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Abstract

Disease modifying drugs have improved the treatment for autoimmune joint disorders such 

as rheumatoid arthritis, but inflammatory flares are a common experience. This work 

reports the development and application of flare-modulating poly(lactic-co-glycolic acid)-

poly(ethylene glycol)-maleimide (PLGA-PEG-MAL)-based nanoparticles conjugated with joint-

relevant peptide antigens, aggrecan70-84 and type 2 bovine collagen256-270, via thiol-Michael 
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addition. Peptide-conjugated PLGA-PEG-MAL nanoparticles encapsulated calcitriol, which acted 

as an immunoregulatory agent, and were termed calcitriol loaded nanoparticles (CLNP). CLNP 

were ~200 nm in diameter with low a polydispersity index. In vitro, CLNP induced phenotypic 

changes in bone marrow derived dendritic cells (DC), reducing the expression of costimulatory 

molecules, major histocompatibility complex II, and proinflammatory cytokines. Bulk RNA 

sequencing of DC showed that CLNP enhanced expression of the inhibitory ligand-associated 

Ctla4, a gene associated with rheumatoid arthritis. In vivo, CLNP accumulated in the proximal 

lymph nodes after intramuscular injection. Administration of CLNP was not associated with 

systemic immune suppression of peripheral blood cells or adverse cytokine events. In the collagen 

induced arthritis and SKG mouse models of arthritis, CLNP reduced clinical scores, prevented 

bone erosion, and preserved cartilage proteoglycan as assessed by high-resolution microcomputed 

tomography and histomorphometry analysis. The disease protective effects were associated with 

increased CTLA-4 expression in joint-localized DC and CD4+ T cells but without generalized 

suppression of T cell-dependent immune response. The results support the potential of CLNP as 

modulators of disease flares in autoimmune arthropathies.

Graphical Abstract
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Chronic autoimmune joint disorders such as rheumatoid arthritis (RA) that are associated 

with uncontrolled joint inflammation lead to progressive destruction of articular structures, 

including cartilage and bone.1,2 Disease modifying anti-rheumatic drugs (DMARD) have 

greatly improved treatment options. However, recurring disease fluctuations in the joints, 

referred to as flares, can be a common experience in otherwise adequate DMARD 

responders and vary in their presentation.3-6 Current treatment focuses on symptom 

management with corticosteroids or non-steroidal anti-inflammatory drugs (NSAID).7,8 

However, symptomatic control is ineffective at stemming joint damage and flare 

recurrence.9-11 In addition, for patients that have achieved durable disease control, tapering 

of the DMARD dose is appealing to reduce the risk of chronic medication. However, flares 
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are common when tapering is attempted.12-14 There is an unmet need for durable flare 

control agents.

Although RA is a systemic disease, flares typically recur in a restricted subset of joints.15-18 

While the pathogenesis can be complex, antigen-presenting cells are key mediators, of 

which conventional dendritic cells (DC) are the major subset.19-21 Preclinical mouse models 

have established that activated DC contribute to the development of RA pathology.22-24 

DC are thought to uptake autoantigen and/or activating stimuli in the periphery, such as 

from toll-like receptor (TLR) ligands and proinflammatory cytokines, and subsequently 

migrate to lymph nodes to prime autoreactive T cells, which have been associated with RA 

flares.20,25-28 DC also infiltrate synovial tissue and fluid in response to locally produced 

cytokines and chemokines or differentiate locally from progenitors and are often associated 

with tertiary lymphoid structures.29-35 DC in the lymph node and affected joint express 

classical activation markers such as major histocompatibility class 2 (MHC2), CD80/CD86, 

and present joint autoantigens to polarize T cells into pro-inflammatory phenotypes.36-38 

The role of DC is further supported by experiments using adoptive transfer of autoantigen-

primed DC in mice, which has been shown to expand disease-specific T cells in the joint-

draining lymph node.39 On the other hand, immunomodulatory DC have been shown to 

impart immunoregulation through the induction of autoimmune-protective regulatory T cells 

(Treg) and by inducing T cell anergy.40-44 Moreover, clinical trials of adoptively transferred 

autologous tolerogenic DC (also generated ex vivo) have proven to be safe, without evidence 

of disease exacerbation or flares in humans.45-48

Here, we test the hypothesis that in vivo modulation of DC in arthritis-affected joints 

and proximal lymph nodes induces an arthritis flare protective effect. Our approach 

is based on nanoparticles (NP) delivered via intramuscular injection that accumulate 

in lymph nodes proximal to the ankle joint. We show that DC take up NP loaded 

with a joint antigen-relevant peptide and an immunomodulatory agent which together 

induce an arthritis protective effect. The NP were formulated with a biodegradable 

poly(lactic-co-glycolic acid)-poly(ethylene glycol) (PLGA-PEG) co-polymer functionalized 

with maleimide for conjugation of N-terminal cysteine peptide antigens by the thiol-Michael 

addition. CLNP were ~200 nm in diameter with a low polydispersity index, a size 

that permitted accumulation in the proximal lymph nodes.49 CLNP encapsulated 1,25-

dihydroxycholecalciferol (calcitriol), the active form of vitamin D3 known to promote an 

immunomodulatory DC phenotype.50,51 Calcitriol and CLNP induced immunomodulatory 

bone marrow-derived DC in vitro, characterized by reduced expression of CD80/CD86, 

MHC2 and proinflammatory cytokines (IL-6 and TNF). Calcitriol and CLNP also increased 

CTLA-4 expression in DC. Furthermore, by bulk RNA-seq analysis, we show that 

calcitriol significantly alters expression of Ctla4 and Tgfb3 in DC, key genes associated 

with RA.52,53 CLNP formulations were tested in the antigen-specific collagen induced 

arthritis (CIA) and the antigen-agnostic SKG model. In CIA mice, disease-specific type 2 

bovine collagen256-270 peptide (bC2)-functionalized CLNP and in SKG mice, joint relevant 

aggrecan70-84 peptide (Agg)-functionalized CLNP significantly reduced clinical scores, 

prevented bone erosion, and reduced cartilage proteoglycan loss.
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Results

Calcitriol loaded nanoparticle formulations accumulate in the proximal lymph nodes

Calcitriol loaded nanoparticles (CLNP) were formulated with poly-(lactic-co-glycolic)-

polyethylene glycol-maleimide (PLGA-PEG-MAL) and calcitriol by nanoprecipitation (Fig 

1a). In a subset of formulations, N-terminus modified cysteine peptides were conjugated to 

the PLGA-PEG-MAL (Supplementary Table 1) prior to nanoprecipitation. Post conjugation 

BCA analysis of the particles showed a quantitative yield of peptide bound to the polymer. 

To estimate the hydrodynamic diameter, unconjugated CLNP, ovalbumin peptide-conjugated 

CLNP (OVA-CLNP), type 2 bovine collagen peptide-conjugate CLNP (bC2-CLNP) or 

aggrecan peptide-conjugated CLNP (Agg-CLNP) suspended in DI water were transferred 

to a cuvette and analyzed using dynamic light scattering (DLS). Unconjugated CLNP had a 

z-avg of 96.6nm with a PDI of 0.28, OVA-CLNP had a z-avg of 233nm with a PDI of 0.10, 

bC2-CLNP had a z-avg of 210nm with a PDI of 0.20, and Agg-CLNP had a z-avg of 214nm 

with a PDI of 0.07 (Fig 1b). To measure surface charge, unconjugated CLNP, OVA-CLNP, 

bC2-CLNP or Agg-CLNP were suspended in DI water and transferred to a zeta potential 

cell. The zeta potential were as follows - unconjugated CLNP: −25.4mV, OVA-CLNP: 

−19.2mV, bC2-CLNP: −18.9mV and Agg-CLNP: −16.5mV (Supplementary Table 2). The 

aforementioned CLNP formulations were imaged using transmission electron microscopy 

to further characterize particle characteristics by negative stain preparation. All CLNP 

formulations were associated with a circular morphology. Using image analysis, the average 

diameters were as follows - unconjugated CLNP: 66nm ± 16nm (SD), OVA-CLNP: 160nm 

± 37nm, bC2-CLNP: 129nm ± 34nm and Agg-CLNP: 128nm ± 28nm (Supplementary Fig 

1).

