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Abstract. Rheumatoid arthritis (RA) is a chronic inflamma-
tory disease, which is associated with symptoms, including 
synovial membrane inflammatory pain, joint synovitis and 
stiffness. However, there are no effective methods available 
to cure this disease. In the present study, rapamycin was 
used to modulate immunity in RA. To limit the cytotoxicity 
of rapamycin, rapamycin was loaded into well‑characterized 
biocompatible nanoparticles. In vitro, rapamycin particles 
downregulated the activation of dendritic cell surface markers, 
including CD80+ and CD40+, upon interacting with macro-
phages. The rapamycin particles reduced the secretion of 
inflammatory cytokines, including interleukin (IL)‑6, tumor 
necrosis factor (TNF) and IL‑1β, which are characteristic of 
RA. In vivo, the rapamycin particles decreased the symptoms 
of RA in mice, and the production of inflammatory cytokines 
was associated with the occurrence of RA. The present study 
partially revealed the interactions between rapamycin and two 
types of immune cell in RA disease, and may potentially offer 
a solution to improve the treatment of RA.

Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease 
characterized by synovial membrane inflammation. The 
symptoms of RA include pain, stiffness and synovitis of the 
joints, resulting in articular destruction (1,2). The causes of 
RA include genetic and environmental factors, which result 
in immune perturbation in the innate and adaptive immune 
system, with chronic inflammation being one of the most 
notable effects. In established RA synovitis, it has been 
demonstrated that the innate and adaptive immune systems 
are involved in tissue inflammation and destruction  (3,4). 
Studies have linked RA with a network of cytokines, and 

these multifunctional proteins can promote specific immune 
responses, including inflammation. For example, the cytokine 
tumor necrosis factor (TNF)‑α, can promote inflammation in 
RA, and has been used as a target for treating RA (1,5). In 
addtion, studies have demonstrated that inflammatory cyto-
kines, including IL‑1β and IL‑8, promote the progression of 
RA (6). Specifically, IL‑1β is usually generated by the macro-
phages residing in the synovial lining, which contribute to 
joint inflammation and damage in RA (7). IL‑8 usually arises 
from the fibroblast‑like synoviocytes in RA, and can lead to 
joint damage and inflammation. Therefore, these cytokines are 
suitable indicators for RA disease and treatment (8). Although 
these results have been shown to be effective, further studies 
are required to elucidate the roles of major secondary immune 
tissues, including the spleen and lymph nodes, which are 
major organs involved in coordinating innate and adaptive 
immunity in this disease. Collagen‑induced arthritis (CIA) 
has been widely used to investigate human RA disease due to 
their similarities (9). In mice, CIA can be initiated to examine 
the mechanism and treatment of RA. In this model, B‑ and 
T‑lymphocytes are involved in the inflammatory responses 
by modulating the collagen type II responses, mimicking the 
innate and adaptive functions in RA (9‑12).

Mammalian target of rapamycin (mTOR) is essential in 
regulating cellular metabolism through various signaling 
pathways (13). Rapamycin is an immunosuppressant, which 
has been approved by the Food and Drug Administration for 
regulating immune responses in organ transplantation (14). 
Rapamycin can regulate mTOR pathways by modulating 
cellular and antibody immunity (15). Due to its potent immu-
nosuppressive effect, rapamycin has been reported to modulate 
RA by regulating the growth of synovial fibroblast cells, which 
are important in the development of RA (16). In another study, 
it was reported that rapamycin inhibits the inflammatory 
processes observed in adult rheumatoid arthritis, and this 
function indicates rapamycin is a promising immunosuppres-
sant for patients requiring renal transplantation and suffering 
from RA (17,18). However, although rapamycin is promising 
as an immunosuppressant, particularly for RA, the underlying 
mechanisms remain to be fully elucidated. Therefore, it is 
important to investigate these underlying mechanisms.

In the present study, the delivery of rapamycin within a 
biomaterial carrier for the treatment of RA was investigated. 
Rapamycin was loaded into the carrier at nanoscale and can 
be released in a controllable manner. Upon interacting in the 
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in vitro and in vivo RA model, rapamycin had no effect on 
cell viability, however, the RA symptoms were reduced and 
the production of inflammatory cytokines was observed in the 
RA mice. These results provide novel insight of the potential 
use of rapamycin for treating RA.

