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Abstract 

Systemic lupus erythematosus (SLE) causes damaging inflammation in multiple organs via the 

accumulation of immune complexes. These complexes activate plasmacytoid DCs (pDCs) via 

TLR7 and TLR9, contributing to disease pathogenesis by driving secretion of inflammatory type 

I IFNs. Antimalarial drugs, such as chloroquine (CQ), are TLR antagonists used to alleviate 

inflammation in SLE. However, they require ~3 months of continuous use before achieving 

therapeutic efficacy and can accumulate in the retinal pigment epithelium with chronic use 

resulting in retinopathy. We hypothesized that poly(ethylene glycol)-b-poly(propylene sulfide) 

(PEG-b-PPS) filamentous nanocarriers, filomicelles (FMs) could improve drug activity and 

reduce toxicity by directly delivering CQ to pDCs via passive, morphology-based targeting. 

Healthy human PBMCs were treated with soluble CQ or CQ-loaded FMs, stimulated with TLR 

agonists or SLE patient sera, and type I IFN secretion was quantified via multi-subtype IFN-α 

ELISA and MX1 gene expression using real-time RT-qPCR. Our results showed that 50 µg 

CQ/mg FM decreased MX1 expression and IFN-α production after TLR activation with either 

synthetic nucleic acid agonists or immune complex rich sera from SLE patients. Cellular uptake 

and biodistribution studies showed that FMs preferentially accumulate in human pDCs in vitro 

and in tissues frequently damaged in SLE patients (i.e., liver and kidneys) while sparing the eye 

in vivo. These results showed that nanocarrier morphology enables drug delivery, and CQ-FMs 

may be equally effective and more targeted than soluble CQ at inhibiting SLE-relevant 

pathways. 
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Introduction  

Systemic lupus erythematosus (SLE) is an immune complex-mediated autoimmune disease 

characterized by dysregulation of the innate and adaptive immune system resulting in loss of 

self-tolerance. From 2000 to 2015, SLE was among the leading causes of death among young 

women aged 15-24 in the United States (1). Women represent 90% of patients, leading to a 

strong female bias in disease demographics (2, 3). Clinical manifestations are heterogeneous 

with varying disease severities, organ involvement, and cellular abnormalities (4, 5). The clinical 

course is unpredictable, with frequent flares, which contributes to both delayed diagnosis (an 

estimated six years after initial presentation) (6) and difficulties in treatment. Circulating immune 

complexes, consisting of autoantibodies and endogenous antigen, are deposited in tissues 

leading to inflammation and end-stage organ damage. Lupus nephritis is one of the leading 

causes of morbidity and mortality in SLE, developing in up to 50% of patients (4). Plasmacytoid 

dendritic cells (pDCs) are activated by immune complexes sensed via toll-like receptors (TLR)-7 

and -9, leading to production of interferon (IFN)-α, a major driver in SLE pathogenesis (7, 8). 

Pro-inflammatory IFN-α is upregulated in 50-75% of adult SLE patients (9) and can promote 

suppression of regulatory T cells (10), B cell differentiation to plasma cells, and the production 

of autoantibodies from those plasma cells (11), resulting in a positive feedback loop driving 

autoimmunity. Attenuating this pro-inflammatory type I IFN response is key to treating SLE. 

Emerging therapeutic strategies targeting type I IFN include anifrolumab, a monoclonal 

antibody blocking type I IFN receptor subunit 1 (12); IFN-α kinoid, an inactivated IFN-α coupled 

to a carrier protein (13); and pDC inhibition via cell surface receptor blood DC antigen 2 (BDCA-