Calcitriol release characterization was performed with ultra-high performance liquid 

chromatography (UHPLC) and a reverse phase column at a detection wavelength of 265 nm. 

UHPLC analysis showed encapsulation efficiencies (ee) of 9.1% for unconjugated CLNP, 

10.5% for OVA-CLNP, 11.7% for bC2-CLNP, and 10.8% for Agg-CLNP. All formulations 

showed an initial burst release in the first three days post synthesis followed by a gradual 

release for at least 28 days post synthesis (Fig 1c).

To assess biodistribution in vivo, PLGA-PEG-MAL or calcitriol were conjugated with 

cyanine 5 (Cy5) and used to prepare distinct Cy5-labeled CLNP formulations. Cy5-PEG-

PLGA NP were injected intramuscularly (i.m.) into the biceps femoris of C57BL/6J (B6) 

mice. Inguinal, popliteal, and brachial lymph nodes along with liver, kidneys and spleen 

were excised 2-, 8-, and 24-hours post injection and imaged on an In Vivo Imaging System 

(IVIS) (Supplementary Fig 2a). Image analysis showed that Cy5-PEG-PLGA, preferentially 

drained into the proximal (popliteal) lymph node (LN) at 2 hours post administration. At 

8- and 24-hours post administration, the concentration of Cy5-PEG-PLGA was comparable 

in both the popliteal and inguinal LNs, but significantly lower, at the limit of detection, in 

the distal (brachial) LNs (Fig 1d). Cy5-PEG-PLGA was associated with hepatic clearance 

(Supplementary Fig 2b). Biodistribution of Cy5-calcitriol encapsulated in CLNP was 

measured following the same procedure (Supplementary Fig 2c). Image analysis showed 

that Cy5-calcitriol, accumulates at a similar concentration into the popliteal and inguinal 
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LNs at 2 hours post administration. At 8- and 24-hours post administration, Cy5-calcitrol 

is only detectable in the popliteal LNs (Fig 1e). Cy5-calcitriol was associated with renal 

clearance (Supplementary Fig 2d).

CLNP modulate dendritic cells maturation

Bone marrow derived dendritic cells (DC) were cultured in vitro with either free 

calcitriol (1nM) or CLNP (0.67μg and 6.7μg) (Fig 2a). After overnight stimulation 

with LPS, DC were analyzed by flow cytometry to quantify the expression of 

costimulatory molecules (CD80 and CD86), major histocompatibility complex 2 (MHCII) 

and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). DC were identified as live 

CD45+CD11b+CD11c+ cells (Supplementary Fig 3). The 6.7μg dose of CLNP (CLNP 

High) reduced the fraction of CD80hi+ DC relative to LPS treated DC (7.2%±1.4% vs 

11.3%±1.5%) (Fig 2b). 1nM calcitriol, 0.67μg CLNP and 6.7μg CLNP significantly lowered 

the fraction of CD86hi+ DC relative to LPS treated DC (5.7%±1.1% calcitriol, 6.5%±1.2% 

CLNP Low, 3.0%±0.6% CLNP High vs 13.8%±4.2% LPS control) (Fig 2c). The same 

groups also significantly lowered the fraction of MHC2hi+ DC relative to LPS treated DC 

(2.5%±0.5% calcitriol, 3.2%±0.9% CLNP Low, 1.1%±0.2% CLNP High vs 10%±4.0% LPS 

control) (Fig 2d). 1nM calcitriol and 6.7μg CLNP also lowered the fraction of MHC2hi+ 

DC relative to no LPS treated DC (4.5%±0.5% no LPS control). The 6.7μg dose of CLNP 

significantly increased the fraction of CTLA-4+ DC relative to LPS treated DC (27%±3.9% 

vs 17%±3.6%) (Fig 2e).

The cell culture supernatant was analyzed for inflammatory cytokines (IL-6 and TNF) using 

a cytometric bead assay (CBA) kit. All treatments significantly lowered the concentration 

of IL-6 relative to LPS treated DC (15.8E3±0.87E3 pg/mL LPS control, 12.2E3±1.2E3 

pg/mL calcitriol, 12.3E3±1.3E3 pg/mL CLNP Low, 8.2E3±1.0E3 pg/mL CLNP High) (Fig 

2f). However, only the 6.7μg dose of CLNP significantly lowered the concentration of TNF 

relative to LPS control (16.7E3±0.30E3 pg/mL LPS control, 14.4E3±1.3E3 pg/mL CLNP 

High) (Fig 2g).

Calcitriol modulates disease-relevant targets in dendritic cells

The induction of an immunomodulatory DC phenotype was correlated with Next Generation 

RNA sequencing (RNAseq). RNAseq profiles of DC cultured in 1nM calcitriol (+ Calcitriol) 

or without calcitriol (− Calcitriol) were compared. Pathway enrichment analysis of the top 

50 differentially expressed genes (DEG), showed significant differences in RA-associated 

pathway (Fig 3a). A volcano plot of RNAseq genes with those associated with RA-

associated pathway highlighted in red was created; showing that Ctla4 and Tgfb3 are the 

two DEG associated with RA (Fig 3b). The differential expression of Ctla4 and Tgfb3 was 

greater than 1.5-fold in + Calcitriol DC. Ctla4 and Tgfb3 are also visualized in a heatmap of 

the top 50 DEG (Fig 3c).

bC2-CLNP modulates clinical arthritis in collagen induced arthritis model

To test the concept of CLNP-mediated DC modulation in vivo, the collagen-induced arthritis 

(CIA) mouse model was used. The cysteine-modified immunodominant peptide of type 

2 bovine collagen in the I-Aq haplotype was conjugated to the PLGA-PEG-MAL and 
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precipitated into nanoparticles to form bC2-CLNP. DBA/1 mice were primed with an 

emulsion of complete Freund’s adjuvant (CFA) and collagen. After 18 days, mice were 

treated with either free calcitriol or bC2-CLNP (33 μg bC2-CLNP or 10 ng calcitriol/day) 

in both biceps femoris via i.m. injection once a day for three days before boost with an 

emulsion of incomplete Freund’s adjuvant (IFA) and collagen (Fig 4a). Clinical scores were 

monitored for 13 days post boost (Fig 4b). bC2-CLNP-treated mice presented no clinical 

signs of arthritis on day 6 post-boost and had scores of 6±2.6 at day 13. These scores were 

significantly lower than those of bolus calcitriol treated mice (1.75±0.96 & 11.5±1.3 at day 

6 and day 13 respectively). Analysis of high-resolution micro-CT images (Fig 4c) of the 

metacarpophalangeal (Fig 4d) and ankle (Fig 4e) joints confirmed strong protection against 

bone erosions by bC2-CLNP as assessed by treatment-blinded bone surface area to volume 

ratios and bone erosion scores. In the metacarpophalangeal joint, calcitriol treated mice 

had an average bone surface area/volume ratio of 21.3 mm−1±3.4 mm−1 while bC2-CLNP 

treated mice had an average bone surface area/volume ratio of 14.4 mm−1±0.8 mm−1. In the 

ankle joint, calcitriol treated mice had an average bone surface area/volume ratio of 27.6 

mm−1±2.0 mm−1 while bC2-CLNP treated mice had an average bone surface area/volume 

ratio of 17.7 mm−1±5.1 mm−1. Bone erosion scoring based on micro-CT scans of calcitriol 

treated mice averaged 2.0±1.1 and bC2-CLNP treated mice averaged 0.33±0.5, a significant 

difference (Fig 4f). The ankles were subsequently processed for histomorphometry and 

stained with hematoxylin and eosin (H&E) (Fig 5a) as well as toluidine blue (Fig 5b). 