Materials and methods

Ethics statement. All experiments in the present study were 
performed according to the guidelines of the Animal Care 
and Use Committee of Lianyungang First Hospital (Jiangsu, 
China). The experiments were also performed according to the 
local and governmental laws on animal care and protection.

Materials. Bacterial lipopolysaccharide (LPS; Escherichia 
coli O55:B5) was obtained from Sigma‑Aldrich; Merck 
Millipore (Darmstadt, Germany). RPMI 1640 cell culture 
medium and FBS were from VWR International (West 
Chester, PA, USA). Penicillin and streptomycin were from 
Thermo Fisher Scientific, Inc. (Waltham, MA, USA). The poly 
(lactide‑co‑glycolide) copolymer [PLGA; lactide:glycolide 
(50:50); MW=30,000‑60,000] was from Sigma‑Aldrich; 
Merck Millipore. Trypan blue was from VWR International.

Cells and animals. For cell culture, RMPI 1640 medium 
was supplemented with 10% FBS, 100 U ml‑1 penicillin and 
100 mg ml‑1 and streptomycin. Cell culture was performed 
in 5% CO2 at 37˚C. Male DBA/1J mice (age, 5‑8  weeks 
old; weight, ~20 g) were obtained from the Animal Center 
at Lianyungang First Hospital. Mice were housed in a 12‑h 
light/dark cycle at 21˚C and 45% humidity, with free access to 
food and water.

Nanoparticle synthesis and characterization. Nanoparticles 
carrying rapamycin were generated using an emulsion 
method (19,20). Briefly, 10 mg rapamycin and 50 mg PLGA 
were dissolved in 2  ml DCM, followed by sonication for 
45 sec. The solution was then added in a drop‑wise manner 
into PVA solution (2%; 2 ml). The mixture was then sonicated 
for 15 min, and stirred with a magnetic bar at 600 x g at 4˚C for 
2 h. The particles were collected via centrifugation (13,600 x g 
at 4˚C for 7 min), and were then washed twice with distilled 
water. The particles were lyophilized and stored at ‑20˚C 
prior to use. The morphology of the particles was assessed in 
images, captured using a scanning electron microscope (SEM; 
JEOL‑JSM 7500F; JEOL, Ltd., Tokyo, Japan). The sizes of the 
particles were assessed using the Zetasizer Nano ZS instru-
ment (Malvern Instruments, Inc., Westborough, MA, USA). 
For particle size measurement, the incident beam was scat-
tered and detected at 90 degrees. An average of 12 runs (x3) 
were performed.

RA induction and assessment. The RA mouse model was 
established following a previously reported method  (21). 
Briefly, 10 mg type II collagen was dissolved in 1 ml acetic acid 
(0.01 M). This solution (100 µl) was injected intraperitoneally 
every 7 days for 56 days. RA was assessed macroscopically 
by using microcalipers to measure hind paw thickness. The 
lesions in the four paws were used to evaluate the severity of 
the arthritis. Each of the paws were graded between 0 and 3: 

0, normal; 1, marginal swelling; 2, pronounced edematous 
swelling; 3, joint rigidity. For the assessments, four groups of 
mice were included, as follows: The naïve group comprised 
mice without treatment, which was used as a negative control; 
the RA group comprised mice induced with RA, as another 
control to demonstrate treatment efficacy; the NP group 
comprised mice treated with empty particles (1 mg) to examine 
the effect of the carrier on treatment; in the fourth group, to 
demonstrate the effect of rapamycin particles on treatment, 
135 µg rapamycin particles were used to treat the mice induced 
with RA to demonstrate the treatment efficacy.

Viability assays. Dendritic cells (DCs) were used to investi-
gate the effect of rapamycin on cell viability. The cells were 
isolated from the spleen of naïve mice and were cultured in 
cell culture medium for 6 h, followed by washing twice with 
PBS to remove any dead, free‑floating cells. Trypan blue 
(1:1,000 in PBS) was used to stain the cells for viability assess-
ment. The numbers of viable cells were counted using a cell 
counter (NanoEnTek‑E1012V‑EVE automated cell counter; 
NanoEnTek, Inc., Inc., Seoul, Korea).

