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I M M U N O L O G Y

Tolerogenic nanoparticles induce type II  
collagen–specific regulatory T cells and  
ameliorate osteoarthritis
Hee Su Sohn1†, Jeong Won Choi2†, JooYeon Jhun2,3, Sung Pil Kwon1, Mungyo Jung1, 
Sangmin Yong4, Hyun Sik Na3,5, Jin-Hong Kim4, Mi-La Cho2,6*, Byung-Soo Kim1,7,8*

Local inflammation in the joint is considered to contribute to osteoarthritis (OA) progression. Here, we describe 
an immunomodulating nanoparticle for OA treatment. Intradermal injection of lipid nanoparticles (LNPs) loaded 
with type II collagen (Col II) and rapamycin (LNP-Col II-R) into OA mice effectively induced Col II–specific anti-
inflammatory regulatory T cells, substantially increased anti-inflammatory cytokine expression, and reduced 
inflammatory immune cells and proinflammatory cytokine expression in the joints. Consequently, LNP-Col II-R 
injection inhibited chondrocyte apoptosis and cartilage matrix degradation and relieved pain, while injection of 
LNPs loaded with a control peptide and rapamycin did not induce these events. Adoptive transfer of CD4+CD25+ 
T cells isolated from LNP-Col II-R–injected mice suggested that Tregs induced by LNP-Col II-R injection were likely 
responsible for the therapeutic effects. Collectively, this study suggests nanoparticle-mediated immunomodula-
tion in the joint as a simple and effective treatment for OA.

INTRODUCTION
Osteoarthritis (OA) is a common joint disease that involves carti-
lage destruction and subchondral bone sclerosis, and is accompanied 
by severe pain and locomotion limitations. The general treatments 
for OA before joint replacement include oral administration of 
nonsteroidal anti-inflammatory drugs (NSAIDs) and injection of 
hyaluronic acid within the joint (1). However, these treatments re-
lieve symptoms only to a certain extent, cannot stop the progression 
of the disease, and often cause side effects. Autologous chondrocyte 
implantation can be used to regenerate cartilage in OA patients (2), 
but is costly and invasive.

OA has been traditionally considered a noninflammatory disease 
caused by mechanical wear of cartilage. However, recent emerging 
evidence has indicated that inflammation in the synovium (synovitis) 
also contributes to OA development (3, 4). Low-grade chronic in-
flammation in OA is initiated by mechanical wear of cartilage and 
sustained via innate and adaptive immune responses (5). Mechani-
cal wear of cartilage leads to the release of extracellular matrix (ECM) 
fragments and damage-associated molecular patterns, which induce 
innate immune responses such as the release of proinflammatory 
mediators and macrophage infiltration into OA synovium (6). Compared 

to the synovium of healthy individuals, that of OA patients contains 
higher numbers of inflammatory immune cells, such as M1 macro-
phages, type 1 helper T cells (TH1 cells), and TH17 cells, and lower 
numbers of anti-inflammatory regulatory T cells (Tregs) (4, 7–10). 
Inflammatory immune cells propagate synovitis and further deteri-
orate the cartilage tissue. T cells isolated from OA patients induced 
autoimmune responses to autologous articular chondrocytes in vitro 
(11). Clonal expansion of antigen-specific B cells was found in patients’ 
OA synovium (12). Furthermore, autoantibodies against cartilage-
derived molecules, such as type II collagen (Col II), proteoglycan, 
and aggrecan, were found in sera and synovial fluids of OA patients 
(8, 13, 14). These results suggest that OA is a multiantigenic inflam-
matory disease and could be effectively treated by antigen-specific 
immunomodulation in the joint.

Tregs can inhibit inflammatory immune cells such as M1 macro-
phages and TH1 cells through secretion of anti-inflammatory cyto-
kines [e.g., interleukin-10 (IL-10) and transforming growth factor– 
(TGF-)] (15, 16). Thus, adoptive Treg transfer therapy may hold 
great promise for treating inflammatory diseases (17). For the ther-
apy, Tregs specific for a desired antigen would be advantageous over 
polyclonal Tregs for the following reasons. First, adoptive transfer of 
polyclonal Tregs may cause side effects of nonspecific systemic im-
munosuppression through systemic secretion of anti-inflammatory 
cytokines (17, 18). Nonspecific systemic immunosuppression may 
increase vulnerability to life-threatening infections and the risk of 
developing malignancies. Tregs specific for a desired antigen exert 
more localized and targeted immunosuppression than polyclonal Tregs. 
Second, antigen-specific Tregs have been proven to be functionally 
superior to polyclonal Tregs in animal models (19, 20). This would 
be ascribed to localization and activation of antigen-specific Tregs at 
the target site through interactions with antigen presented by antigen-
presenting cells (APCs) at the inflammation site. However, broad 
clinical applications of adoptive transfer of autologous Tregs would 
be limited by the costly and complicated procedures of ex vivo Treg 
manufacturing (17). In this context, in vivo induction of OA antigen-
specific Tregs may show potential for OA treatment and may be 
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advantageous over adoptive transfer of OA antigen-specific Tregs or 
polyclonal Tregs.

Here, we present an off-the-shelf approach for OA treatment, which 
involves nanoparticle-mediated in vivo induction of Col II–specific 
Tregs (Fig. 1A). In vivo induced Col II–specific Tregs may ameliorate 
inflammation at the OA joint and inhibit OA progression. Col II 
was selected as the antigen for induction of antigen-specific Tregs. 
Col II is a major component of cartilage ECM and a potential auto-
antigen because autoantibodies against Col II are found in the syno-
vial fluid and serum in OA patients (21). Col II present in the OA 
joint is susceptible to modification by inflammatory molecules, such 

as proteolytic enzymes and reactive oxygen species (22), and the 
modification potentially increases its antigenicity (8, 11, 12, 23–25). 
Thus, we used Col II that was degraded by a proteolytic enzyme as 
the antigen to induce Col II–specific Tregs. The hypothesis of our 
approach (Fig. 1A) is as follows. Intradermally injected lipid nano
particles (LNPs) loaded with Col II and rapamycin (LNP-Col II-R) 
are taken up by dendritic cells (DCs). DCs subsequently differentiate 
into tolerogenic DCs (tDCs) due to rapamycin, present Col II on 
major histocompatibility complex class II (MHC II), migrate to ad-
jacent lymph nodes, and induce Col II–specific Tregs. Col II–specific 
Tregs migrate to the site of inflammation (i.e., OA joint) and are activated 
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Fig. 1. The hypothesis of this study and characterization of LNPs loaded with type II collagen peptide (Col II) and rapamycin (LNP-Col II-R). (A) Hypothesis of this 
study. Intradermal injection of LNP-Col II-R to OA mice would induce Col II–specific Tregs. The Tregs in the synovium would inhibit M1 macrophages and TH1 cells, both of 
which express inflammatory cytokines (e.g., TNF-, IFN-, and IL-1) and inhibit chondrocyte apoptosis and matrix destruction in the OA articular cartilage. (B) TEM image 
and (C) size distribution of LNP-Col II-R. Scale bars, 50 nm. Confirmation of rapamycin loaded in LNP, as evaluated by (D) DSC and (E) HPLC. The arrow indicates rapamycin 
peak. (F) Confirmation of Col II loaded in LNP by confocal microscopic photographs of LNP-Col II-R. Scale bars, 1 m. (G) Colloidal stability of LNP-Col II-R in 50% (v/v) se-
rum, as evaluated by DLS (n = 3). (H) Confirmation of released amount of Col II peptide and rapamycin from LNP-Col II-R by BCA protein assay and HPLC, respectively 
(n = 3).



