relative cell viability was calculated
using the following formula:

Asample — Aplank

Cell viability (%) = x 100%

Anegative control — Ablank
2.7. In vitro release of Ac2-26 from ADNPs

The in vitro release behavior of Ac2-26 from ADNPs was
measured by a dialysis method reported previously [31].
Briefly, 1 ml ADNPs and free Ac2-26 solution (500 pg/ml of Ac2-
26, dissolved in phosphate buffer containing 10% propylene
glycol) were placed into a dialysis bag with the molecular
weight cut-off of 10kD, respectively. Then, the dialysis bag
was immersed in the glass bottle with 10 ml release medium
(phosphate buffer containing 10% propylene glycol) in a
shaker at 37°C/70rpm. At the indicated incubation time,
200yl of release medium was collected and substituted by
equal volume of fresh release medium. The concentration of
cumulative release of Ac2-26 was determined by HPLC.

2.8.  Synthesis of Cy5-Ac2-26 peptides

Cy5-Ac2-26 peptides were synthesized via an amide reaction
between the succinimide ester grafted on Cy5-NHS and the
carboxyl residuals of Ac2-26. Briefly, Cy5-NHS (1mg) and
Ac2-26 (12mg) were dissolved in DMSO at a molar ratio of
1:3. Triethylamine (TEA, 50 pl) was subsequently added in
a dropwise way into the mixture under stirring at room
temperature. After stirring at dark atmosphere for 24h,
the reaction solution was transferred to a dialysis bag and
dialyzed against deionized water for 1 d at room temperature.
The obtained solution was frozen and lyophilized to form Cy5-
Ac2-26 peptides. The structure of Cy5-Ac2-26 peptides was
confirmed by 'H NMR (400 MHz, Bruker AMX-400, USA).
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2.9. Pharmacokinetic studies

Healthy male Sprague-Dawley (SD) rats were randomly
divided into two groups (n=6). And each rat was intravenously
injected with Cy5-Ac2-26 solution or Cy5-Ac2-26 loaded
PEGylated lipid nanoparticles (Cy5-ADNPs) at the peptide
dose of 0.5mg/kg. Blood samples (0.5ml) were obtained
from retro-orbital plexus at 5min, 15min, 0.5, 1, 2, 4, 8§,
12, 24 and 48h after injection and then centrifuged at
5000rpm for 10min to collect plasma samples. The upper
plasma samples were diluted by adding 1ml deionized
water. The fluorescence intensity of Cy5-Ac2-26 peptides was
determined by a fluorescence spectrophotometer (SHIMADZU,
Japan). The pharmacokinetic parameters of AUCy.; and Ty,
were analyzed by DAS software.

2.10. Establishment of adjuvant-induced arthritis (AIA)
rat model

The arthritis model was induced using a complete freund
adjuvant (CFA, containing 10mg/ml of mycobacterium
tuberculosis) [32,33]. Briefly, 50 pl CFA was subcutaneously
injected into the paws of SD rats at Day 1. The swelling of
the rat limbs was monitored every day. All animals were
housed in standard condition that met the requirements of
the animal ethics committee.

2.11. In vivo biodistribution of ADNPs

For biodistribution assay, the AIA rats were randomly divided
into two groups (n=3). The AIA rats received intravenous
injection of Cy5-Ac2-26 solution or Cy5-ADNPs (at the
peptide dose of 0.5mg/kg), respectively. The distribution of
fluorescence signals in rats was evaluated by an in vivo
imaging system (IVIS, Perkin Elmer, USA) after 2, 6 and 24h
intravenous injection, respectively. Subsequently, rats were
euthanized. The heart, liver, spleen, lung, kidney, and joint
tissues were collected. The fluorescence intensity of these
organs in each group was measured after the background
subtraction using the IVIS system. The biodistribution
behavior of ADNPs was further visualized through an in vivo
imaging system.

2.12. In vivo therapeutic efficacy

To further investigate the therapeutic efficacy of ADNPs,
arthritic rats were randomly divided into 3 groups (n=7).
Healthy rats were severed as a normal control. The AIA rats
were intravenously injected with the equal volume of PBS,
free Ac2-26, and ADNPs (at the peptide dose of 0.75 mg/kg)
every day for one week, respectively. During the period of the
treatments, the body weight, paw thickness and joint score of
the AIA rats were monitored every day in each group. The joint
score determined by grading from score of 0 (no observable
erythema or swelling) to 4 (severe swelling and erythema) was
given for each paw. The swelling and ulceration degree of 4
paws were scored, finally resulting in a maximum possible
score of 16 for each animal [34]. After 14 d, the rats were
sacrificed to collect joint tissues. The joint tissues from each
group were cut up and homogenized. The concentration of