Scoring of H&E-stained sections confirmed lowered synovitis (Fig 5c) and bone erosion 

(Fig 5d) scores in bC2-CLNP treated mice. Calcitriol treated mice had an average synovitis 

score of 3.75±0.46 while bC2-CLNP treated mice had an average synovitis score of 1.2±1.5. 

Calcitriol treated mice had an average bone erosion score of 3.13±0.64 while bC2-CLNP 

treated mice had an average synovitis score of 0.66±1.0. Scoring of toluidine blue-stained 

sections confirmed reduced proteoglycan (PG) loss scores in bC2-CLNP treated mice (Fig 

5e). Calcitriol treated mice had an average PG loss score of 3.63±0.52 while bC2-CLNP 

treated mice had an average PG loss score of 1.33±1.37.

Agg-CLNP modulates clinical arthritis in SKG arthritis model

Unlike CIA mice, induction of arthritis in SKG mice is not associated with a specific 

antigen, similar to RA. Therefore, the selection of the target for immunomodulation, 

aggrecan, was based on abundance in the joint. The cysteine-modified immunodominant 

peptide of aggrecan in the I-Ad haplotype was conjugated to the PLGA-PEG-MAL and 

precipitated into nanoparticles to form Agg-CLNP. Agg-CLNP, OVA-CLNP, bC2-CLNP or 

free calcitriol were injected into each biceps femoris of SKG mice (33 μg CLNP/day or 

10 ng calcitriol/day) for three days prior to arthritis flare synchronization with mannan 

(Fig 6a). Clinical scores were monitored for two weeks post mannan injection (Fig 6b). 

All groups started with clinical scores of 0. The clinical scores of Agg-CLNP treated 

mice were 0.23±0.091 and 0.90±0.23 at days 7 and 14 respectively, significantly lower 

than those of untreated mice (1.4±0.22 & 2.5±0.47), calcitriol treated mice (1.7±0.77 & 

2.85±0.74), OVA-CLNP-treated mice (1.3±0.36 & 2.3±0.56), and bC2-CLNP-treated mice 

(0.88±0.29 & 2.5±0.47) at the same timepoints. The ankles were digested with collagenase 

to yield a single cell suspension before staining for CD4+ T cells (Supplementary Fig 4) and 

innate immune cells (Supplementary Fig 5). CTLA-4+CD4+ T cells was significantly higher 
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in Agg-CLNP (47%±35%) versus untreated (2.5%±0.8%) and OVA-CLNP (3.7%±1.8%) 

mice (Fig 6c). CTLA-4+CD11c+ DC were higher in Agg-CLNP (5.3%±1.1%) compared 

to untreated (2.8%±0.6%) and OVA-CLNP (3.2%±0.4%) mice (Fig 6d). F4-80+CD11b+ 

cells were lower in the ankles of Agg-CLNP treated mice (33%±7.7%) compared to 

untreated mice (46%±2.8%) (Supplemental Fig 6a). Ly6G+ CD11b+ cells were higher 

in the ankles of Agg-CLNP treated mice (36%±3.4%) compared to untreated mice (25%

±3.2%) (Supplemental Fig 6b). qPCR analysis showed that Tnf was significantly lower in 

the ankles of Agg-CLNP treated mice (0.24±0.16) compared to untreated mice (1.0±0.33) 

(Fig 6e). Il6 was lower in the ankles of Agg-CLNP treated mice (0.01±0.01) compared 

to untreated mice (1.4±1.4) (Fig 6f). Mmp3 was significantly reduced in the ankles of 

Agg-CLNP treated mice (0.15±0.18) compared to untreated mice (1.7±0.92) (Fig 6g). 

Mmp13 was significantly reduced in the ankles of Agg-CLNP treated mice (0.39±0.42) 

compared to untreated mice (3.9±1.3) (Fig 6h). Following the guidelines recently published 

for Standardized Microscopic Arthritis Scoring of Histological sections (SMASH)54, a 

computer-aided algorithm in the QuPath software was generated using default settings 

for tissue thresholding and cell detection/classification, to facilitate quantification of cell 

infiltrates of H&E-stained sections (Fig 6i). Bone erosion (BE) and cartilage proteoglycan 

(PG) loss scoring was performed on safranin-O-stained ankle joint sections from untreated 

and Agg-CLNP treated mice (Fig 6j). Untreated mice ankle sections had significantly higher 

cell infiltrates compared to those from Agg-CLNP treated mice (Fig 6k). BE scores for 

untreated mouse ankles (2.0 ± 0) were significantly higher than Agg-CLNP treated mouse 

ankles (1.0 ± 0.7) (Fig 6l). The PG loss scores for untreated mouse ankles (1.75 ± 0.5) were 

significantly higher than Agg-CLNP treated mouse ankles (0.6 ± 0.5) (Fig 6m).

To measure if CLNP induced generalized immunosuppression, SKG mice were immunized 

against OVA by prime injection with OVA/CFA and boost injection with OVA/IFA 

(Supplementary Fig 7a). A subset of SKG mice received Agg-CLNP injections as previously 

described. Agg-CLNP treatment did not reduce anti-OVA IgG1 Ab titers in OVA immunized 

mice compared to untreated mice (Supplementary Fig 7b). To obtain a preliminary safety 

analysis, Agg-CLNP were injected into each biceps femoris of SKG mice (33 μg Agg-

CLNP /day) for three days prior to arthritis flare synchronization with mannan as above. 

Serum was collected just before mannan injection on day 3 and blood was collected 

on day 7 (Supplementary Fig 8a). Blood collected on day 7 was analyzed by flow 

cytometry to compare peripheral blood cellular composition consisting of B cells (B220+), 

dendritic cells (CD11c+), macrophages (F4-80+), neutrophils (Ly6G+) and T cells (TCRβ+) 

(Supplementary Fig 8b). There were no significant differences in the cellular composition 

between untreated and Agg-CLNP treated mice (Supplementary Fig 8c-g). Serum collected 

on day 3 was analyzed with a Th1/Th2/Th17 CBA kit to quantify proinflammatory cytokines 

in the peripheral blood. No significant differences in IFN-γ, IL-4, IL-6, or TNF were found 

between untreated and Agg-CLNP treated mice (Supplementary Fig 8h-k).

Discussion

Here, we demonstrate that joint antigen-relevant peptide-conjugated CLNP modulate 

arthritis flare. CLNP regulate DC maturation which, in turn, suppresses disease-specific 

inflammation. Phenotypic modulation of DC by CLNP was confirmed by flow cytometry 
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analysis and bulk next generation RNAseq, which showed a reduction in co-stimulatory 

CD80/CD86 expression and an increase in inhibitory CTLA-4, consistent with a tolerogenic 

DC phenotype. bC2-CLNP and Agg-CLNP, when administered i.m. in proximity to the 

joint, had potent local flare controlling effects in the CIA and SKG mouse models 

arthritis, respectively. Importantly, unlike standard-of-care treatment, CLNP are not 

immunosuppressive. Moreover, bolus systemic delivery of calcitriol had no clinical benefit 

in flare control supporting that both encapsulation of calcitriol and co-delivery with a 

disease-relevant peptide were necessary to achieve the benefit. These results support the 

utility of peptide conjugated CLNP as a flare control agent.