2/CD303) (14). None have been approved for SLE patients, and broad type I IFN blockade may 

blunt antiviral immunity, resulting in an increased risk of infection and infection-related 

complications (15, 16). Antimalarial drugs, such as chloroquine (CQ; brand name, Aralen) and 

hydroxychloroquine (HCQ; brand name, Plaquenil), have been used for the treatment of SLE 

since the 1950s (17). They are the cheapest and most frequently prescribed first line, non-
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steroid disease-modifying antirheumatic drug (18). Antimalarial drugs act by binding to nucleic 

acids of immune complexes to mask key binding epitopes, preventing TLR7 and TLR9 

activation and subsequent type I IFN responses (19-21). Antimalarial drugs are safe during 

pregnancy (22, 23), improve survival (24), reduce disease activity (17), and are well-tolerated 

with adjunctive immunomodulatory treatment (25). However, significant challenges during 

treatment include prolonged (> 3 months) use required before achieving therapeutic efficacy 

(26), poor patient compliance (27), and risk of retinopathy with chronic use (28, 29). We sought 

to enhance the potency of antimalarial drugs and address key challenges using targeted 

delivery.  

In this work, we used filamentous nanocarriers composed of an oxidation-responsive 

block copolymer, (poly(ethylene glycol)-b-poly(propylene sulfide) (PEG-b-PPS) to target CQ to 

pDCs and directly inhibit type I IFN activation by TLR-driven signaling. Self-assembled PEG-b-

PPS nanocarriers are non-immunogenic and non-inflammatory, exhibiting neither anti-PEG 

antibodies nor complement activation in mice and non-human primates (30, 31). The 

hydrophobic PPS block facilitates retention and controlled release of hydrophobic drugs such as 

CQ (32). Oxidation converts the hydrophobic PPS block to hydrophilic poly(sulfoxides) or 

poly(sulfones), leading to nanocarrier disassembly and release of drug payload (30). The 

hydrophilic PEG fraction controls the morphology of the self-assembled structures (32). 

Previous studies have identified morphology as a passive mechanism for altering cellular 

targeting and biodistribution. In particular, PEG-b-PPS filamentous worm-like micelles, or 

filomicelles (FMs), preferentially accumulated in splenic pDCs after subcutaneous injection (33). 

Passive, morphology-based targeting via FMs avoids the use of cell-specific ligands and 

improves blood circulation times (34). Furthermore, scalable self-assembly and loading of FMs 

can be successfully achieved (35, 36). We hypothesized that targeted delivery of the 

antimalarial drug, CQ, to pDCs via nanocarriers will enhance inhibition of type I IFN, reduce 

drug toxicity by focusing delivery to specific cells and tissues, and increase efficacy per dose 
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(Figure 1). Our work found that CQ-loaded FMs were equivalent or more effective than soluble 

CQ or CQ-loaded spherical PLGA nanocarriers in decreasing MX1 gene expression and IFN-α 

production by purified TLR7 and TLR9 agonists, and SLE patient sera. Combined with their 

preferential accumulation in pDCs and tissues of increased inflammation in SLE patients (e.g., 

kidneys and liver) and minimal accumulation in the eyes, CQ-loaded FMs may be a novel, more 

effective, and more targeted formulation for treating SLE.  
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Results  

Synthesis and characterization of chloroquine-loaded nanocarriers 

FMs and control spherical PLGA nanocarriers were synthesized by thin-film hydration and 

emulsion/solvent evaporation, respectively. Nanocarrier morphology was verified via small angle 

x-ray scattering (SAXS). As expected, SAXS analysis of FMs best fit the scattering profile to a 

flexible cylinder model (Figure S1). The aspect ratio was calculated, and drug loading had no 

significant effect when comparing unloaded (χ2 = 0.008) versus CQ-loaded (χ2 = 0.0012) FMs 

(Figure 2A). Key limitations of SAXS analysis methods are the assumptions of constant shape 

and homogeneity in a given sample. Direct visualization by TEM was used to complement 

SAXS and reveal potential variations in morphology (37). Representative images showed that 

the morphology of unloaded and CQ-loaded FMs were consistent with micron length and ~50 

nm cross-sectional diameter (Figure 2B). Dynamic light scattering determined control spherical 