inflammatory cytokines (TNF-«, IL-18, IL-6, IL-17A) in joint
homogenates was measured by ELISA. The joint ankles from
each group were soaked in 4% paraformaldehyde solution
for 3 d and then incubated in 15% EDTA-2Na decalcification
solution until the samples could be easily sliced. The joint
slices were finally stained with hematoxylin and eosin
to observe the inflammatory cell infiltration and cartilage
erosion. For the immunohistochemical analysis, slices were
incubated with specific antibodies directed against IL-17A
and myeloperoxidase (MPO), followed by the incubation with
appropriate secondary antibodies.

2.13.  Flow cytometry analysis of Th17 and Ty,

After the treatment was terminated on Day 24, the popliteal
draining lymph nodes were harvested and passed through
a 300-mesh cell sieve to form single-cell suspensions. The
Th17 cell (CD4+1L-17+) and Treg cell (CD4+Foxp3+) subsets in
draining lymph nodes were analyzed using flow cytometry.
2.14. Statistical analysis

All the experiment data were expressed by mean + standard
deviation (SD). Statistical analysis of the data and the
calculation of AUC score were calculated using GraphPad
Prism 7.0 software. Significant differences between two
comparative groups were analyzed by student’s t-test. The
one-way analysis of variance (ANOVA) was used to evaluate
the significance of multiple groups. And P < 0.05 was
considered as a significant difference.

3. Results and discussion
3.1.  Preparation and characterization of LDNPs and
ADNPs

Fig. 1A-1B showed the size distribution of PEGylated
lipid nanoparticles with/without Ac2-26 peptide loadings
(ADNPs/LDNPs). The average diameter was 101.23nm =+
0.41nm for LDNPs and 123.59nm + 6.66nm for ADNPs,
respectively. This result revealed that the loading of Ac2-26
peptides slightly increased the diameter of nanoparticles.
The TEM images of LDNPs and ADNPs were shown in Fig. 1C
and 1D, respectively. Fig. 1E showed the absorption spectra
of LDNPs and ADNPs, together with free Ac2-26 peptides.
The free Ac2-26 peptides showed a characteristic absorption
band at ~ 220 nm. While LDNPs showed an absorption band
at ~ 247nm. The two absorption bands were observed in
the spectrum of ADNPs. The EE and DL of ADNPs for Ac2-26
peptides was calculated to be approximately 92.8% and 3.4%,
respectively.

3.2.  Stability study

The average size and PDI of ADNPs maintained nearly
unchanged at 37°C within 72h (Fig. 1F), suggesting that
they had good stability on standing. To estimate the plasma
stability of ADNPs, the ADNPs with different concentrations
were incubated with HSA solution over time. There was no
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Results were shown as mean =+ SD (n=5).

significant change observed in average size and the turbidity
of the solutions (Fig. 2A-2B), suggesting that ADNPs remained
stable in plasma without aggregations.

3.3.  Cytotoxicity study of LDNPs

To determine the biocompatibility of LDNPs, RAW264.7 and
HUVEC cells were selected. As can be seen in Fig. 2D-2E,
there was no significant cytotoxicity for both RAW264.7 and
HUVEC cells observed at the concentration of PEGylated lipid
nanoparticles from 7.8 to 250.0pug/ml, suggesting that they
had good cytocompatibility.

3.4.  Invitro release of Ac2-26 from ADNPs

To simulate the release of Ac2-26 from ADNPs at physiological
conditions, phosphate buffer was used as a release medium.
Propylene glycol at the final concentration of 10% (v/v) was
added to increase the solubility of Ac2-26 peptides in the
release medium. As shown in Fig. S1, the propylene glycol
would not degrade the nanoparticles. The cumulative release
curve of Ac2-26 peptides was shown in Fig. 2C. Within the first
4h, 30% of Ac2-26 peptides was released from the free Ac2-26
group, while only ~15% of Ac2-26 peptides was released from
ADNPs. After 48h, the cumulative release of Ac2-26 peptides
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from the free Ac2-26 group increased to ~55%. While, less
than 30% of Ac2-26 peptides was released from ADNPs. These
results indicated that Ac2-26 peptides maintained a slow and
sustained release from ADNPs.