Sohn et al., Sci. Adv. 8, eabo5284 (2022)     25 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 15

upon interaction with Col II presented on MHC II of APCs (e.g., 
activated B cells, DCs, and macrophages) at the OA synovium. The 
activated Tregs ameliorate joint inflammation. We tested this hy-
pothesis in a murine OA model.

RESULTS
Characterization of LNP-Col II-R
Col II for LNP-Col II-R was prepared through collagenase treatment 
of undenatured Col II proteins. The molecular weights of un-
denatured Col II proteins ranged from 13 to 100 kDa, while those of 
Col II after collagenase treatment ranged from 6 to 16 kDa (fig. S1). 
LNP-Col II-R exhibited a round morphology (Fig. 1B) and an aver-
age size of 215.4 ± 53.8 nm (Fig. 1C). LNP-Col II-R showed a posi-
tive surface charge of 6.2  ±  3.6 mV due to the cationic lipid 
1,2-dioleoyl-3-trimethylammonium-propane (chloride salt) (DOTAP) 
of LNP. Differential scanning calorimetry (DSC) analysis revealed 
incorporation of rapamycin in LNP-Col II-R (Fig. 1D). The thermo-
gram of free rapamycin crystals showed an endothermic peak at 
~190°C (26). The peak was not observed in rapamycin-loaded LNPs 
(LNP-R and LNP-Col II-R) or in blank LNPs, indicating that rapa-
mycin was incorporated into LNPs and existed in an amorphous state in 
the lipid bilayer of the LNPs. High-performance liquid chromatog-
raphy (HPLC) analysis confirmed that rapamycin was loaded in 
LNP-Col II-R (Fig. 1E). The rapamycin loading efficiency was 65.9%. 
Confocal microscopic analysis revealed that Col II was incorporated in 
LNPs (Fig. 1F). LNP-Col II-R showed colloidal stability in 50% (v/v) 
serum for at least 3 days (Fig.  1G). Considering that DCs engulf 
nanoparticles within 24 hours after intradermal injection (27, 28), 
LNP-Col II-R that is stable for 3 days would be appropriate for DC 
uptake after intradermal injection. Less than only 10% of rapamycin 
and Col II peptides were released from LNP-Col II-R within 72 hours 
(Fig. 1H). The slow release profiles ensure that the payloads (rapa-
mycin and Col II) are released intracellularly. LNP-Col II-R can be 
internalized into endosomes of DCs by endocytosis. Subsequently, 
the payloads are released to the cytosol via LNP fusion with endoso-
mal membranes (29, 30). The fusion is mediated by the interactions 
between cationic lipids of LNPs and anionic endosomal membranes. 
The intracellular release leads to induction of Col II–presenting tDCs 
(31). In this context, the design of nanoparticles would be appropri-
ate for induction of tDCs.

LNP-Col II-R–mediated antigen presentation on DCs
To determine whether LNPs enhance Col II (antigen) delivery to 
DCs and subsequent antigen presentation on DCs, free Col II or 
LNP-Col II-R was added to DC cultures. After 24 hours, 91.8% of 
the DCs engulfed the LNPs (Fig. 2A). In addition, LNP-Col II-R en-
hanced Col II delivery to DCs compared with free Col II (Col II–
bearing DCs: 93.3% versus 2.2%) (Fig. 2B). Most of the Col II was 
presented on the DC surface in the LNP-Col II-R injection group. 
To determine whether antigen delivery with LNPs leads to antigen 
presentation on MHC II of DCs, LNPs were loaded with E pep-
tides and rapamycin, and then added to DC cultures. Technically, 
the presentation of Col II on MHC II of DCs is difficult to prove 
directly. Thus, we exploited the Yae antibodies that bind to both the 
E peptide and MHC II simultaneously, and indirectly demonstrated 
E peptide (antigen) presentation on MHC II following the addi-
tion of LNP-E-R to DC cultures (Fig. 2C). The addition of LNP-
E-R led to 82.0% of the DCs presenting E peptide on MHC II. In 

contrast, the addition of free E peptides to DC cultures resulted in 
only 17.1% of the DCs presenting E peptide on MHC II.

LNP-Col II-R–mediated induction of tDCs
tDC can induce naïve T cells to differentiate into Tregs. To deter-
mine whether LNP-Col II-R can induce tDCs, DCs were cultured in 
the presence of different types of LNPs for 48 hours and subsequently 
activated by lipopolysaccharide (LPS) for 24 hours. Rapamycin, an 
immunosuppressive agent, is known to endow DCs with tolerogenic 
properties (31). Flow cytometry analysis indicated that mature DCs 
(mDCs) expressed costimulatory surface molecules (CD40, CD80, 
and CD86) and MHC II at higher levels than immature DCs (iDCs) 
(Fig. 2D). The costimulatory molecule levels of LNP-Col II-R– and 
LNP-R–treated DCs were significantly higher than those of iDCs 
and lower than those of LNP-Col II–treated DCs and mDCs. Quan-
titative reverse transcription polymerase chain reaction (qRT-PCR) 
analysis showed that mDCs expressed the highest mRNA levels of 
inflammatory cytokine, tumor necrosis factor– (TNF-), and the 
lowest mRNA level of anti-inflammatory cytokine, TGF-, com-
pared with the other groups (Fig. 2E). The mRNA level of TNF- in 
LNP-Col II-R–treated DCs was higher than that of iDCs and lower 
than those of LNP-Col II–treated DCs and mDCs. The TGF- mRNA 
level of LNP-Col II-R–treated DCs was significantly higher than 
those of iDCs, LNP-Col II–treated DCs, and mDCs. Together, these 
data indicate that LNP-Col II-R treatment to DCs can induce tDCs. 
The enzyme-linked immunosorbent assay (ELISA) data showed that 
LNP-Col II-R–treated DCs secreted more anti-inflammatory cyto-
kine (TGF-) than iDCs and mDCs, and less inflammatory cyto-
kine (TNF-) than mDCs (Fig. 2F).

Biodistribution of nanoparticles after intradermal injection
To examine the biodistribution of LNP-Col II-R after intrader-
mal injection, LNPs were labeled with 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindotricarbocyanine iodide (DiR), a lipophilic dye, and 
then intradermally injected near the right inguinal lymph node 
(iLN) of mice. In vivo imaging at 6, 24, and 48 hours after injection 
revealed that the nanoparticles existed near the injection site for at 
least 48 hours (Fig. 3A). DCs are known to engulf foreign particles 
within 24 hours (27, 28). At 24 hours, the DiR-labeled nanoparticles 
were observed only in the right iLNs and not in the major organs 
(Fig. 3B). The in vivo biodistribution study of free rapamycin could 
not be conducted because it is difficult to label rapamycin with flu-
orescent dye. Instead, we conducted a biodistribution study using a 
fluorescent molecule, DiR, which has a similar hydrophobic prop-
erty to that of rapamycin. Free DiR molecules dispersed in vivo after 
intradermal injection near the right iLN, and fluorescence was not 
detected near the injection site 2 hours after injection and in the 
major organs and the right iLN 24 hours after injection (fig. S2, A 
and B). These results suggest that intradermal injection of free rapa-
mycin might not be suitable for local delivery to lymph node. Im-
munostaining of the right iLNs retrieved at 24 hours revealed that 
DCs (CD11c+ cells) contained LNPs (Fig. 3C) and interacted with 
CD3+ T cells in paracortex of the lymph node (Fig. 3, C and D).