The choice of PLGA-PEG-MAL in the CLNP formulation was inspired by the long 

history of use of PLGA and PEG polymers in drug delivery formulations which have 

enabled safe and effective drug delivery.55-58 Maleimide-cysteine conjugation has a long 

history and provides an efficient method to conjugate cysteine terminated peptides to 

maleimide functionalized polymers in mild conditions without other coupling reagents.59,60 

This method of conjugation is also utilized in multiple FDA approved antibody drug 

conjugates.61-63 The immunomodulatory agent used in the formulation, calcitriol, is the 

active form of vitamin D3, which regulates a range of physiological processes via nuclear 

factor kappa B through the vitamin D receptor.50 Calcitriol has also been demonstrated 

to mediate physiologically relevant inhibition of DC maturation and thereby modulation 

of antigen-specific immune responses.51 However, calcitriol is hydrophobic with a serum 

half-life of ~3-6 hours.64,65 Here, we encapsulated calcitriol in CLNP with a size ≤250 

nm, which favors lymphatic drainage and is consistent with other reports.49,55,56,66 Zeta 

potential measurements showed a net negative surface charge in all CLNP formulations, 

which is expected. Peptide conjugated formulations reduced the charge suggesting a greater 

localization of the peptides to the surface of the particle. UHPLC analysis determined 

encapsulation efficiencies ranging from 9.1% to 11.7%, and degradation studies indicated 

an initial burst release of calcitriol prior to a slow degradation over 28 days for an average 

degradation of 50% between all formulations. While this ee is lower compared to other 

reports, the formulation reported here does not use surfactants/stabilizers, which likely 

contributes to the encapsulation and initial degradation.67-69 IVIS imaging of proximal and 

distal lymph nodes after i.m. injection of either Cy5 conjugated polymer or Cy5 conjugated 

calcitriol confirmed the localized biodistribution of CLNP, whereas the distal brachial LNs 

showed a minimal signal. Cy5-calcitriol CLNP showed a consistently strong signal in the 

popliteal LNs. The results indicate that CLNP readily enters the lymphatic system and is up 

taken within the local LN, rather than recirculating throughout the lymphatic system. IVIS 

analysis of the liver, kidney and spleen showed that PEG-PLGA undergoes hepatic clearance 

while calcitriol undergoes renal clearance, consistent with previous reports.70

It is well-established that calcitriol promotes an immunomodulatory DC phenotype in vitro, 

which favors induction of regulatory T cells (Treg).71-73 The tolerogenic DC phenotype is 

characterized by lower costimulatory molecule expression (CD80 and CD86) as well as 

lowered proinflammatory cytokine expression. Our in vitro studies clearly show that both 

free calcitriol and CLNP impart the tolerogenic phenotype on DC as measured by lower 

CD80, CD86, MHC2, IL-6 and TNF expression relative to LPS only stimulated control. 
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In our studies, RNAseq of in vitro DC cultured with calcitriol confirmed that Ctla4 was 

one of the most prominent differentially expressed genes, and flow cytometry analysis 

of DC treated with CLNP confirmed a significant increase in CTLA-4 expression. While 

CTLA-4 is generally associated with T cells,74 CTLA-4 expression in DC has been shown 

to influence cell function and antigen presentation, resulting in a regulatory role.75,76 KEGG 

pathway enrichment analysis showed that calcitriol significantly affects the rheumatoid 

arthritis pathway in DC. Of the genes associated with this pathway, Ctla4 and Tgfb3 were 

significantly upregulated in calcitriol-treated DC. Ctla4 is a known risk factor in RA and 

TGFβ3 has been shown to promote cartilage repair in the presence of synovial fluid from 

RA patients.77,78

Unlike autoimmune disorders where the predominant autoantigen is known, the 

identification of antigenic targets in RA is challenging as the complex pathology is not well-

defined. RA involves a combination of genetic, environmental, and stochastic factors, and it 

is likely that multiple antigens are involved in disease initiation and progression. To this end, 

targeting multiple antigens utilizing an ex-vivo tolerogenic DC has been demonstrated.46 

In this work, the selection of the peptide for CLNP treatment in the CIA model was 

based on the known I-A(q) restricted peptide sequence for bovine collagen II (bC2).79 

On the other hand, the lack of a well-defined autoantigen target in SKG mice, emulated 

human RA. Inspired by the results from the proteoglycan-induced inflammatory arthritis 

(PGIA) model80, we selected aggrecan, a cartilage-specific proteoglycan core protein that 

is enriched in the joint, with the goal of avoiding systemic exposure. As the SKG mice 

used were on the BALB/c background, a strain that is susceptible to PGIA, we utilized the 

known immunodominant peptide of aggrecan for the I-A(d) haplotype.81 As controls, we 

used the I-A(b) restricted immunodominant peptide of ovalbumin and the I-(A)q restricted 

immunodominant peptide of bC2, in the SKG mice.

CLNP treatment reduced flaring in both the CIA and SKG mouse models of RA. Here, 

the study was designed to initially induce pathogenic collagen-specific T cells by the 

priming with bC2 emulsified in CFA and resembles pre-RA. Before boost, which rapidly 

increases joint inflammation, mice were treated with bC2-CLNP. Unlike the CIA mice, 

SKG mice are predisposed to inflammatory arthritis due to a mutation in Zap70 of the T 

cell receptor. The use of mannan, a fungal component, synchronizes arthritis and resembles 

a flare. By injecting CLNP prior to mannan injection, we assessed the flare prevention 

effect of CLNP. Our observation was that the anti-flare effects were more pronounced in 

CIA compared to SKG mice, which we attribute to the use of a peptide that is derived 

from bC2, which also induces the disease. In both models, the use of relevant peptide 

CLNP reduced inflammation relative to untreated, bolus calcitriol, or irrelevant peptide 

CLNP formulations. Flow cytometry analysis of ankles from SKG mice showed a significant 

increase in CTLA-4 expression on T cells, supporting our hypothesis that CLNP modulate 

DC in the lymph nodes which, in turn, have a down-stream effect on T cells. Joint-localized 

DC also upregulated CTLA-4, consistent with the RNA-seq and in vitro DC culture 

observations. The inflammatory markers Il6 and Tnf and transcripts of the joint destructive 

matrix metalloproteinases (MMP) Mmp3 and Mmp13 were reduced in the joints of mice 

that received Agg-CLNP.82-84 These results support the utility of encapsulation of calcitriol 

and the use of disease relevant peptides in order to achieve clinical and immunological 
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effects. Agg-CLNP were assessed to have an acceptable safety profile, assessed by a lack 

of peripheral blood cytopenia and lack of upregulation of inflammatory cytokines in SKG 

mice. The comparable anti-OVA antibody titers in Agg-CLNP treated mice and untreated 

OVA immunized mice show that the results are not due to generalized immunosuppression. 

This is a key distinction from the current standard of care of corticosteroid injections for 

treatment of arthritis flares.