ELISA assays. The ELISA assays were performed as follows: 
100 µl blood was collected from the abdominal artery of the 
mice. The blood samples were then centrifuged at 18,000 x g 
at 4˚C for 5 min to obtain the plasma, which was then stored 
at ‑80˚C prior to use. The levels of TNF, IL‑6 and IL‑1β were 
assessed using ELISA kits according to the manufacturer's 
protocols. To determine the levels of cytokines in macro-
phages, the cells were treated with the following different 
sample group treatments for 48  h at 37˚C: i)  non‑treated 
negative controls; ii) cells treated with LPS (3 µg/ml); iii) cells 
treated LPS (3 µg/ml) and nanoparticles (250 µg/ml); and 
iv) cells treated with LPS (3 µg/ml) and rapamycin‑loaded 
nanoparticles (50 µg rapamycin per ml, loaded in nanopar-
ticles). For all ELISA assays, a standard curve was generated 
for quantification and 20 µl supernatant was collected for use 
in these tests.

Macrophage and DC isolation. The CD11c‑purified DCs were 
isolated from the spleens of mice. The cells were purified from 
the whole splenocytes using magnetic positive selection. The 
macrophages used in the present study were isolated from 
bone marrow according to the protocols described by the 
manufacturer of the kit and previous reports (20,21). In the 
in vitro experiments, four treatment groups were included: No 
treatment, lipopolysaccharide (LPS) treatment, LPS+particle 
treatment and LPS+rapamycin particle treatment. LPS was 
used as a positive control for stimulating dendritic cells at a dose 
of 3 µg/ml. In the in vitro experiments, the dose of rapamycin 
particles required to modulate DC activation was 60 µM.

Statistical analysis. Statistical analysis was performed using 
one‑way analysis of variance with Turkey's post hoc test. 
GraphPad Prism software version 6.0 (GraphPad Software, 
Inc., La Jolla, CA, USA) was used for analysis. P<0.05 was 
considered to indicate a statistically significant difference. All 
experiments were repeated three times with similar results. 
The experiments included three repeats for each assessment. 
In the animal experiments, each group contained five mice.
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Results

Prior to experiments in the present study rapamycin was 
loaded into PLGA nanoparticles using an emulsion method. 
Under SEM, the particles had a spherical shape (Fig. 1A) Using 
dynamic light scattering; it was found that the rapamycin‑loaded 
nanoparticles had a diameter of ~165±35 nm (Fig. 1B). The 
rapamycin within the particles was released during incubation 
in PBS; ~70% of the rapamycin was released in the first 24 h 
of incubation (Fig. 1C). The loading test showed that there was 
~138±15 µg rapamycin per mg of nanoparticles.

Following characterization of the rapamycin‑loaded 
particles, the effect of rapamycin on cell viability was deter-
mined. In this assessment, two samples were used: Rapamycin 
in a soluble form and rapamycin loaded into particles. The 
results showed that rapamycin caused a marginal reduction in 
cell viability in vitro in the two types of sample, compared 
with cells in the untreated control (Fig. 2). Compared with 
rapamycin in a soluble form, rapamycin loaded in the particles 
markedly increased cell viability, even when a high dose 
(≥25 µM) was used. This indicated that a biomaterial carrier 
reduced the cytotoxicity of the rapamycin in vitro.

Following assessment of the in  vitro cytotoxicity of 
rapamycin/NP, the interaction between rapamycin/NP and 
DCs, which are vital in innate and adaptive immunity, was 

assessed. As LPS is one the adjuvants, which has been success-
fully used to induce the RA mice model, the present study 
used LPS to examine the modulatory effects of rapamycin/NP. 
The results showed that LPS treatment significantly upregu-
lated DC surface markers, CD80+ and CD40+ (Fig. 3A and 
B). Following treatment of the cells with rapamycin/NP, the 
activation of these surface markers (CD80+ and CD40+) was 
downregulated (Fig. 3A and B). The empty PLGA particles did 
not activate these two surface markers (Fig. 3A and B) indi-
cating that the modulatory effects were from the rapamycin 
present within the particles.

Following the assessment of the effect of rapamycin on 
DCs, the present study investigated the effect of rapamycin 
on the production of cytokines from macrophages. To quan-
titatively assess the response of macrophages to rapamycin 
particles, the production of inflammatory cytokines from 
macrophages stimulated with LPS was examined. Following 
LPS stimulation, there was an increased production of inflam-
matory cytokines IL‑6, TNF and IL‑1β (Fig. 4A‑C). Treatment 
with the empty PLGA nanoparticles (NP+LPS in Fig. 4) did 
not decrease the production of these inflammatory cytokines 
(Fig. 4A‑C). By contrast, following the addition of rapamycin 
into the particles (rapamycin/NP), the levels of IL‑6, TNF and 
IL‑1β were significantly reduced (Fig. 4A‑C) indicating the 
regulatory functions of rapamycin in macrophage activation.