LNP-antigen-R–mediated induction of antigen-specific Tregs
Given that LNP-R can induce tDCs (Fig. 2, D and E), we next inves-
tigated whether LNP-antigen-R can induce antigen-specific Tregs 
both in vivo and in vitro. Considering that CD4+ T cells of OT-II 
transgenic mice are highly responsive to chicken ovalbumin 323 to 
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Fig. 2. LNP-Col II-R–mediated antigen presentation on DCs and subsequent induction of tDCs in vitro. (A) Effective uptake of LNPs by DCs in vitro. Scale bars, 50 m. 
(B) LNP-Col II-R–mediated, effective presentation of antigen (Col II) on DCs in vitro. Scale bars, 10 m (n = 4). (C) LNP-mediated, effective presentation of antigen (E pep-
tide) on MHC class II of DC surface in vitro. Scale bars, 50 m (n = 4). LNP-Col II-R–mediated, effective induction of tDCs in vitro, as evaluated by DC surface protein analyses 
with (D) flow cytometry (n = 6), (E) cytokine mRNA analysis with qRT-PCR (n = 6), and (F) ELISA (n = 4). (B) ***P < 0.001. Two-tailed t test. (C to E) #P < 0.001 versus any group, 
*P < 0.05, **P < 0.01, and ***P < 0.001. One-way ANOVA (multiple comparison) with Tukey’s post hoc test.
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339 peptides (OVA), LNPs loaded with different types of molecules 
were injected intradermally into OT-II mice to assess the ability of 
LNPs loaded with OVA to induce OVA-specific Tregs in vivo (Fig. 4A). 
LNP-OVA-R injection resulted in a significantly higher proportion 
of OVA-specific Tregs in the iLNs than the other types of nanoparticles 
including LNP-R, LNP-Col II-R, and LNP-OVA. Next, we evaluated 
the ability of DCs harboring LNP-antigen-R nanoparticles to activate 

and expand antigen-specific Tregs in vitro (Fig. 4B). DCs were treated 
with different types of LNPs in vitro and subsequently cocultured 
with CD4+ T cells isolated from OT-II transgenic mice. The LNP-
OVA-R group showed significantly higher activation of Tregs than 
the other groups. Next, we investigated whether intradermal injec-
tion of LNP-Col II-R generates Col II–specific Tregs in OA wild-type 
mice. LNPs loaded with different types of molecules were injected 

B
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Fig. 3. Biodistribution of LNP-Col II-R after intradermal injection. (A) Fluorescence intensity of DiR-labeled LNP-Col II-R at 6, 24, and 48 hours after intradermal injec-
tion near the right iLN of mice. (B) Fluorescence intensity of major organs and iLN 24 hours after intradermal injection near the right iLN. (C) Immunostaining of DCs in the 
right iLN with anti-CD11c antibodies 24 hours after intradermal injection of DiD-labeled LNP-Col II-R, indicating colocalization of LNP-Col II-R and DCs in the right iLN. The 
photographs of the lowest row are a higher magnification of the rectangular areas (paracortex) of those in the top rows. Scale bars, 100 m (top row), 50 m (middle row), 
and 5 m (bottom row). (D) Immunostaining of DCs and T cells in the right iLN with anti-CD11c and anti-CD3 antibodies 24 hours after intradermal injection of DiD-labeled 
LNP-Col II-R, indicating colocalization of LNP-Col II-R, DCs, and T cells in the right iLN. The photographs of the bottom row are a higher magnification of the rectangular 
areas of those in the top row. Scale bars, 50 m (top row) and 10 m (bottom row).
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subsequently restimulated in vitro with Col II or OVA (n = 5). (D) Relative mRNA expression of FOXP3 and TGF- in the splenocytes restimulated in vitro with Col II or OVA 
(n = 6). (E) Proportion of Tregs in splenocytes analyzed by flow cytometry. The splenocytes were isolated from wild-type OA mice that had been treated with intradermal 
injection of different types of nanoparticles and subsequently restimulated in vitro with Col II259–273 (epitope) or OVA (n = 5). (A to E) *P < 0.05, **P < 0.01, and ***P < 0.001. 
One-way ANOVA (multiple comparison) with Tukey’s post hoc test.
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into the mice. Then, splenocytes were harvested and treated with 
Col II or OVA for antigen-specific restimulation. The LNP-Col II-R 
group restimulated with Col II showed the highest proportion of 
Tregs (Fig. 4C) and the highest mRNA expressions of Treg-specific 
genes, forkhead box p3 (Foxp3) and TGF- (Fig. 4D). The well-
known epitope for Col II is Col II259–273. Col II259–273 is known to be 
loaded on MHC II and aggravate rheumatoid arthritis by activating 
Col II259–273-specific CD4+ T cells (32). We examined the feasibility of 
Col II259–273 epitope for in vivo generation of Col II259–273-specific 
Tregs. After intradermal injection of LNP-Col II259–273-R or LNP-OVA-R 
to mice, splenocytes were harvested and treated with Col II259–273 or 
OVA in vitro for Treg restimulation. The LNP-Col II259–273-R group 
showed the highest proportion of Tregs (Fig. 4E). Collectively, these 
data indicate that LNP-Col II-R can generate Col II–specific Tregs.

Therapeutic effects of LNP-Col II-R in OA mice
To evaluate the therapeutic effects of LNP-Col II-R, C57BL/6 mice 
underwent destabilization of medial meniscus (DMM) surgery on 
the right side of the knee for OA induction, and the left knee re-
mained as a control (33). The level of autoantibodies against Col II 
in murine DMM-induced OA model was determined with ELISA 
after 8 weeks of DMM surgery (Fig. 5A). The level of Col II immuno-
globulin G (IgG) increased in the DMM-induced mouse model as 
compared to the normal healthy group. For the treatment, the nano
particles were injected intradermally on the right side of the dorsal 
flank near the iLN. At week 8, Safranin O–Fast Green staining of 
the joints qualitatively showed that DMM surgery induced cartilage 
destruction and that LNP-Col II-R injection inhibited cartilage de-
struction more effectively than the other groups (Fig. 5B). The 
Osteoarthritis Research Society International (OARSI) score of the 
LNP-Col II-R group was significantly lower than those of the other 
groups (Fig. 5C and fig. S4). The size and maturity of osteophytes in 
the Safranin O–Fast Green staining images (Fig. 5D) were quanti-
fied according to the scoring system (Fig. 5E) (34, 35). The LNP-R 
or LNP-Col II-R injection groups showed smaller size and lower 
maturity of osteophytes compared with other groups. The synovitis 
was analyzed by hematoxylin and eosin (H&E) staining of the joint 
synovium (Fig. 5F). The synovial lining of the joints showed a higher 
extent of immune cell infiltration after DMM surgery, in agreement 
with a previous study (36). The LNP-Col II-R injection group showed 
a lower degree of immune cell infiltration than the other groups. 
Terminal deoxynucleotidyl transferase–mediated deoxyuridine tri-
phosphate nick end labeling (TUNEL) staining data at 8 weeks indi-
cated that chondrocyte apoptosis was highly increased in all groups 
except for the LNP-Col II-R group as compared to the normal healthy 
group (Fig. 5G). Col II in the cartilage was maintained at a higher 
level in the LNP-Col II-R–injected mice (Fig. 5, H and I). This is 
likely due to the decreased expression of matrix metalloproteinase 
13 (MMP13) (Fig. 5, H and I), which degrades Col II, and the high-
er expression of Col II in the LNP-Col II-R–injected mice (Fig. 5J). 
The lower level of Col II in the cartilage of the LNP group is likely 
due to the increased MMP13 expression and decreased Col II ex-
pression. The normal group was used as the control in this study 
instead of the sham surgical group. Because the OARSI scores of the 
normal and sham surgical control groups were not different from 
each other (fig. S3), the lack of the sham surgical control would not 
affect the evaluation of the therapeutic efficacy. At week 8, the ani-
mals’ pain was evaluated by the mechanical allodynia test (von Frey 
test) and static weight-bearing test. The von Frey test measures the 