3.5.  Biodistribution of ADNPs in AIA rats

To estimate the targeting ability of ADNPs to inflamed joint,
the Cy5-Ac2-26 peptides were synthesized as previously
mentioned. The 'H NMR spectra of Cy5-Ac2-26 peptides
was shown in Fig. 3A (400MHz). Compared with the H
NMR spectra of Cy5-NHS and Ac2-26 peptides shown in
Fig.52-S3, the peaks of alkenyl appeared at 6.25ppm and
6.58 ppm, indicating the successful linking of Cy5-NHS and
Ac2-26 peptides. After the AIA model was established, the
biodistribution of ADNPs in AIA rats was observed by an
in vivo imaging system. The Cy5-ADNPs were prepared
via thin film hydration method as ADNPs. As shown in
Fig. 3B-C, the fluorescence signals of Cy5 were observed in the
inflamed joints in both the Cy5-Ac2-26 (Free) and the Cy5-
ADNPs treated groups after 2h injection. The accumulation
of nanoparticles in the arthritic sites was still obvious after
6h injection. While almost no fluorescence signals appeared
in the hind paws of the free Cy5-Ac2-26 treated group. The
strong fluorescence signal of the Cy5-ADNPs group retained
at the paws of AIA rat even after 24h injection, indicating
the ADNPs possessed excellent inflammation-homing and
retention capacity in AIA rats.

3.6.  Pharmacokinetics study

In this experiment, the fluorescence intensity of Cy5-Ac2-
26 peptides in plasma was determined to analyze the

Table 1 - Pharmacokinetic parameters.

Free Cy5-ADNPs

AUCo.¢ (png/l°h)
Tyyz (h)

9892.55+59.31
17.11£1.58

14,187.27 + 88.02
36.81+3.36

pharmacokinetic behavior of ADNPs. As shown in Fig. 3D,
the concentration of Cy5-Ac2-26 peptides in the Cy5-ADNPs
treated group declined slower than that in the free Cy5-Ac2-
26 treated group. After 48 h injection, there were still 145 ng/ml
Cy5-Ac2-26 peptides in plasma from the Cy5-ADNPs treated
group. The pharmacokinetic parameters were shown in
Table 1. The 1.48-fold increase in AUCy_; was observed in the
Cy5-ADNPs group, compared with the free Cy5-Ac2-26 group.
The T/, of Cy5-ADNPs group was 2-fold higher than that
in the free Cy5-Ac2-26 group. These results demonstrated
that Cy5-ADNPs greatly contributed to the prolonged blood
circulation and in vivo Ty, of Cy5-Ac2-26 peptides.

3.7.  Therapeutic efficacy of ADNPs in AIA rats

The treatment procedure was briefly showed in Fig. 4A. The
CFA was subcutaneously injected into the paws of rats on
Day 1 to induce the development of arthritis. The arthritis
model was almost established on Day 10. The arthritic rats
were then randomly divided into 3 groups and treated with
different formulations. As shown in Fig. 4B, the hind paws
in the PBS treated group showed severe swelling, edema
and even ulceration. The free Ac2-26 treatment slightly
decreased the swelling degree of joints. After the treatment
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of ADNPs, no obvious swelling of joint was observed. The
paw thickness after these treatments was shown in Fig. 4C.
Compared with the PBS group, the limited reduction of
the paw thickness was observed in the free Ac2-26 group.
In contrast, the development of RA was fully suppressed
in the ADNPs treated group. Fig. 4E showed the change
of joint score after the treatment of PBS, free Ac2-26 and
ADNPs. In comparison with the PBS treatment, the free
Ac2-26 treatment slightly inhibited the development of joint
swelling. While the rats receiving the ADNPs treatment
showed the dramatical decrease in joint score. The calculation
of the area under these curves (AUC score) provided a
direct comparison between these groups (Fig. 4D and 4F).
Compared with the PBS group and the free Ac2-26 group,
the ADNPs group showed the lowest AUC score value in
both the paw thickness and joint score. All these results
indicated that ADNPs were highly effective in inflammatory
resolution.

To further confirm the pathological condition of inflamed
joints after the treatment of PBS, free Ac2-26 peptides
and ADNPs, the ankle joints of rats were analyzed by
hematoxylin-eosin staining. As shown in Fig. 5A, the
aggressive hyperplasia of synovium narrowed the articular
cavity. However, after the treatment of ADNPs, the articular
cavity recovered with very few inflammation infiltration
and cartilage erosion. The score of pathological staining
was also evaluated. The extensive inflammation infiltration,
tissue damage and cartilage destruction were observed
after the treatment of PBS and free Ac2-26 (Fig. 5B-5C).
However, there was a significantly decreased score in the
inflammation infiltration and cartilage erosion after the
treatment of ADNPs, indicating that ADNPs treatment had
the favorable effect on the tissue repair in inflammatory
remission.