Following the in vitro assessments, the present study inves-
tigated the in vivo effects of rapamycin particles in a mice RA 
model. The clinical scores of mice were determined on expo-
sure to different treatments: Naïve mice (control), untreated 
mice (induced with RA only), NP (RA mice treated with 
empty particles) and rapamycin/NP mice (RA mice treated 
with rapamycin loaded in particles). The results of the clinical 
score assessment showed that, following daily rapamycin/NP 
treatment, there was a significant reduction in clinical score 
in the RA mice. By contrast, the mice treated with empty NP 
and the untreated RA mice exhibited relatively higher clinical 
scoring of RA symptoms (Fig. 5A). Another parameter used 
to indicate the treatment efficacy indirectly was the weights 
of the mice (Fig. 5B). The results indicated that, whereas the 
mice with no therapeutic treatment and those treated with 
empty particles (NP) exhibited weight loss in the 50 days, 
the mice treated with rapamycin/NP maintained a relatively 
stable weight, indicating that rapamycin/NP assisted in main-
taining a relatively healthy condition (Fig. 5B). In addition to 
clinical scores and mice weights, the present study assessed 
the production of inflammatory and regulatory cytokines in 

Figure 1. Characterization of rapamycin‑loaded nanoparticles. (A) Scanning electron microscopy revealing the morphology of the rapamycin‑loaded particles. 
(B) Size distribution of rapamycin particles. The particles had a diameter of 165±35 nm. (C) Release profile of rapamycin from particles in PBS.

Figure 2. Effects of soluble rapamycin and rapamycin particles on spleno-
cyte viability. Rapamycin had a marginal effect on cell viability. Rapamycin 
loaded in particles (orange bars) has less effect on cell viability, compared 
with soluble rapamycin (blue bars).
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mice receiving the different treatments. Compared with the 
naïve mice, there was a significant increase in the production 
of inflammatory cytokines IL‑6 and TNF in the mice induced 
with RA (Fig. 5C and D). Treatment with empty NP did not 
induce any treatment efficacy in terms of the production of 
inflammatory cytokines (Fig. 5C and D). Following treatment 

with rapamycin particles, there was a marked reduction in the 
levels of these two inflammatory cytokines (Fig. 5C and D). 
For the production of regulatory cytokine, IL‑10, there was a 
marginally lower level of IL‑10 in the RA mice, compared with 
that in the naïve mice (Fig. 5E). In the RA mice treated with 
rapamycin, there was a marginal increase in the production 

Figure 3. Rapamycin particles regulate dendritic cell activation. The activation of (A) CD80 and (B) CD40 markers by different samples was examined. Cells 
were treated with LPS, NP or LPS+rapamycin particles. Cells with no treatment were used as a control. *P<0.05. LPS, lipopolysaccharide; Rapa, rapamycin; 
NP, empty particles.

Figure 4. Production of cytokines from macrophages with different treatments. Secretion of (A) IL‑6, (B) TNF and (C) IL1‑β from macrophages with different 
treatments. The cells were treated with LPS, LPS+NP or LPS+rapamycin particles. Cells with no treatment were used as a control. *P<0.05 and **P<0.01. IL, 
interleukin; TNF, tumor necrosis factor; LPS, lipopolysaccharide; Rapa, rapamycin; NP, empty particles.

Figure 5. In vivo assessment of rapamycin particles in the RA model. (A) Clinical scores of Naïve mice, mice treated with empty NP and mice treated with 
rapamycin particles. Mice treated with rapamycin particles had lower clinical scores, compared with those in the other two groups. (B) Weights of mice. Naïve 
mice and mice treated with NP were used as controls, which exhibited reduced weight over time. (C) TNF, (D) IL‑6 and (E) IL‑10 were present in the sera of 
mice. *P<0.05 and **P<0.01. RA, rheumatoid arthritis; Naïve, untreated; NP, empty particles; Rapa/NP mice with RA and rapamycin particle treatment; TNF, 
tumor necrosis factor; IL, interleukin.
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of IL‑10 (Fig. 5E), indicating that rapamycin/NP exerted a 
regulatory effect, to a degree, in RA treatment.