withdrawal force at which stimulation to the hind paw causes pain 
such that the animals withdraw their hind paw from the plate. The 
withdrawal force threshold of the LNP-Col II-R group was signifi-
cantly higher than those of the other groups and similar to that of 
the normal healthy group (Fig. 5K). The weight-bearing test showed 
that LNP-Col II-R injection more effectively relieved pain than in-
jection of phosphate-buffered saline (PBS), LNP, or LNP-OVA-R 
(Fig. 5L). Pain relief by LNP-Col II-R injection is likely due to miti-
gated inflammation in the joint (37).

LNP-Col II-R–mediated immunomodulation in the synovium 
of OA mice
Inflammatory immune cells infiltrate the synovium of OA joint and 
are intimately involved in the progression of OA (5, 7, 10, 13, 24, 37–40). 
We investigated whether LNP-Col II-R injection could mitigate in-
flammation at the OA joint by modulating inflammatory immune 
cells in the synovium. Immunostaining analyses indicated that LNP-Col 
II-R injection significantly increased Tregs in the synovium at 8 weeks 
compared with the other treatments (Fig. 6A). Meanwhile, immu-
nostaining for a macrophage marker (F4/80) and an M1 macrophage 
marker [inducible nitric oxide synthase (iNOS)] indicated that 
LNP-Col II-R injection significantly reduced the number of inflam-
matory M1 macrophages in the synovium compared to the other 
treatments (Fig. 6B). The number of anti-inflammatory M2 macro-
phages in the synovium was not significantly different among the 
LNP-Col II, LNP-R, and LNP-Col II-R groups (fig. S5). Moreover, 
LNP-Col II-R injection reduced the densities of interferon- (IFN-)–
secreting CD4+ T cells, IL-17–secreting CD4+ T cells, and IL-1–se-
creting M1 macrophages in the synovium (Fig. 6, C and D, and fig. 
S6). These results may be ascribed to the LNP-Col II-R injection–
mediated increase in the number of anti-inflammatory IL-10–secreting 
Tregs in the synovium (Fig. 6E) that inhibit inflammatory CD4+ T cells 
and M1 macrophages. PCR analyses showed tendencies for the ex-
pression of IFN-, IL-1, TNF-, and TGF- in the joints (Fig. 6F), 
which were similar to the immunostaining results. LNP-Col II-R 
injection significantly decreased the mRNA expression of inflam-
matory cytokines (IFN-, IL-1, and TNF-) and increased that of 
the anti-inflammatory cytokine TGF- in the OA joints.

Therapeutic effects of adoptive cell transfer to OA mice
To investigate whether Tregs induced by LNP-Col II-R injection are 
responsible for the therapeutic effects, we performed adoptive T cell 
transfer to OA mice. CD4+CD25+ T cells that included Tregs were 
isolated from the spleens of mice that had been treated with intra-
dermal injection of PBS, LNP-R, or LNP-Col II-R. The reason for 
sorting cells with only CD4 and CD25 without Foxp3 is to retain the 
cells’ therapeutic effect. To isolate Foxp3+ Tregs, a cell permeabiliz-
ing step is necessary, which would kill the cells and make the cells 
unsuitable for the adoptive transfer (41). In adoptive Treg transfer in 
clinical trials, therefore, CD4+CD25+CD127− or CD4+CD25+CD127− 
CD45RA+ T cells are sorted and transferred (18), while CD4+CD25+ 
T cells are sorted in murine model for adoptive Treg transfer (42). 
The isolated CD4+CD25+ T cells were transferred to OA mice by 
intravenous injection (Fig. 7A). Safranin O–Fast Green staining of 
the joints at 8 weeks indicated that the LNP-Col II-R group showed 
less destruction in the cartilage and scored significantly lower OARSI 
grades than the other groups (Fig. 7B). Immunostaining analysis 
indicated that the number of CD4+CD25+Foxp3+ Tregs in the sy-
novium was significantly higher in the LNP-Col II-R group than in 



Sohn et al., Sci. Adv. 8, eabo5284 (2022)     25 November 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 15

Normal PBS LNP LNP-Col II LNP-R LNP-Col II-R

31
P

M
M

LNP-OVA-R

1a2lo
C

Normal PBS LNP-Col II-RLNP LNP-Col II LNP-R

DMM

LNP-OVA-R

O
A

R
S

I g
ra

de
 (0

–6
) 

***

**
**

0

2

4

6 *
A C E

B

D

F

G

H

I J K L

Normal PBS LNP-Col II-RLNP LNP-Col II LNP-R LNP-OVA-R

0

1

2

3

O
st

eo
ph

yt
e 

m
at

ur
ity

 (0
–3

)

§

*
*

*

**

0

1

2

3

O
st

eo
ph

yt
e 

si
ze

 (0
–3

)

**
*

Normal PBS LNP-Col II-RLNP LNP-Col II LNP-R LNP-OVA-R

0

0.1

0.2

0.3

0.4 ***

O
D

Col II IgG

L
E

N
UT

Normal PBS

LNP-Col II-R

LNP LNP-Col II 

LNP-R LNP-OVA-R

**

0

20

5

10

15

TU
N

EL
+ 

ar
ea

/D
A

P
I+  a

re
a 

(%
)

*

**
**

***

0

20

5

10

15

M
M

P
13

+  c
el

l a
re

a/
ar

ea
 (%

)

*

***

***

***

***

0.0

0.5

1.0

1.5

R
el

at
iv

e 
m

R
N

A
 le

ve
l

COL II

# #

*

#
***

**
**

***
***

*** *
** ***

***

W
ith

dr
aw

al
 fo

rc
e 

th
re

sh
ol

d 
(g

)

*

4

6

8

10

W
ei

gh
t-b

ea
rin

g 
ra

tio
 R

/L
 (g

)

**
**

***

*

***

0.6

0.8

1.0

1.2

0.0

0.5

1.0

1.5

N
or

m
al

iz
ed

 in
te

ns
ity

 