PLGA nanocarriers had an average hydrodynamic diameter of 662.5 nm and 0.272 

polydispersity index (PDI) for blank nanocarriers compared to 562.6 nm and 0.221 PDI for CQ-

loaded nanocarriers. Surface charge is an important nanocarrier characteristic because it is a 

major determinant of serum protein adsorption and cellular internalization by the mononuclear 

phagocyte system, which consists mainly of tissue-resident macrophages (38). The zeta 

potential of blank and loaded nanocarriers was determined to be negative (Figure 2C). Neutral 

or anionic nanocarriers are less likely to adsorb serum proteins, be sequestered by tissue-

resident macrophages, and have short serum half-lives in comparison to cationic nanocarriers 

(39, 40). These data confirmed that the physical (morphology, size) and biochemical (charge) 

properties of nanocarriers were not affected by drug loading. 

Next, we characterized the loading and release properties of CQ. Loading capacity and 

encapsulation efficiency were determined by dissolving CQ-loaded nanocarriers in DMSO and 

quantifying CQ by UV/Vis spectrophotometry. The average loading capacity was 49.96 ± 5.529 

μg CQ/mg particle (mean ± standard deviation) for FMs (Figure 2D) and 12.07 ± 2.255 μg 
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CQ/mg particle for spherical PLGA nanocarriers (Figure 2D). The encapsulation efficiency for 

CQ was ~50% for FMs and ~0.6% for spherical PLGA nanocarriers (Figure 2D). For kinetic 

release studies, FMs were incubated in vitro for up to 24 h, and a characteristic burst release 

was observed followed by a plateau at ~50% release of encapsulated CQ (Figure 2E). Overall, 

these results demonstrated that CQ efficiently loaded into FMs and enabled controlled release. 

 

PEG-b-PPS FMs selectively target pDCs in vitro 

Nanocarrier size and shape are known to significantly alter their delivery and biodistribution in 

vitro and in vivo (38). We evaluated whether FMs could address two key design needs: 1) 

targeting and preferential accumulation in pDCs in vitro and 2) biodistribution favoring major 

target organs in SLE while avoiding off-target effects in the eye in vivo. FMs were loaded with 

the lipophilic fluorescent dye DiD for tracking and added to cultures of human PBMCs in vitro. 

Flow cytometry was used to determine cellular targeting and association after 6, 24, and 48 h. 

pDCs represent an average of 0.29% of all cells in healthy human PBMCs but accumulated 

more FMs than B and T cells after 48 h (Figure 3A). DiD+ cells were quantified, and their 

median fluorescent intensity calculated to estimate both the fraction of cells taking up 

nanocarriers as well as the amount of nanocarriers internalized per cell. pDCs were consistently 

associated with nanocarriers compared to more abundant cells (12.6% DiD+ of T cells) and total 

live cells (98.08% of PBMCs) (Figure 3A). The intensity of DiD in pDCs was also highest 

among all analyzed cell types (average MFI of 25.73 after 48 h), suggesting FMs accumulated 

mainly in pDCs (Figure 3B and representative gating strategy shown in Figure S2). Together, 

these results demonstrated the highly targeted accumulation of FMs in pDCs despite their 

relatively low abundance.  

The biodistribution of nanocarriers is strongly influenced by parameters such as size, 

morphology, dose, and administration route. Typically, accumulation in blood filtration organs 

(e.g., kidney, liver, spleen) is undesirable for drug delivery because nanocarriers are 
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sequestered by the mononuclear phagocyte system (38, 41). In SLE, these are critical sites of 

disease activity for targeting drug delivery. Biodistribution of DiD-loaded FMs was analyzed after 

intravenous injection in C57BL/6 mice. FMs accumulated in the kidneys and liver 1-h post-

injection and dye signal was cleared by the body after 24 h with minimal accumulation in the eye 

(Figure 4A). The decreased accumulation of FMs in the eye suggests the potential to reduce 

antimalarial retinopathy by minimizing off-target drug accumulation, potentially eliminating a 

primary toxicity of soluble CQ.  