In the clinic, current flare treatment focuses on symptomatic management with 

corticosteroids (oral, intramuscular, intra-articular) or oral NSAIDs.85 However, these 

medications are not joint protective, do not reduce flare recurrence and their chronic 

use is associated with significant side-effects. Moreover, as ~80% of flares are short-

lived (< 3 days)7, switching DMARDs to treat flares is not indicated for most patients 

due to the inherent risks of drug intolerance and inadequate responsiveness. CLNP are 

well-positioned to supplement these first-line symptomatic treatments and could also be 

combined with standard second-line treatment DMARDs to prevent flaring in patients 

with RA in remission. Other drug development programs are focused on the concept of 

immunomodulation through DC. For example, ex vivo generated tolerogenic DC have been 

shown to reduce arthritis in rodent models of RA.86,87 Adoptively transferred autologous 

tolerogenic DC (also generated ex vivo) have proven to be safe in humans, without evidence 

of disease exacerbation or flares.46 However, despite infusion of high doses of DC (up 

to ~107 cells), clinical benefit against RA progression or flares has remained elusive. 

Moreover, the complexity in the manufacturing of DC therapies presents a challenge 

to its widespread adoption. On the other hand, CLNP modulation of DC compares 

favorably to DC therapy. The general approach of using antigen-specific immunomodulatory 

nanoparticles has been recently tested in clinical trials for RA which has demonstrated 

initial positive results.88 CLNP may serve as an immunoregulatory adjuvant to treat patients 

that experience recurrent local flares, potentially in combination with DMARDs without 

generalized immunosuppressive side effects.

Methods

Study design

The objective of this study was to develop an immunomodulatory agent to facilitate 

inflammation control during an arthritis flare. To this end, we formulated and characterized 

CLNP formulations. We validated the nanoprecipitation method to generate CLNP by 

synthesizing three initial lots for characterization by DLS. All material characterization 

studies (DLS, Zeta, TEM, and UHPLC) were conducted in triplicate with all formulations. 

All cell culture studies were performed with a minimum of three technical replicates. Three 

technical replicates were used for RNA-Seq analysis. For in vivo studies, outcomes were 

determined by assessing clinical scores, ankle thickness, flow cytometry assessments and 

histological appearances, unless otherwise noted. For SKG arthritis studies, littermate mice 

were injected with mannan to synchronize disease onset. The criteria for omission were 

(i) signs of arthritis on day 0 and (ii) failure to develop arthritis by day 17. All other 

animals were included in the data analysis. Endpoints for data collection were based on 

changes in and progression of clinical scores in the treatment groups. For CIA arthritis 
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studies, littermate mice were injected with bC2/CFA on day 0 and bC2/IFA on day 21 to 

synchronize disease onset. The criteria for omission were (i) signs of arthritis on day 21 

and (ii) failure to develop arthritis by day 34. All other animals were included in the data 

analysis. Endpoints for data collection were based on changes in and progression of clinical 

scores in the treatment groups. Sample size for each individual experiment is provided in 

the figure legends. To achieve adequate power, all mouse arthritis studies were conducted by 

combining at least two age-matched litters. In general, statistical power for arthritis studies 

was based on prior reports of and our experience with arthritis mouse models.

Materials

Poly (lactide-co-glycolide)-polyethylene glycol-maleimide (50:50 L:G 20 kD PLGA, 

2kD PEG SKU: 2794-20K-2000-1g, lots: 2794200202 & 2794200203) was purchased 

from NanoSoft polymers. Cy5-polyethylene glycol-thiol (2kD, FL078003-2K, lot: 

20201217BL05,) was purchased from Biochempeg. Calcitriol (71820, lots: 0601887-33, 

0601887-38, 0601887-53, 0601887-69) was purchased from Cayman Chemical. Dimethyl 

sulfoxide (DMSO, D128-500, lot:194474) and acetonitrile (A998-1, lot: 206498) were 

purchased from Fischer Chemical. 400 mesh copper grids with lacey carbon support 

(01824, lot: 160223) were purchased from Ted Pella. NanoW™ negative stain (2018-5ML, 

lot: 09S662) was purchased from Nanoprobes. Mannan (M7504-5G, lot: SLCF4977), 

lipopolysaccharide (LPS, L3012-5MG, lot: 0000091258), type VIII collagenase (C2139-1G, 

lot: 0000194156), DNase I (10104159001, lot: 60852700) and fetal bovine serum (FBS, 

F2442-500ML, 20K286) were purchased from Sigma-Aldrich. RPMI powder (31800-022, 

lot: 2338416) was purchased from Gibco. Incomplete Freund’s Adjuvant + Ovalbumin 

(EK-0311, lots: 111, 115, 125), Complete Freund’s Adjuvant + Ovalbumin (EK-0301, 

lots: 111, 115, 125), Incomplete Freund’s Adjuvant + bovine collagen (EK-0221, lot: 

102), Complete Freund’s Adjuvant + bovine collagen (EK-0220, lot: 101) were purchased 

from Hooke Labs. Cy5-acid (BP-22274, lot: CY5-1G-1) was purchased from BroadPharm. 

4-dimethylaminopyridine (148270250, lot: A0386855) was purchased from Acros Organics. 

N, N′-Dicyclohexylcarbodiimide (DCC, A10973, lot: 10209304) was purchased from Alfa 

Aesar. Dialysis sacs (12kD, D6191-25EA) were purchased from Millipore Sigma. 70 μm 

cell strainers (22-363-548, lot: 2021115) and 6-well culture plates (353046) were purchased 

from Fisher. GM-CSF (315-03-250UG, lot: 081955 L0821) was purchased from Peprotech. 

96-well high affinity ELISA plates (3590) were purchased from Corning. Biotin anti-mouse 

IgG1 (406604, lot: B270354) was purchased from Biolegend. EDTA coated microtubes 

(365974, lot: 2181885), Mouse Inflammation CBA kit (552364, lot: 316578), and Mouse 

Th1/Th2/Th17 CBA kit (560485, lot: 3164034) were purchased from BD. Ovalbumin (OVA, 

vac-stova, lot: 5823-43-01) was purchased from Invivogen.

Mouse models

All animal work was approved by the UCSD Institutional Animal Care and Use Committee 

(IACUC) under protocol # S17160 and followed the National Institutes of Health 

guidelines and relevant AALAC-approved procedures. C57BL/6J (B6, Jax #000664) and 

DBA/1JBomTac (DBA-1, Taconic Labs #DBA1BO-M) were purchased, BALB/c SKG mice 

were obtained through a Materials Transfer Agreement between UC San Diego and Kyoto 
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University and colonies were maintained at UCSD. BALB/c SKG mice used were both male 

and female. In each study, mice used were either all males or all females.

Arthritis in SKG mice was synchronized in 8–12-week-old SKG mice via intraperitoneal 

(i.p.) injection of 20 mg mannan dissolved in 200 μL of sterile PBS. Disease severity was 

determined twice weekly using clinical scoring and measurement of hind paw swelling using 

calipers while mice were anesthetized. Fore and hind paws were assessed independently 

in each mouse and were assigned scores according to the following criterion: no visible 

swelling (0), mild to moderate swelling (0.5), severely swollen (1.0), as well as an additional 

for 0.1 for each swollen digit. Clinical scores reported are the aggregate of all paws 

(maximum of 5.8) from a single mouse unless otherwise noted. A score of 5.5 was 

considered the clinical endpoint and mice who attained this score before the end of the 

study were sacrificed according to IACUC guidelines.

Collagen induced arthritis (CIA) was induced in 8-week-old male DBA-1 mice by a prime 

injection of 50 μL bovine collagen/CFA emulsion subcutaneously in the tail on day 0 and 

a boost injection of 50 μL bovine collagen/IFA emulsion subcutaneously in the tail on day 

21. After boost, mice were clinically scored 3x/week. Clinical scoring was performed for 

each limb (both wrists and both ankles) and each limb received a score of 0-4 as follows: 

no visible swelling/redness (0), mild but definite redness and swelling of the ankle or wrist, 

or apparent redness and swelling limited to individual digits, regardless of the number of 

affected digits (1), moderate redness and swelling of ankle or wrist (2), severe redness and 

swelling of the entire paw including digits (3), maximally inflamed limb with involvement 

of multiple joints (4). Clinical scores reported are the aggregate of all paws (maximum of 

16) from a single mouse unless otherwise noted. A score of 16 was considered the clinical 

endpoint and mice who attained this score before the end of the study were sacrificed.