Col II

***
** * ***

Fig. 5. Therapeutic effects of LNP-Col II-R in OA mice at 8 weeks. (A) Level of autoantibodies against Col II in serum of DMM-induced mice (n = 4). (B) Representative 
Safranin O–Fast Green–stained sections of the joints. Photographs of the bottom row are higher magnification of the rectangular areas of those in the top row. Scale bars, 
100 m. (C) OARSI scores. *P < 0.05, **P < 0.01, and ***P < 0.001 versus any group except LNP-Col II-R. One-way ANOVA with Tukey’s post hoc test (n = 5). (D) Representa-
tive Safranin O–Fast Green–stained sections of the joints. The osteophytes are indicated with black arrows. Scale bars, 100 m. (E) Osteophyte size and maturity analysis. 
*P < 0.05, **P < 0.01, and §P < 0.001 versus any group except LNP-R and LNP-Col II-R. One-way ANOVA with Tukey’s post hoc test (n = 4). (F) H&E staining of the synovium. 
Scale bars, 100 m. (G) TUNEL staining of the cartilage. Scale bars, 100 m. (H) Immunostaining for MMP13 and Col2a1 in the cartilage (scale bars, 100 m) and (I) quanti-
fication. (J) Relative mRNA expressions of Col II in the joints (n = 4). Pain evaluated by (K) mechanical allodynia (von Frey) test and (L) static weight-bearing test. (A, G, and 
I to L) *P < 0.05, **P < 0.01, and ***P < 0.001. One-way ANOVA (multiple comparison) with Tukey’s post hoc test (n = 4).
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Fig. 6. Immunomodulation in the synovium of OA mice at 8 weeks. Immunostaining for (A) CD4+CD25+Foxp3+ Tregs, (B) F4/80+iNOS+ M1 macrophages, (C) CD4+IFN-+ 
T cells, (D) CD4+IL-17+ T cells, and (E) Foxp3+IL-10+ Tregs in the synovium. (F) Relative mRNA expressions of IFN-, IL-1, TNF-, and TGF- in the joints. n = 5 except for the 
normal group (n = 4). (A to E) Scale bars, 20 m (n = 4). (A to F) *P < 0.05, **P < 0.01, and #P < 0.001. One-way ANOVA (multiple comparison) with Tukey’s post hoc test.
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the other groups (Fig. 7C). These data suggest that Tregs induced by 
LNP-Col II-R injection are likely responsible for the therapeutic ef-
fects of LNP-Col II-R.

To determine whether CD11c+ DCs induced by LNP-Col II-R 
injection could alleviate OA, we performed adoptive DC transfer to 
OA mice. CD11c+ DCs were isolated from the right iLNs of mice 
that had been treated with intradermal injection of PBS, LNP-R, or 
LNP-Col II-R. The isolated CD11c+ cells were transferred to OA 
mice by intradermal injection. Safranin O–Fast Green staining of 
the joints at 8 weeks indicated that the LNP-Col II-R group showed 
less destruction in the cartilage and significantly lower OARSI grade 
than the other groups (fig. S7).

Toxicity of LNP-Col II-R
The cytotoxicity and in vivo organ toxicity of LNP-Col II-R were 
evaluated. DCs were treated with PBS, free Col II, or LNP-Col II-R 
in vitro for 24 hours. The number of viable cells (fig. S8) and the 
mRNA levels of apoptosis-related genes [Bcl-2–associated X protein 

(BAX) and caspase-3] (fig. S9) were not different among all the groups. 
Intradermal injection of LNP-Col II-R into mice did not exhibit 
toxicity to organs, as the blood serum levels of alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), blood urea nitro-
gen (BUN), and creatinine were not changed by the injection (fig. S10). 
Furthermore, histological examination of the major organs at 8 weeks 
showed no signs of organ damage or inflammation (fig. S11). The 
results indicated that LNP-Col II-R did not cause cytotoxicity or 
organ toxicity.

DISCUSSION
The OA pathology is heterogeneous and involves several factors, such 
as genetic, hormone- or age-related intrinsic factors, and traumatic 
injury–induced extrinsic factors (43, 44). Considering the heteroge-
neity of OA pathology, the proposed treatment may not be effective 
for OA as a whole and could specifically be effective for injury-induced 
inflammatory OA. Inflammatory immune cells, such as TH1 cells, 
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TH17 cells, and M1 macrophages, in OA joints contribute to local 
inflammation, cartilage destruction, and pain. In OA progression, 
inflammatory immune cells secrete proinflammatory cytokines such 
as IL-1, TNF-, and IFN-, which induce chondrocyte apoptosis 
(45) and stimulate chondrocytes to produce cartilage matrix–degrading 
enzymes [e.g., MMP13 and a disintegrin and metalloproteinase 5 
(ADAMTS5)] (46). As OA progresses, the number of inflammatory 
immune cells, which infiltrate OA joints and secrete inflammatory 
cytokines and cartilage matrix–degrading enzymes, increases, which 
eventually increases damage to cartilage tissues and aggravates the 
disease. In addition, inflammatory immune cells correlate with pain. 
Inflammatory immune cells, especially activated M1 macrophages 
and inflammatory T cells within the synovial membrane and fat pad 
beneath the patella, were increased in OA patients (47). M1 macro-
phages are known to cause pain in OA by interacting with neurons 
(48). The number of CD4+ T cells within the synovium has also 
been reported to be related to the pain level (47), implying that pain 
in OA is influenced by the overall inflammatory status within the 
joint. TH1 and TH17 cells intensify pain by secreting inflammatory 
cytokines and by stimulating inflammatory M1 macrophages, while 
Tregs weaken pain by secreting anti-inflammatory cytokines, especially 
IL-10 (49). Col II–specific Tregs, which are generated by LNP-Col 
II-R injection, can migrate to inflammatory OA joints via chemotax-
is and secrete anti-inflammatory cytokines such as IL-10 upon Treg 
activation via interaction with Col II, a potential autoantigen in OA 
patients (8, 11, 12, 23–25), presented on MHC II of APCs (e.g., acti-
vated B cells, DCs, and macrophages) in OA synovium. The cyto-
kines secreted from Tregs in OA joints can inhibit the inflammatory 
immune cells (TH1 cells, TH17 cells, and M1 macrophages) in OA 
joints and mitigate the local inflammation, leading to pain relief and 
cartilage protection.

The LNP-Col II-R therapy inhibited cartilage destruction (Fig. 5B). 
This may result from both cartilage regeneration (Fig. 5J) and carti-
lage protection (Fig. 5, G and H) induced by LNP-Col II-R. LNP-Col 
II-R protected cartilage from destruction by relieving inflammation 
(Fig. 6) and inhibiting MMP13 expression (Fig. 5, H and I). A num-
ber of previous studies have demonstrated cartilage regeneration 
following resolution of inflammation in OA joints. A previous study 
demonstrated that removing senescent chondrocytes that secrete 
proinflammatory cytokines in OA joints in animal models induced 
cartilage regeneration (50). In addition, intraarticular injection of 
mesenchymal stem cells, which exert anti-inflammatory paracrine 
action, into OA joints resulted in regeneration of the cartilage (51). 
Inflammation resolution in joints inhibits the nuclear factor B 
(NF-B) signaling pathway in chondrogenic progenitor cells, which 
up-regulates chondrogenesis (52). Reduced levels of inflammatory 
cytokines recruit more progenitor cells around the site of the OA 
lesion for active chondrogenesis and decrease MMP13 expression 
(46), which would lead to increases in Col II expression and avoid 
Col II degradation in the cartilage. Therefore, resolution of local 
inflammation in OA joint by LNP-Col II-R may lead to cartilage 
ECM protection and regeneration.

For clinical translation of LNP-Col II-R nanoparticle therapy, 
human peptide, DNA or mRNA of Col II, or Col II epitope of MHC 
II can be loaded in LNPs. Meanwhile, this therapy may not be ap-
plied to all OA patients. Because OA pathology is heterogeneous 
and autoantibodies against Col II are found in approximately half of 
OA patients (24), this therapy could be applied to OA patients diag-
nosed with autoantibodies against Col II.