Within each organ, we analyzed the percentage of immune cells that were DiD+ to 

determine FM uptake (Figure 4B). We observed a significant increase in splenic CD19+ B cells 

associated with DiD-loaded FMs after 24 h. CD11c+ dendritic cells and CD11b+ myeloid cells 

also showed increased DiD signal between 1- and 24-h post-injection in the liver and spleen, 

consistent with their passive endocytic function. This may also be partially driven by the high 

aspect ratio and minimal curvature regions of FMs (normalized curvature, Ω ≥ 45°), which can 

induce faster internalization by phagocytosis compared to spherical nanocarriers (Ω ≤ 45°) (42). 

The increased cellular signal from 1 h to 24 h may be the result of cells in the mononuclear 

phagocyte system facilitating the clearance of FMs from circulation and at those organ sites. 

These results demonstrated favorable drug delivery properties at the tissue and cellular level to 

address key disadvantages of a soluble free drug, including avoiding the eye and targeting 

drugs into immunopathogenic cell types and tissue sites of disease activity.  

 

Chloroquine-Loaded Nanocarriers Decrease Interferon-Stimulated Genes in Human 

PBMCs 

A major goal for targeted delivery and controlled release is to potentiate drug activity. We 

compared the efficacy of CQ-loaded nanocarriers to soluble CQ in two in vitro culture systems: 

human PBMCs stimulated with 1) TLR agonists or 2) sera from SLE patients with active 

disease. We generated a dose-response curve to determine which concentrations of CQ 
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inhibited TLR7 and TLR9 activation in healthy human PBMCs. Previous studies show that 100 

µM CQ maximally decreases pro-inflammatory cytokine secretion, including TNF-α, IL-6, and IL-

1β (43, 44), and particularly, IFN-α in human PBMCs after in vitro TLR stimulation (45). We 

quantified the expression of MX1, an interferon-stimulated gene that is upregulated in SLE 

patients compared to healthy controls (46). Healthy human PBMCs were stimulated with either 

ssRNA40/LyoVec (TLR7/8 agonist) or CpG ODN 2216 Class-A (TLR9 agonist) and left 

untreated or pretreated with soluble drug or drug-loaded nanocarriers at 1.95, 3.91, or 7.81 μM 

CQ (Figure 5). CQ-loaded FMs resulted in >90% decrease in MX1 gene expression in human 

PBMCs after TLR7/8 (Figure 5A) and TLR9 (Figure 5B) activation. 

Using the dose-response curve data, we subsequently tested CQ-loaded nanocarriers at 

3.91 μM CQ because this dose yielded robust inhibition of MX1 (93.20-97.57%) at 

approximately 25-fold lower dose than previous studies with soluble drug (43-45) and less 

variability in response after both TLR7/8 and TL9 activation. Soluble CQ and CQ-loaded 

nanocarriers had comparable efficacy suppressing TLR7/8-mediated MX1 gene expression in 

PBMCs (Figure 6A). In contrast, CQ-loaded FMs were significantly more suppressive of TLR9-

mediated MX1 expression in PBMCs, approximately 2.6-fold more inhibitory than soluble drug 

(Figure 6B). Nanocarriers alone, only soluble CQ, or blank nanocarriers cultured with soluble 

CQ did not stimulate MX1 gene expression in healthy human PBMCs (Figure S3).  

pDCs are well-known as the primary producers of type I IFN among immune cells in 

PBMCs, but they are notoriously low in abundance. We tested the contribution of pDCs to TLR-

driven type I IFN by isolating purified human CD123+ pDCs, stimulating them with TLR 

agonists, and treating them with either soluble CQ or CQ-loaded nanocarriers (Figure 6C and 

6D). Purified pDCs showed no significant MX1 upregulation after activation by TLR7/8 agonist 

ssRNA40/LyoVec (Figure 6C). This suggested the responding PBMC cell type to TLR7/8 

stimulation was not pDCs in our experiments. Unlike TLR7/8 stimulation, TLR9 stimulation of 

pDCs resulted in robust MX1 upregulation, which could be strongly inhibited by both soluble CQ 
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and CQ-loaded FMs. TLR9 stimulation with CpG-A ODN 2216 robustly stimulated type I IFN in 

purified pDCs, upregulating MX1 expression ~300X over unstimulated controls after 6 h (Figure 