3.8.  Inflammation resolution mediated by ADNPs

MPO, the most abundant granule enzyme produced by
neutrophils, is rapidly released upon neutrophil activation
in inflammatory process. MPO could amplify inflammatory
response in a neutrophil-dependent behavior and finally
delay the inflammatory resolution [35]. Therefore, the level
of MPO may be an indicator of neutrophil infiltration, which
is highly correlated with the inflammation resolution. In
Fig. S5A, the expression of MPO (black arrow) was highest in the
PBS treatment group, suggesting the massive inflammation
infiltration in joint tissues. The free Ac2-26 treatment could
slightly attenuate the expression of MPO. While the level of
MPO after the treatment of ADNPs was significantly declined,
indicating that they had the excellent ability in inflammation
resolution.

IL-17A produced by Th17 cells is a key player in the
pathogenesis of autoimmune diseases. IL-17A could not only
initiate the activation of autoreactive T cells [36], but also
enhance the release of invasive matrix metalloproteinases
(MMPs) in synovitis, mediating the destruction of joint tissues
[37]. As shown in Fig. S5A, the expression of IL-17A (black
arrow) was clearly visible after the treatment of PBS and free
Ac2-26, indicating an overactive immune response. While the
level of IL-17A after the treatment of ADNPs was reduced to
the similar level of the normal group, suggesting a balanced
immune state.

The rats in each treatment group were euthanasia after
14 d observation. The homogenates of joint tissue were
collected for evaluating the level of inflammatory cytokines.
As shown in Fig. 5D-5G, the treatment of ADNPs significantly
inhibited the expression of TNF-«, IL-18, IL-6 and IL-17A.
While the free Ac2-26 treatment was unable to effectively
decrease the inflammatory level. It was reported that the
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Fig. 5 - (A) Representative histological images of HE staining, MPO and IL-17A immunohistochemical staining for different
treatment groups. Scale bar is 200 pm. The average score of cell infiltration (B) and cartilage erosion (C) analyzed by the
results of HE staining. The inflammatory levels of TNF-« (D), IL-18 (E), IL-6 (F) and IL-17A (G) in joint tissues after the
treatment with PBS, free Ac2-26 peptides and ADNPs. Normal rats served as the control group. The flow cytometric analysis
of Treg (H) and Th17 (I) in draining lymph nodes. Results were shown as mean + SD (n=7). *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001.

imbalance between Th17 cells and Tyreg cells was essential
to the pathogenesis of RA [38]. The equilibrium of Thl7
and Treg cells would promote the restoration of immune
homeostasis in RA [39]. The proportion of Treg cells and Th17
cells in draining lymph nodes was showed in Fig. SH and
51, respectively. The free Ac2-26 treatment was unable to
increase the proportion of Treg. On the contrary, the significant
increase of the population of Treg and decrease of Th17 cells
were observed after the treatment of ADNPs. In general, these
results revealed that the treatment of ADNPs in AIA rats
could effectively achieve inflammation resolution by reducing
inflammatory levels, improving joint pathology and restoring
immune homeostasis.

3.9.  Biocompatibility study

Considering the frequent systemic adverse effect in current
treatments, we further studied the safety of ADNPs. As
shown in Fig. 6A, the count of red blood cells (RBC) for

all the treatments was nearly the same as the normal
group. Interestingly, the count of white blood cells (WBC)
and platelets (PLT) after the treatment of PBS significantly
increased compared with normal group (Fig. 6B-6C). This
might be due to the elevated inflammatory response after the
treatment of PBS. However, there was no significant difference
in the count of WBC and PLT after the treatment of free
Ac2-26 and ADNPs, compared to the normal group. The body
weight of rats in each treatment group was showed in Fig. 6D.
There was no obvious weight loss during these treatments.
These results indicated that the therapeutic strategy based
on ADNPs possesses an acceptable biocompatibility and
hemocompatibility.

3.10. Discussion

RA is highly chronic and requires life-long managements.
Long-term therapy using current anti-inflammatory strategies
is usually lack of adequate responsiveness and accompanied
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Fig. 6 — Biocompatibility studies of ADNPs in AIA rats. (A) RBG, (B) platelet and (C) WBGC counts in blood after the treatment of
PBS, free Ac2-26 peptides and ADNPs. Normal rats served as the control group. (D) The body weight of arthritis rats in each
treatment group. Results were shown as mean + SD,n=7. *P < 0.05, **P < 0.01.