In summary, here, we suggest tolerogenic nanoparticles that miti-
gate local inflammation in OA joints as an off-the-shelf treatment 
modality for OA. A previous study has demonstrated that intrader-
mal injection of tolerogenic nanoparticles led to uptake of myocardial 
infarction–related antigen-laden nanoparticles by APCs in dermis, 
APC migration to adjacent lymph nodes, and induction of Tregs that 
subsequently migrated to the infarction area (53). Similarly, intra-
dermal injection of LNP-Col II-R nanoparticles generated Col II–
specific Tregs in vivo (Fig. 4C). A higher number of Col II–specific 
Tregs were observed in the joint of the LNP-Col II-R injection group 
compared to the other groups (Fig. 6A). CD4+CD25+ T cells isolat-
ed from the spleen of LNP-Col II-R–injected mice and intravenous-
ly injected to DMM animals (adoptive Treg transfer) migrated to the 
diseased joints (Fig. 7C). These results suggest that intradermal in-
jection of LNP-Col II-R leads to induction of antigen-specific Tregs 
that migrate to the target lesion to alleviate the disease. This therapy 
offers advantages over the current therapies for OA. NSAID treat-
ments and intraarticular injection of hyaluronic acid focus on alle-
viating symptoms and offer only temporary therapeutic benefit.

Cell therapies for OA, such as autologous chondrocyte implant
ation and mesenchymal stem cell implantation, are invasive, costly, 
time-consuming, and complicated. In contrast, LNP-Col II-R nano
particle therapy not only can relieve pain and prevent cartilage 
destruction but also is simple, noninvasive, off-the-shelf, and cost-
effective. Unlike adoptive transfer of polyclonal Tregs that has poten-
tial side effects of nonspecific systemic immunosuppression, LNP-Col 
II-R nanoparticle therapy can avoid the side effects by inducing 
OA-specific immune tolerance.

Although the LNP-Col II-R nanoparticle therapy showed a ther-
apeutic efficacy in the DMM animal model, the animal model has 
limitations. While the DMM surgical model is the gold standard in 
the field (33, 43), the model does not include all of the heteroge-
neous OA pathologies and is restricted to an initial inflammatory 
input driven by the surgical insult.

MATERIALS AND METHODS
Collagen peptide preparation
Col II was prepared by treating type II collagen (Chondrex Inc., 
USA) with collagenase III (STEMCELL Technologies, Canada). In 
OA development, primarily collagenase III (MMP13) is known to 
degrade the cartilage matrix. Col II and collagenase III (10 U/ml) 
were dissolved in 0.05 M acetic acid and PBS, respectively. The solu-
tions were mixed and incubated overnight with stirring. After collagen 
digestion, the molecular weight of Col II was determined by matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF) 
mass spectrometry (Spotlight 400, PerkinElmer, USA).

LNP preparation
LNPs were synthesized with a conventional thin-film hydration method 
(54). Briefly, DOTAP, 1,2-dioleoyl-sn-glycero-e-phosphethanolamine 
(DOPE), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (ammonium salt) (PEG2000 
PE) were dissolved in chloroform. Cholesterol and rapamycin were 
dissolved in 100% pure ethanol. DOTAP, DOPE, cholesterol, and PEG 
PE were placed in glass vials at a molar ratio of 0.475:0.35:0.12:0.05. 
Before dehydration, 70 g of rapamycin was added. The vial was 
agitated at 40°C until the solvents dried. Then, 100 g of Col II was 
added to the vial. PBS was added for hydration until the total volume 
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became 1 ml. The hydrated solution was serially extruded through 
1-m, 400-nm, and 200-nm pore size filters.

Nanoparticle characterization
The shape of LNPs was characterized with transmission electron 
microscopy (TEM) [JEM-F200 (TFEG), JEOL Ltd., Japan]. The size 
and zeta potential of LNPs were determined by dynamic laser scat-
tering (DLS) (Zetasizer Nano ZS, Malvern Panalytical, UK). For size 
analysis, LNPs were hydrated in PBS. For zeta potential analysis, 
LNPs were hydrated in PBS, followed by dialysis. Dialysis was re-
quired to substitute the PBS solution with distilled water. As Col II 
was reconstituted in acetic acid and hydrated in PBS solution, the 
zeta potential could be influenced by the mixed solutions. There-
fore, dialysis after extrusion was necessary. To evaluate the colloidal 
stability of LNPs, the size variation of LNPs was monitored for 3 days 
by DLS. The entrapment efficiency and release profile of rapamycin 
in LNPs were confirmed by HPLC. Briefly, the temperature of the 
column was maintained at 60°C. For the mobile phase, 10 mM 
ammonium acetate and acetonitrile were used (25:75, v/v). The flow 
rate was 1.5 ml/min, and 5 l of samples was injected for each mea-
surement. LNP-R was destroyed with 0.1% Triton X-100 for 10 min 
to determine the amount of rapamycin actually loaded in LNPs. 
Last, the entrapment efficiency (%) was calculated according to the 
following equation: (The amount of rapamycin actually loaded in 
LNPs/The amount of rapamycin added to LNPs) × 100. To deter-
mine the release profile of Col II loaded in LNP-Col II-R, bicin-
choninic acid (BCA) protein assay was performed.

Isolation of BMDCs
Bone marrow–derived dendritic cells (BMDCs) were isolated from 
6-week-old female C57BL/6 mice (OrientBio, Gyeonggi, South 
Korea). After proper trimming, the tops of both the femur and tibia 
were cut and placed in two Eppendorf tubes that were stacked to-
gether. The tip of the inner smaller tube was holed using an 18-gauge 
needle. The tubes were spun at 13,500 rpm for 1 min. The isolated 
bone marrow cells were reconstituted in RPMI 1640 medium con-
taining 10% fetal bovine serum, penicillin (100 U/ml), streptomycin 
(100 g/ml), 50 M 2-mercaptoethanol (Sigma-Aldrich, USA), and 
20 g of recombinant murine granulocyte macrophage colony-
stimulating factor (PeproTech, USA). The solution was filtered 
through a 70-m cell strainer. Cells were plated in a 100-mm dish at 
a concentration of 2 × 105 cells/ml and cultured. After 3 days, 10 ml 
of fresh medium was added. DCs collected at day 10 were used for 
further experiments (55).