Calcitriol loaded nanoparticle (CLNP) synthesis

Cysteine-terminated peptides (Peptide 2.0) were added in a 1:1 molar ratio to 20 mg of 

PLGA-PEG-MAL and dissolved in 1 mL of DMSO. This mixture was agitated overnight. 60 

μL of 1 mg/mL calcitriol in DMSO was then added to the polymer solution. The polymer 

solution was then added dropwise to 30 mL of stirring MilliQ water and stirred for 1 hour. 

The nanoparticle solution was then transferred to a 12 kD dialysis bag and placed in a 6 L 

water bath. The water bath solution was changed every 3 hours for a total 9-hour dialysis 

against 18 L of water. The nanoparticle solution was then stored in a 50 mL conical vial at 

4°C until further use. Fresh nanoparticle solutions were prepared for each study.

CLNP characterization

An aliquot of undiluted nanoparticles was added to a cuvette and placed in a Malvern 

Zetasizer Pro for dynamic light scattering analysis. An aliquot of undiluted nanoparticles 

was added to a zeta potential cell and placed in a Malvern Zetasizer Pro for zeta 

potential analysis. Measurements with the Zetasizer Pro utilize ZS XPLORER software. 

Encapsulation of calcitriol in CLNP was determined on an UltiMate 3000 UHPLC 

(ThermoFischer Scientific). Briefly, nanoparticle suspensions were spun down at 21100g 

for 10 minutes in a centrifuge. The supernatant was aspirated, and the pellet dissolved in 
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HPLC grade acetonitrile. The solutions were run in a Ascentis® Express 90Å C18 reverse 

phase column (MilliporeSigma, Cat#53825-U, lot: USWM003951) with a mobile phase of 

100% acetonitrile at an isocratic flow rate of 0.1 mL/min. Area under the curve values were 

compared to a standard plot of known calcitriol concentrations run in the same conditions. 

The encapsulation efficiency (ee) of calcitriol in the formulations was calculated using the 

following equation:

ee( % ) = Calcitriol concentration in particle
Calcitriol concentration in reaction × 100

TEM imaging of nanoparticles was performed on a ThermoFisher Talos 200 TEM. Briefly, 

2 μL of the formulation was placed on the lacey carbon side of a copper grid (Ted Pella, 

PN: 01824) and allowed to air dry. A drop of 2% organic tungsten stain (NanoProbes, PN: 

2018-5ML) was placed on the grid, and excess was wicked away with a kimwipe. A second 

drop of negative stain was added and excess was wicked away with a kimwipe. The grids 

were allowed to air dry for 48 hours before imaging. Size measurements were performed 

with ImageJ software.

In vitro dendritic cell differentiation assay

B6 mouse bone marrow cells were harvested by homogenizing the long bones using a 

mortar and pestle in complete 1640 RPMI media with 10% FBS and 20 ng/mL GM-CSF. 

The homogenate was strained through a 70 μm cell strainer. The strained solution was 

diluted to 2,000,000 cells/mL with media and 2 mL were added per well to a tissue 

culture treated 6-well plate. In a subset of wells, calcitriol and/or nanoparticles were 

added at the concentrations as described in the results. Plates were incubated at 37°C 

at 5% CO2. On day 3 of the culture, the wells were supplemented with 2 mL of fresh 

complete 1640 RPMI media containing GM-CSF and fresh calcitriol/CLNP to maintain 

experimental concentrations. On day 6 of the culture, half of the media was carefully 

removed and 2 mL of fresh media and fresh calcitriol/CLNP were added to maintain 

experimental concentrations. LPS was added at 50 ng/mL LPS for DC activation. After 

overnight activation, DC were analyzed by flow cytometry.

Cytometric bead assay (CBA)

Mouse inflammation CBA kit or Th1/Th2/Th17 CBA kit were purchased from BD and 

the assay performed according to the manufacturer’s protocol. Briefly, either 50μL of cell 

culture supernatant or serum was added to a mixture of antibody capture beads. The beads 

and sample were allowed to incubate with a PE-detection reagent for two hours at room 

temperature. Beads were washed with buffer by centrifugation. Samples were then run on a 

flow cytometer and compared to a standard curve to determine cytokine concentrations.

RNA-seq of dendritic cells

DC were cultured as described above with SKG bone marrow. 1 nM calcitriol was added 

to a subset of DC. On day 7 of the culture, after overnight activation with LPS, the cells 

were transferred to a 15 mL conical tube. The cells were then sorted on a Sony SH800S cell 

sorter for AnnexinV−CD11c+ cells to isolate live DC. DC were spun down at 400 g for 5 
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minutes at 4°C to pellet the cells. Supernatant was removed and the cell pellets were flash 

frozen in liquid nitrogen before storage at −80°C. RNA was isolated and purified with a 

NEBNext®Ultra II Directional RNA Library Prep Kit for Illumina®, followed by 12 cycles 

of amplification. Sequencing was performed on an Illumina® MiSeq at the La Jolla Institute 

for Immunology. Data was analyzed by quantile and TMM normalization in R.

Analysis of RNA-seq

Analysis of raw reads from sequencing of RNA-seq prepared libraries went as follows: 

FASTQ files were aligned to mm10 reference genome using STAR with parameters 

“–genomeDir mm10index_fp –readFilesIn input_files –readFilesCommand gunzip -c –

outFileNamePrefix bamfile_out –outSAMtype BAM SortedByCoordinate”. Duplicate reads 

were removed using MarkDuplicates from Picard tools. Quantification through counting 

aligned sequencing reads counting reads within features using High-throughput sequence 

(HTSeq) with parameters ‘-f bam -r pos -s no -i gene_id -m intersection-nonempty’. 

Count normalization and differential RNA-seq analysis were then performed using 

quantile normalization and geTMM normalization after removing non-expressed genes. 

Differentially expressed genes (DEG) were filtered using p-values <= 0.05 and log2 fold-

change >=1.5. KEGG enrichment to identify known pathways was performed using library 

clusterProfiler in R.

Ovalbumin immunization

On day 0, two distinct 50 μL subcutaneous injections of OVA/CFA emulsion were 

administered in the back of the mouse. On day 10, received a subcutaneous booster 

immunization of 100 μL of OVA/IFA emulsion in the back. On day 21, mice were bled 

by the tail vein before sacrifice. A subset of mice received 33 μg/day Agg-CLNP on days 

7-9 intramuscularly in the thigh. All blood was collected into EDTA coated tubes.

Anti-OVA IgG1 antibody titer assay

Anti-OVA IgG1 antibody titers were quantified using ELISA following established protocol. 

High-binding ELISA plates were coated with 1 μg/mL OVA in PBS at 4 °C overnight. Blood 

samples were diluted ranging from 1:3 to 1:65535 and incubated with the plates at room 

temperature for 1.5 hours before staining for biotinylated anti-mouse IgG1. Streptavidin 

HRP was then incubated in the wells and subsequently developed to produce a colorimetric 

gradient. The anti-OVA titer was defined as the serum dilution with an optical density value 

closest to 0.3.