with serious side effects. Recent studies on the pathogenesis
of inflammation showed that the persistence of chronic
inflammation might be not only caused by the complicated
and enormous inflammatory networks, but also the absence
of resolution mechanism [40]. This resolution function is
often fulfilled by some specific mediators in vivo such
as resolving El, lipoxin and annexin A1l [41]. They can
facilitate the inflammation resolution, restore inflamed tissue
and maintain the immune homeostasis. For example, the
lipid pro-resolving mediator, resolving E1, could inhibit
the development of inflammatory diseases by blocking the
neutrophil recruitment [42]. Annexin Al, a protein with
a molecular weight of 37kD, was able to activate anti-
inflammatory signaling by binding to the G-protein-coupled
receptors [43]. Therefore, therapeutic strategies based on the
pro-resolving therapy might offer a promising option for the
treatment of inflammatory diseases including RA.

Ac2-26, an annexin Al mimic peptide, has the similar
efficacy of inflammation resolution as annexin Al. But it has
better stability and lower immunogenicity than Annexin Al.
However, the direct administration of Ac2-26 peptides may
result in low bioavailability due to the rapid degradation of
peptides in vivo. To improve the bioavailability of Ac2-26 in
vivo, we constructed LDNPs by the co-assembly of L-AP and
DSPE-PEG2k to encapsulate and deliver Ac2-26 to inflamed
joints. When the Ac2-26 peptide was released from ADNPs in
inflamed joints, it could bind to the FPR2/ALX receptors on cell
surface, ultimately playing an important role in the resolution
pathway of inflammation. The obtained nanoparticles
displayed a uniformed diameter around 123.59nm and
negative charge of —9.4 mV, which is suitable for intravenous
administration. The ADNPs showed a desirable stability when
kept at 37 °C or incubated with serum components in vitro,
laying a good foundation for in vivo application. Using a thin-
film method, Ac2-26 peptides could be incorporated into the
hydrophobic core of ADNPs at a relatively high encapsulation
efficiency. And in vitro drug release demonstrated that
ADNPs could slowly release Ac2-26 peptides in PBS. When
incubated with macrophages and vascular endothelial cells,
the ADNPs did not affect the cell viability, displaying a
favorable cytocompatibility. After being administrated in vivo,
the ADNPs showed prolonged circulation time and improved
the accumulation of Ac2-26 peptides in inflamed joints due to
the passive targeted delivery of nanosized ADNPs. After one-
week treatment, the ADNPs significantly inhibited the joint
inflammation and ameliorated the pathology of arthritic joint.

During the development of RA, massive neutrophils would
traffic to arthritic sites and then be activated by inflammatory
signals. The activated neutrophils would consequently
produce destructive granule enzymes such as MPO,
leading to the persistent inflammation and tissue damage
[44]. In Fig. 6A (middle pane), we found that the treatment of
ADNPs significantly suppressed the level of MPO, indicating
that the treatment was able to reduce neutrophil influx in
inflamed sites.

IL-17A, mainly generated by Th17, is known as the key
player in the pathogenesis of RA, driving the excessive
autoimmune response [45]. On the contrary, the Treg
is essential in maintaining the immune tolerance in
autoimmune diseases by restraining the overshooting of
immune activation [46]. Therefore, permanent immune
homeostasis usually depends on the balance between Th17
and Treg [47]. The occurrence of RA disrupts the equilibrium
between these cell subsets by increasing the level of Th17 and
decreasing the level of Treg. As a result, regulating the level
of Th17 and Tyeg to the normal range would hold promise to
reverse the development of RA. We found that the treatment
of ADNPs obviously reduced the level of IL-17A produced
by Th17 cells and up-regulated the level of Treg in draining
lymph node to the normal level (Fig. 6G). Furthermore, the
treatment of ADNPs showed more effective therapeutic index
than the treatment of free Ac2-26 peptides.

Collectively, the treatment of ADNPs could exert a favorable
inflammation resolution by inhibiting the neutrophils influx
to inflamed sites, facilitating the tissues repair and promoting
the balance of immune response. To the best of our
knowledge, there has no drug designed for aiming at the pro-
resolving pathways in the clinical applications. Thus, ADNPs
formulation would provide new therapeutic option for RA
therapy.

4, Conclusion

We synthesized LDNPs by the co-assembly of L-AP and
DSPE-PEG,y to deliver hydrophobic Ac2-26 peptides for the
treatment of RA. The ADNPs showed prolonged circulation
time in vivo and enhanced accumulated in inflamed joints.
In arthritic rat model, the treatment of ADNPs was able
to reduce the swelling degree of paw thickness, inhibit
the inflammatory level in inflamed joints and promote the
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immune homeostasis. Our results highlight the potential of
the ADNPs as a candidate for RA treatment.
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