Discussion

As with the majority of autoimmune diseases, RA consists of 
two distinct components: Damage in self‑tolerance and chronic 
inflammation in relevant organs. Specifically, RA is associated 
with chronic inflammation in the synovial tissues, in addition 
to erosion and destruction in bone and cartilage. To control 
the progression of this disease, multiple immune suppressants, 
including cyclosporin A, mizoribine and cyclophosphamide, 
have been used. Rapamycin, the FDA‑approved immunosup-
pressant used in organ transplantation, has been reported to 
be effective in regulating RA in several clinical cases (16‑18). 
However, due to limited investigations of this drug in RA, the 
underlying mechanism remains to be elucidated. Therefore, 
the present study investigated the in vitro and in vivo efficacy 
of rapamycin in regulating immunity in RA.

Studies have confirmed that DCs and macrophages are 
essential in autoimmune diseases, including RA  (22‑24). 
Specifically, DCs can contribute to the pathogenesis of RA 
via different mechanisms. First, DCs can prime major histo-
compatibility complex‑restricted autoimmune responses in 
major immune organs, including lymph nodes, where the 
activation of DCs can promote the production of autoantibody 
and chronic inflammatory pathology, which are features of 
RA (25,26). Secondly, DCs infiltrate into synovial tissue, 
and fluid can uptake and present antigens associated with the 
progression of RA, which contributes to the perpetuation of 
RA. In addition, in vivo histological experiments have shown 
that DCs can promote inflammation in ectopic lymphoid 
tissues  (27,28). Therefore, the present study investigated 
the effects of rapamycin on the activation of DC surface 
markers, which is required by DCs to perform their func-
tions in innate and adaptive immunity. The results showed 
that rapamycin carried in particles downregulated the activa-
tion of DC surface markers in vitro (Fig. 3A and B), which 
indicated that regulation of DC activation by rapamycin 
particles may be a potential strategy for the regulation of RA. 
As antigen‑presenting cells, DCs are important in mediating 
immunity and immune tolerance. Although the exact roles of 
DCs in RA remain to be fully elucidated, evidence suggests the 
roles of DCs are in disease progression and maintenance (14). 
This is consistent with the findings of the present study, in 
which rapamycin particles regulated RA disease by modu-
lating DC activation. Similarly, the present study revealed that 
rapamycin particles regulated the secretion of inflammatory 
cytokines from macrophages (Fig. 4A‑C). Macrophages were 
investigated as they are important in the pathophysiology 
of inflammation and atherosclerosis  (22,23,29,30). In RA, 
there is marked activation and infiltration of macrophages to 
inflammatory sites (31‑33). It has been demonstrated that one 
major contribution of macrophages in RA is the enhanced 
production of TNF (34). In the present study, it was demon-
strated that rapamycin particles regulated the production of 
TNF and other inflammatory cytokines (IL‑6 and IL1‑β), as 
shown in Fig. 4‑C. These data, together with previous reports, 
partially explains the clinical observations that rapamycin 
regulates RA (17,19).

Several immune therapies are being developed for the 
treatment of RA, including targeting T cell and B cell func-
tions. In particular, the regulation of inflammatory cytokines, 
including TNF, IL‑6 and IL‑1β, is a focus of interest in investi-
gations (35,36). Therefore, the present study also assessed the 
in vivo modulatory effects of rapamycin particles in regulating 
RA. The clinical scores showed improved RA symptoms and 
stable weight maintenance in the mice treated with rapamycin 
particles (Fig. 5A and B). Considering the significance of 
inflammatory cytokines in regulating RA, the present study 
assessed the levels of TNF, IL‑6 and IL‑1β in mice exposed 
to different treatments. There were reductions in the levels of 
TNF, IL‑6 and IL‑1β in the mice treated with rapamycin parti-
cles, indicating reduced inflammation in vivo. In addition to the 
clinical scores, these data indicated that rapamycin particles 
modulated RA inflammation. However, the present study did 
not investigate the roles of regulatory immune cells, including 
regulatory T cells, in treatment. This, and the in vivo responses 
of DCs, macrophages and other immune cells, including natural 
killer cells, require determination in future investigations.

In conclusion, the present study investigated the use of 
rapamycin to modulate immunity in RA. It was found that 
carrying rapamycin within a biocompatible material reduced 
the toxicity of the drug. In vitro experiments indicated that 
rapamycin regulated the activation of DCs and macrophages. 
In vivo experiments demonstrated that rapamycin particles 
reduced RA clinical scores and reduced the production of 
inflammatory cytokines. These results assist in understanding 
the interactions between immune cells and rapamycin, and 
suggest a potential method for the treatment of RA.
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