Nanoparticle addition to DC cultures
One million DCs were seeded in each well of a six-well plate. 
For nanoparticle uptake evaluation, LNPs were labeled with 
1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate 
(DiI) (Invitrogen, USA), added to DC cultures, and incubated for 
24 hours. DCs were washed twice with PBS and fixed with 4% para-
formaldehyde (PFA). The nuclei were stained with 4′,6-diamidino-
2-phenylindole (DAPI) (Vector Laboratories, USA). For Col II 
uptake and presentation on DCs, Col II was labeled with N-
hydroxysuccinimide (NHS)–fluorescein isothiocyanate (FITC) (Thermo 
Fisher Scientific, USA) before addition to DC cultures. Cell cyto-
plasm was stained with CellMask (Thermo Fisher Scientific, USA). 
To detect the E peptide (52 to 68) (AnaSpec Inc., USA) on MHC 
II of DCs, free E or LNP-E-R–treated DCs were stained with 

I-Ab monoclonal antibodies (Invitrogen, USA). The staining results 
were examined with a confocal laser scanning microscope (LSM710, 
Carl Zeiss, Germany). For tDC induction, DCs were cocultured with 
different kinds of LNPs for 48 hours and activated by LPS (200 ng/ml) 
for 24 hours. To mimic the in vivo inflammatory environment in 
OA, DCs were treated with LPS in vitro in the tDC induction studies 
(Fig. 2, D to F). DCs were stained with peridinin chlorophyll pro-
tein (PerCP)/cyanine 5.5–labeled anti-mouse CD40 (BioLegend, USA, 
124617), phycoerythrin (PE)–labeled anti-mouse CD80 (BioLegend, 
USA, 104707), allophycocyanin-labeled anti-mouse CD86 antibodies 
(BioLegend, USA, 105011), and PE/cyanine 5–labeled anti-mouse 
MHC II (BioLegend, USA, 107612) for flow cytometry analysis 
(FACSAria II, BC Biosciences, USA). At the same time, the mRNA 
levels of TNF- and TGF- in the cells were evaluated with the 
qRT-PCR StepOnePlus Real-Time PCR system (Applied Biosyste-
ms, CA, USA). The primers used for mRNA level analysis are listed 
in table S1. ELISA was conducted to measure the secretion level of 
TNF- (BioLegend, USA) and TGF- (Invitrogen, USA) from DCs 
that are treated with different kinds of LNPs.

Biodistribution of nanoparticles after intradermal injection
LNP-Col II-R nanoparticles were labeled with DiR (AAT Bioquest, 
USA). Briefly, DiR iodide in ethanol at 1 mg/ml was added to the 
nanoparticle stock solution. DiR-labeled LNP-Col II-R in 100 l of 
PBS was injected intradermally into mice. The biodistribution was evalu-
ated by an IVIS spectrum instrument (IVIS SpectrumCT, PerkinElmer, 
USA). To examine the interaction between DCs and LNP-Col II-R 
in vivo, LNP-Col II-R nanoparticles were labeled with 1,1′-dioct
adecyl-3,3,3′,3′-tetramethylindodicarbocyanine (DiD) (Invitrogen, 
USA) and injected intradermally into mice. iLNs were harvested 
24 hours after injection and cryosectioned. DCs in the iLNs were 
stained with CD11c antibodies (Abcam, USA, ab33438) and CD3 
antibodies (Abcam, USA, ab5690). The coexistence of CD11c+ cells 
with DiD-labeled LNPs or CD11c and CD3+ cells with DiD-labeled 
LNPs was analyzed with confocal microscopy.

Antigen-specific Treg induction in vivo and in vitro
Different kinds of LNPs were injected intradermally near the right 
iLN of OT-II transgenic mice, where CD4+ T cell receptors are spe-
cifically responsive to chicken OVA323–339. The study with OT-II 
transgenic mice was approved by the Institutional Animal Care and 
Use Committee (IACUC) at Seoul National University (SNU-190726). 
Four days after injection, lymph nodes were harvested and minced 
for Treg analysis. The gathered cells were stained with mouse anti-
CD4–FITC (BioLegend, USA, 116003) and mouse anti-CD25–
allophycocyanin antibodies (BioLegend, USA, 101909) for 30 min at 
4°C. For intracellular Foxp3 staining, the cells were permeabilized 
with Fix/Perm buffer (eBioscience, USA) for 30 min at 4°C, washed 
with permeabilization buffer (eBioscience, USA), and stained with 
mouse anti-Foxp3–PE antibodies (BioLegend, USA, 126403) for 30 min 
at 4°C. The cells were analyzed with an automated high-speed flow 
cytometry system (FACSAria II, BD Biosciences, USA). For in vitro 
induction of antigen-specific Tregs, different kinds of LNPs were 
treated with DC cultures for 2 days, followed by LPS (200 ng/ml) 
treatment for 24 hours. The treated DCs were cocultured with CD4+ 
T cells isolated from OT-II transgenic mice in the presence of TGF- 
(2 ng/ml) for another 4 days. OT-II CD4+ T cells were isolated by 
magnetic-activated cell sorting (MACS) according to the manufacturer’s 
instructions (Miltenyi Biotec, USA). After 4 days of coculture, the 
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T cells were collected and analyzed for the expression of CD4, CD25, 
and Foxp3 with FACSAria II. For the induction of antigen-specific 
Tregs in wild-type mice, DMM surgery was conducted, and different 
kinds of LNPs were treated once a week, three times in total. Four 
days after the third injection, splenocytes were harvested and seeded 
in 24-well plates (1 × 106 cells per well). Antigens (12.5 g/ml) were 
treated, and the cells were harvested after 72 hours. The cells were 
stained with anti-CD4, anti-CD25, and anti-Foxp3 antibodies, 
and the proportion of CD4+CD25+Foxp3+ Tregs was analyzed with 
FACSAria II. The mRNA levels of anti-inflammatory cytokines 
(Foxp3 and TGF-) were analyzed with qRT-PCR.

DMM surgery–induced OA mouse model
Animal experiments were approved by the IACUC at Seoul National 
University (SNU-190426-1-3). For OA induction, 10-week-old male 
C57BL/6 mice (OrientBio, Gyeonggi, South Korea) were anesthetized 
with ketamine (200 mg/kg) and Rompun (10 mg/kg). Ten-week-old 
mice were used because several previous animal studies involving 
OA use the surgically induced OA model in around 10-week-old 
skeletally mature mice (56). Male mice were used in the experiments 
because the incidence of posttraumatic OA model is higher in the 
male murine model than in female models (57). Female hormones 
have chondroprotective effects, while male hormones aggravate the 
disease (58). Only the right leg was operated. The skin beneath the 
tendon of the hindlimb was opened. To secure a clear view and per-
form delicate operation, the whole step was performed under a mi-
croscope. The fat pad was carefully cleared, and the medial meniscus 
was destabilized with a No. 11 surgical blade. After destabilization, 
the inner wounded area was closed with coated vicryl polyglactin 
910 (Ethicon, USA). The outer skin was closed with nonabsorbable 
black silk suture (AILEE, USA). The OA-induced mice were ran-
domly grouped (n = 5 per group), and 2 mg of nanoparticles (42 g 
of rapamycin and 50 g of Col II peptide per animal) in 100 l of 
PBS was injected intradermally at weeks 1, 2, and 6. The nanoparti-
cles were injected intradermally because intradermal injection is 
simple and noninvasive and previous studies have demonstrated 
that intradermal injection of tolerogenic nanoparticles resulted in 
the induction of Tregs (53). To ameliorate the initial inflammation 
induced by inflammatory M1 macrophages and effector T cells after 
DMM surgery, the nanoparticles were injected at weeks 1 and 2. 
The nanoparticles were injected again at week 6 to boost the induc-
tion of Col II–specific Tregs. For sham surgical group, only the skin 
of the right leg was incised and no further procedures were con-
ducted. In previous studies, DMM-induced mice were sacrificed 
between 4 and 12 weeks (59) and mostly at 8 weeks for therapeutic 
effect evaluation (60). Considering that synovial inflammation does 
not occur in very early stage of OA, we excluded early time points 
for animal sacrifice and assessed the therapeutic effects at 8 weeks.