Arthritis treatment with CLNP

To assess the efficacy of CLNP in SKG arthritis, 33 μg/day of NP formulation (OVA-, 

bC2-, or Agg-CLNP) or bolus calcitriol (10ng/day) were injected into each biceps femoris 

of littermate SKG mice for 3 days prior to i.p. mannan injection on day 3. Clinical scores 

and ankle thickness of mice were tracked biweekly for two weeks to an endpoint on day 

17. Endpoint immunological analysis of ankles was conducted with flow cytometry. In a 

replicate experiment, ankles were harvested for histological analysis.
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To assess the efficacy of bC2-CLNP in CIA arthritis, 33 μg/day of bC2-CLNP formulation 

were injected into each biceps femoris of DBA-1 mice for 3 days prior to bovine 

collagen/IFA injection on day 21. A separate cohort of mice were treated with 10ng/day 

of calcitriol. Mice were clinically scored for two weeks until sacrifice on day 35. Ankles 

were harvested for micro-CT and histological analysis.

In vivo biodistribution

To assess the biodistribution of the polymer and the encapsulation calcitriol, both were 

conjugated with Cy5. PLGA-PEG-MAL and thiol-PEG-Cy5 were dissolved in a 1:1 molar 

ratio in DMSO (20 mg of PLGA-PEG-MAL was used) and allowed to react overnight 

protected from light. The nanoparticle synthesis and dialysis purification were performed 

with the Cy5 conjugated material as described above. To conjugate Cy5 to calcitriol, Cy5 

acid (1.4 mg, 2.7 μmol), calcitriol (1 mg, 2.4 μmol) and 4-dimethylaminopyridine (0.3 

mg, 2.4 μmol) in 0.3 mL of DCM were added to DCC (0.6 mg, 2.9 μmol). The mixture 

was allowed to mix at room temperature overnight before evaporating the solvent under 

a stream of air. The crude mixture was dissolved in 1 mL of DMSO and encapsulated in 

PLGA-PEG-MAL as described above.

In B6 mice, 33 μg/bicep femoris of either Cy5-conjugated polymer NPs, or Cy5-calcitriol 

encapsulated NPs were injected. Mice were sacrificed at 2, 8 and 24 hours post injection. 

Inguinal lymph nodes (LN), popliteal LN, brachial LN, liver, kidneys, and spleen were 

harvested and organized on a plastic sheet for fluorescence quantification. Fluorescent 

images were taken with an In Vivo Imaging system (Xenogen). The normalized radiant 

efficiency was quantified and plotted over time per organ.

Histological processing

After sacrifice, mouse hind limbs were excised below the knee joint. Muscle and skin 

were removed to the highest degree possible without damaging internal structures, and 

the limbs were fixed in 4% paraformaldehyde (PFA) for 48 hours. The fixed limbs were 

then transferred to a 70% ethanol solution. Samples were then sent to the University of 

Gothenburg (histology in Figure 5), or Inotiv (histology in Figure 6), where they were 

decalcified and embedded in paraffin. Paraffin embedded limbs were sectioned to an 

appropriate depth according to SMASH guidelines54 and stained with hematoxylin and 

eosin, toluidine blue or safranin-O using standard tissue processing techniques. Stained 

slides were digitized using an Aperio AT2 Automated Digital Whole Slide Scanner or a 

Zeiss Axioscan 7 Slide Scanner.

Histomorphometry analysis

To quantify immune cell infiltration in histological sections, H&E sections were loaded into 

the QuPath software. Representative histological sections were used to train the software 

using built-in classification tools to broadly classify immune cells, muscle and tendon, and 

bone. Once trained, the software was then used to detect and classify types in sections 

from the metatarsals to part way up the tibia. Skin was excluded from the analysis to 

prevent misidentification of dermal cells as immune cells. For proteoglycan loss scoring 

and bone erosion scoring, SMASH guidelines were followed. Briefly, histological sections 
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were examined and proteoglycan loss was scored as follows: 0 – healthy intact cartilage 

consisting of fully stained cartilage layer with a smooth surface; 1 – Mild loss of staining 

in ~ 1/3 of the superficial cartilage zone, still predominantly red when stained with Safranin 

O or blue with toluidine blue; 2 – Moderate loss of Safranin O/toluidine blue staining in 

up to 2/3 of the superficial cartilage zone; 3 – Complete loss of Safranin O/toluidine blue 

staining in the superficial cartilage zone. Bone erosion was scored as follows: 0 – Healthy, 

intact bone surface; 1 – Small, superficial bone erosion at the outer surface of the bone, 

no breakage into marrow; 2 – Enhanced local bone erosions into subchondral space, partial 

or complete penetration of cortical bone; 3 – Massive enlarged subchondral bone erosion, 

extended synovial pannus invasion causing near-complete breakthrough of cortical bone to 

the marrow. Scoring was performed by two independent treatment-blinded operators.

Micro–computed tomography (micro-CT) analysis

Mouse ankles were placed in 4% PFA for 48 hours for fixation. After fixation, samples 

were transferred to 70% ethanol. Treatment-blinded scanning and analysis was performed 

at the University of Gothenburg. Before scanning, bones were transferred to PBS for 24 

hours. Scanning was performed on a Skyscan1176 micro-CT (Bruker) with a voxel size 

of 9 μm, at 55 kV/467 mA, with a 0.2-mm aluminum filter. Exposure time was 880 ms. 

The x-ray projections were obtained at 0.4° intervals with a scanning angular rotation of 

180° and a combination of four average frames. The projection images were reconstructed 

into three-dimensional images using Nrecon software (version 1.6.9.8, Bruker) and aligned 

for further analysis in DataViewer (version 1.5.0.9, Bruker). Data were processed using 

CT-Analyzer software (version 1.14.4.1 Bruker), and images were generated using CTVox 

software (version 2.7, Bruker). Bone erosion was quantified as previously described.

qPCR preparation and analysis

Agg-CLNP were administered to SKG mice prior to mannan injection as described 

above. Ankles were harvested 14 days after mannan injection and were flash frozen in 

liquid nitrogen and stored. Whole mouse joint samples were first cut and homogenized 

with a handheld homogenizer in TRIzol on ice (PN:15596018 Invitrogen). RNA was 

purified from the chloroform phase using RNAeasy Plus Micro kit (PN:74034 Qiagen) 

according to manufacturer's protocols. Sample RNA concentration was normalized, and 

cDNA was synthesized using the SuperScript III First-Strand Synthesis SuperMix for real-

time quantitative reverse transcription PCR (qRT-PCR) (PN:11752250 Life Technologies) 

according to manufacturer's protocols. qPCR was performed on a Bio-Rad CFX384 Real-

Time PCR Detection System, with Kicqstart primer assays for Mmp13, Il6, Tnf, Mmp3, and 

Gapdh (KSPQ12012G, Sigma) in a final concentration of 10 × 10−6 M and SYBR Green 

qPCR Master Mix (PN:330513 Qiagen). Primer assay efficiencies were guaranteed by the 

manufacturer to be greater than 90%. Each reaction was measured using technical triplicates, 

and data were normalized to the expression levels of the housekeeping gene Gapdh. Results 

are presented as a fold-change compared to the average expression level in the untreated 

ankles using the ΔΔCq method.
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Flow cytometry analysis

Anti-mouse antibodies against FoxP3 (PN: 11-5773-82, lot:2199652) and F4-80 (PN: 

12-4801-80, lot: 2430442) were purchased from Invitrogen. Anti-mouse antibodies against 

CD4 (PN: 100428, Lot: B347337), CD45 (PN: 103130, lot: B349380), CD11b (PN: 101235, 

lot: B360998), CD11c (PN: 117346, lot: B325181), CD80 (PN: 104705, lot: B334893), 

CD86 (PN: 105115, lot: B315643), I-A/I-E (MHC2) (PN: 107628, lot: B350373), CTLA-4 

(PN: 106309, lot: B357050), and Ly6G (PN: 127614, lot: B259670) were purchased 

from Biolegend. All cells were gated based on forward and side scatter characteristics 

to limit debris, including dead cells. The Zombie Aqua Fixable Viability Kit (Biolegend, 

lot:B333785) stain was used to separate live and dead cells. Antibodies were diluted 

1:400. Gates were drawn based on fluorescence-minus-one controls, and the frequencies 

of positively stained cells for each marker were recorded. Intracellular/intranuclear stains 

were performed by first staining for surface markers according to manufacturer’s protocols, 

then fixing and permeabilizing cells using the FoxP3 Fixation/Permeabilization Buffer Set 

(Invitrogen, 00-5523-00, lots:2333698, 2220750, 2203535). To quantify immune cell subsets 

in mouse ankles, ankles were harvested after sacrificing mice, skin was removed, and ankles 

were harvested and incubated at 37°C in a solution of Complete RPMI, 1 mg/mL Type VIII 

collagenase and 0.1 mg/mL DNAse I for 50 minutes with constant gentle agitation. The 

supernatant was filtered through a 70 μm cell strainer and subsequently stained for flow 

cytometry. To quantify immune cell subsets in the peripheral blood, red blood cells (RBC) 

were first lysed with RBC lysis buffer before proceeding with staining. Flow cytometry was 

performed using an Attune® NxT Acoustic Focusing cytometer analyzer (A24858) and data 

analyzed using FlowJo (BD) software.

Statistics

Sample sizes for animal studies were based on prior work with SKG and CIA mice without 

use of additional statistical estimations.89,90 Results were analyzed where indicated using 

unpaired Student’s t-test, one or two- way ANOVA, and Mann-Whitney rank test; each 

identified for each individual experiment in the figure legends. Data were analyzed using 

Graphpad Prism software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Synthesis, characterization and biodistribution of CLNP formulations. (a) Experimental 

schematic and chemical structure of calcitriol loaded nanoparticle synthesis. (b) Dynamic 

light scattering by intensity graph of all four CLNP formulations. (c) Calcitriol concentration 

in all particle formulations in days post synthesis from storage conditions (DI water, 4°C), 

performed with three technical replicates. (d, e) Plots of Cy5 efficiency normalized to the 

2-hour popliteal lymph node datapoint over 24 hours in inguinal, popliteal, and brachial 

lymph nodes; Cy5-PEG-PLGA in (d) and Cy5-Calcitriol in (e). Data is (c-e) are means ±SD 

of three experimental replicates. Statistical analyses in (d-e) were performed using two-way 

ANOVA. Schematic in (a) was composed using BioRender and ChemDraw.
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Figure 2. 
CLNP imparts a tolerogenic phenotype on DC in vitro. (a) Experimental schematic 

of DC culutre. (b, c, d, and e) Costimulatory molecules (CD80 and CD86), major 

histocompatibility complex II (MHC2), and cytotoxic T-lymphocyte-associated protein 4 

(CTLA-4) positivity on CD11c+ DC after culture with/without LPS, free calcitriol, and two 

doses of CLNP as measured by (b) CD80, (c) CD86, (d) MHC2, and (e) CTLA-4. (f-g) 

Cytokine concentrations in DC media after culture with/without LPS, free calcitriol, and 

two doses of CLNP as measured by (f) IL-6 and (g) TNF. Data in (b-g) are means ±SD of 

six technical replicates from representative experiments. Statistical analyses in (b-g) were 

performed using ANOVA with Tukey’s multiple comparison test. Schematic in (a) was 

composed using BioRender.
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Figure 3. 
Calcitriol modulates RA relevant targets in DC. (a) Pathway enrichment analysis based 

on top 50 DEG with RA boxed. (b) Volcano plot with RA-associated genes highlighted 

in red. (c) Heatmap and dendrogram comparing the top 50 DEG from bulk RNA-seq of 

−/+ Calcitriol DC, Ctla4 and Tgfb3 are highlighted. Data analyzed by quantile and TMM 

normalization. In (b), blue line represents a p value <0.05 and red lines indicate a fold 

change >1.5x by absolute value. In (c) each column represents a replicate of the respective 

condition and data represents the signal across each gene ranked as z-scores using data 

across each row.
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Figure 4. 
bC2-CLNP reduce synovitis, cartilage destruction, and bone erosions in the CIA mouse 

model. (a) Schematic and timeline of experimental procedure. (b) Clinical scores of 

mice treated with either bolus calcitriol (10 ng calcitriol/biceps femoris/day, n=4) or bC2-

CLNP (33 μg bC2-CLNP/biceps femoris/day, n=3). (c) Representative micro-CT images 

of hind paws from calcitriol and bC2-CLNP treated joints. Magnified images were used 

for treatment-blinded (d, e, f) bone surface area to volume quantification for the (d) 

metacarpophalangeal and (e) ankle joints as well as (f) bone erosion scoring. Statistical 

analyses were performed using (b) two-way ANOVA, (d-e) unpaired Student’s t-test with 

Welsch’s correction and (f) Mann-Whitney test. Schematic in (a) was composed using 

BioRender.
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Figure 5. 
Representative (a) H&E- and (b) toluidine blue-stained histological ankle sections from 

mice that received either calcitriol or bC2-CLNP depicting synovitis (green arrows) and 

proteoglycan loss (red arrows). Treatment-blinded (c) synovitis, (d) bone erosion and (e) 

proteoglycan loss scores from H&E- (c, d) and toluidine blue-stain (e) histological sections. 

Data in (c-e) represents means ±SD. Data (c-e) are from n=8 sections from 4 mice for the 

calcitriol group and n=6 sections from 3 mice for the bC2-CLNP group. Statistical analyses 

were performed using (c-e) Mann-Whitney test. Scale bar in (a, b) is 2 μm.
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Figure 6. 
Agg-CLNP modulate autoimmune arthritis in SKG mice. (a) Schematic and timeline of 

experimental procedure. (b) Clinical scores of mice with no treatment (untreated, n=5) 

and treated with bolus calcitriol (10 ng calcitriol/biceps femoris/day, n=4), OVA-CLNP 

(33 μg OVA-CLNP/biceps femoris/day, n=6), bC2-CLNP (33 μg bC2-CLNP/biceps femoris/

day, n=6) or Agg-CLNP (33 μg Agg-CLNP/biceps femoris/day, n=6). (c) Quantification 

of CTLA-4+CD4+ T cells isolated from the ankle fourteen-days post mannan. (d) 

Quantification of CTLA-4+ CD11c+ DC isolated from the ankle fourteen-days post mannan. 

qPCR relative quantification of (e) Tnf, (f) Il6, (g) Mmp3, and (h) Mmp13. Representative 

(i) H&E- and (j) safranin O-stained histological ankle sections from mice that received either 

no treatment or Agg-CLNP depicting synovitis (green arrows) and proteoglycan loss (red 

arrows). Treatment-blinded (k) synovitis, (l) bone erosion and (m) proteoglycan loss scores 

from H&E, H&E, and safranin O histological sections, respectively. Data in (b) represent 

means ±SEM and in (c-h, k-m) represent means ±SD. Data for immune cell counts, bone 

erosion and proteoglycan loss are from n=4 sections from 2 mice for the untreated group 

and n=6 sections from 3 mice for the Agg-CLNP group. Statistical analyses were performed 

using (b) two-way ANOVA, (c-h, k) unpaired Students t-test with Welsch’s correction, and 

(l-m) Mann-Whitney test. Scale bar in (i, j) is 2 μm. Schematic in (a) was composed using 

BioRender.
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