Pain evaluation
The pain evaluation was conducted 8 weeks after surgery. For the 
mechanical allodynia test, each animal was acclimatized in a single 
chamber for at least 30 min. An electronic von Frey device (Dynam-
ic Plantar Aesthesiometer, Ugo Basile, Italy) was placed beneath the 
animals, and the filaments pressed the footpad of the animals suc-
cessively starting from lower force. The point at which the animals 
felt pain and removed their foot from the plate was recorded. For 
the static weight-bearing test, each animal was acclimatized in the 
chamber for at least 5 min. Both forelegs were forced up against the 

wall of the chamber, and only the hindlimbs were placed on each 
right and left weighing machine (Incapacitance Meter, IITC Life 
Science, USA). The results recorded on both sides of the weighing 
machine were analyzed. The greater the pain perception of the ani-
mals, the faster they removed their foot from the plate.

Histology and immunohistochemistry
The joints were harvested 8 weeks after surgery, fixed with 4% PFA 
for 24 hours, and decalcified in Decalcifying Solution-Lite (Sigma-
Aldrich, USA) for 5 days. The samples were embedded in paraffin 
and serially sectioned frontally at 3-m thickness using a microtome 
(Leica RM2125, Germany). For Safranin O–Fast Green staining, the 
sections were stained with 0.1% Safranin O solution and 0.05% Fast 
Green solution, mounted with Canada balsam (Sigma-Aldrich, 
USA), and examined with a microscope (Olympus IX71-22FL/PH, 
Tokyo, Japan). The stained images were scored by the OARSI scor-
ing method by four observers who were blind to the animal groups, 
and three slides per joint were used to generate each data point. For 
assessment of synovitis, the slides were stained with Harris Hema-
toxylin (Cancer Diagnostics Inc., USA) and Clearview Eosin (BBC 
Biochemical, USA). Immunostaining for collagen type II  1 chain 
(Col2a1) and MMP13 was performed using the EnVision Detection 
Kit (DAKO Agilent Technologies Inc., USA). Sections were stained 
with primary antibodies against Col II (Abcam, USA, ab34712) and 
MMP13 (Abcam, USA, ab3208) at 4°C overnight and incubated 
with EnVision/horseradish peroxidase (HRP) for 30 min. The final 
colored products were developed using chromogen diaminobenzidine 
(DAB) and examined under a microscope (Leica Biosystems, Nussloch, 
Germany). For immunostaining for Tregs, M1 macrophages, and 
M2 macrophages, tissue sections were stained with anti-CD4–Alexa 
Fluor 488 (Invitrogen, USA, A-11006), anti-CD25–allophycocyanin 
(BD Pharmingen, USA, 550874), anti-Foxp3 (Novus, USA, NB100-
39002), anti-F4/80 (Abcam, USA, ab16911), anti-iNOS (Abcam, USA, 
ab15323), and anti-arginase (Novus, USA, NBP1-32731) antibodies. 
After overnight incubation at 4°C, the sections were incubated with 
goat anti-rabbit IgG secondary antibody–PE (SouthernBiotech, USA, 
4050-09), goat anti-mouse IgG secondary antibody–Alexa Fluor 
555 (Invitrogen, USA, A-21127), and goat anti-rabbit IgG secondary 
antibody–FITC (Novus, USA, NB7182). For immunostaining of 
IFN-–secreting CD4+ T cells, IL-17–secreting CD4+ T cells, IL-1–
secreting M1 macrophages, and IL-10–secreting Tregs, tissue sections 
were stained with anti-CD4 (Novus, USA, NBP2-25191), anti-F4/80 
(Abcam, USA, ab16911), anti-Foxp3 (Novus, USA, NB100-39002), 
anti–IL-1 (Novus, USA, NB600-630), anti–IL-17 (Abcam, USA, 
ab79056), anti–IFN- (Invitrogen, USA, 12-7311-82), and anti–IL-10 
(Abcam, USA, ab189392) antibodies. The staining was visualized by 
confocal microscopy (LSM 700 Meta, Carl Zeiss, Oberkochen, 
Germany). TUNEL assay was performed using the TUNEL assay 
kit (DeadEnd fluorometric TUNEL system) according to the man-
ufacturer’s instruction (Promega, USA, G3250).

PCR of the whole joint
mRNA levels of inflammatory and anti-inflammatory cytokines in 
the joints were analyzed. The joint tissues including synovium, femoral 
condyle, and tibial plateau were harvested, and unnecessary tissues 
were trimmed as much as possible. The excised tissues were minced 
with a blade and then homogenized thoroughly. Before homogeni-
zation, TRIzol was added, and the samples were stored at −80°C until 
use. mRNA levels of TNF-, TGF-, IL-1, and IFN- were evaluated 
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with qRT-PCR. The primers used for mRNA level analysis are listed 
in table S1.

Adoptive transfer of Tregs to OA mice
CD4+CD25+ T cells were isolated from the spleens of OA mice that 
had been treated with intradermal injection of PBS, LNP-R, or 
LNP-Col II-R at weeks 1 and 2. The isolated splenocytes were stained 
with anti-CD4–FITC (BD Pharmingen, USA, 450042-82) and anti-
CD25–allophycocyanin (BioLegend, USA, 102012) for 30  min at 
4°C in the dark. CD4+CD25+ T cells were sorted by Moflo (Beck-
man Coulter, Brea, CA, USA). The sorted CD4+CD25+ Tregs (0.5 × 
106 cells per animal) were transferred to OA mice through intrave-
nous injection. Eight weeks after Treg transfer, the joints were har-
vested for analysis.

Adoptive transfer of CD11c+ DCs to OA mice
CD11c+ DCs were isolated from the right iLNs of wild-type mice 
that had been treated with intradermal injections of PBS, LNP-R, or 
LNP-Col II-R on weeks 1 and 2. The isolated lymphocytes were 
stained with anti-CD11c MicroBeads UltraPure (Miltenyi Biotec, 
USA, 130-125-835) for 15 min and sorted by MACS bead column 
according to the manufacturer’s instruction (Miltenyi Biotec, USA). 
The sorted CD11c+  DCs (0.5 × 106 cells per  animal) were trans-
ferred to OA mice through intradermal injection. Eight weeks after 
DC transfer, the joints were harvested for analysis.

In vitro and in vivo toxicity of LNP-Col II-R
For cytotoxicity analysis, DCs were cocultured with LNP-Col II-R 
nanoparticles for 24 hours, and the numbers of viable cells were 
determined using the cell counting kit-8 (CCK-8) assay (EZ-CyTox, 
DogenBio, Korea) according to the manufacturer’s instructions. mRNA 
levels of BAX and caspase-3 were determined by qRT-PCR. The 
primers used for the mRNA level analysis are shown in table S1. For 
in vivo organ toxicity analysis, 2 mg of LNP-Col II-R nanoparticles 
was intradermally injected into mice. At various time points, blood 
serum samples were isolated, and the blood levels of ALT, AST, BUN, 
and creatinine were determined with a veterinary automatic dry 
chemistry analyzer (DRI-CHEM 3500s, Fuji, Japan). At week 8, 
major organs, including the heart, liver, lung, kidney, and spleen, 
were harvested and processed for histological examination with 
H&E staining method.

Statistical analysis
Unless stated otherwise, data are presented as means ± SD. The data 
were analyzed by one-way analysis of variance (ANOVA) with 
Tukey’s post hoc test. Differences were considered statistically sig-
nificant when P < 0.05.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo5284

View/request a protocol for this paper from Bio-protocol.
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