6D). Soluble CQ and CQ-loaded FMs significantly decreased MX1 (95% and 85% inhibition, 

respectively). Overall, these results demonstrated that soluble CQ and CQ-loaded nanocarriers 

can efficiently suppress TLR7/8 and TLR9-stimulated type I IFN responses in PBMCs, and that 

pDCs were a primary target in TLR9 stimulation while a different PBMC cell type drove TLR7/8 

responses.  

 

Chloroquine Loaded Nanocarriers Reduce Type I IFN Induced by SLE Sera 

Purified TLR agonists are strong stimulators of PBMCs but differ substantially from physiologic 

agonists. Circulating immune complexes in SLE are unique structures composed of 

autoantibodies and endogenous antigens, such as anti-dsDNA antibodies and self-DNA, and 

these are hypothesized to be a major driver of endosomal TLR activation and type I IFN 

pathogenesis in SLE. Anti-dsDNA autoantibodies are found in approximately 80% of patients 

with lupus nephritis (47), and are associated with TLR9 activation (48), and high IFN-α activity 

(49). SLE serum has been previously shown to stimulate pDCs and produce IFN-α (50). CQ 

also has been shown to decrease IFN-α production after pDC activation by SLE serum (19). We 

used SLE patient sera as a more physiologic stimulator of PBMCs and proof-of-principle for 

clinical utility. Healthy PBMCs were isolated and co-cultured with 30% v/v SLE sera for 24 h in 

vitro. We used a ~75% lower dose of soluble CQ than reported in literature to inhibit SLE serum 

(19). Soluble CQ did not significantly decrease type I IFN response stimulated by SLE sera 

(Figure 7A). In contrast, pretreatment with equivalent dose of CQ-loaded FMs significantly 

decreased MX1 expression induced by SLE sera by approximately 75% compared to no 

inhibition by either soluble drug or CQ-loaded spherical PLGA nanocarriers (Figure 7A). We 

also analyzed secretion of IFN-α with a multi-subtype ELISA that quantifies all 12 known IFN-α 

family proteins in humans (51). As expected, based on MX1 expression, IFN-α production was 
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significantly decreased by CQ-loaded nanocarriers, while soluble CQ had no effect (Figure 7B). 

Both FMs and spherical PLGA nanocarriers significantly inhibited IFN-α secretion, suggesting 

MX1 is induced by more than IFN-α in our experimental system. These data showed that CQ-

loaded nanocarriers significantly decreased IFN-α production compared to soluble CQ in 

response to immune complexes from SLE patient sera. This suggests that CQ-loaded FMs may 

have utility as a novel drug formulation for treating SLE.  
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Discussion 

The past decade has seen the first new drug approvals for SLE by the U.S. FDA in over 50 

years. In 2011, the monoclonal antibody belimumab blocking B lymphocyte stimulator was 

approved for SLE and approved for lupus nephritis in 2020. In 2021, voclosporin, a calcineurin 

inhibitor, in combination with background immunosuppressive therapy, was approved for adult 

patients with active lupus nephritis. Voclosporin was the second FDA-approved therapy for 

lupus nephritis and the first oral treatment specifically for that manifestation (52). Despite FDA 

approvals of belimumab and voclosporin, these therapies were studied in combination with a 

background of immunosuppressive agents and corticosteroids to achieve efficacy, and drug 

delivery and toxicity remain persistent limitations for these and other SLE treatments.  

Nanocarriers can enhance drug delivery while mitigating adverse side effects by 

reducing accumulation in off-target cells and tissues. We demonstrated that targeting pDCs 

using antimalarial-loaded FMs could enhance suppression of TLR activation and subsequent 

type I IFN responses (Figure 1). To our knowledge, this is the first use of passive, morphology-

based nanocarrier targeting of pDCs to enhance TLR inhibition, and extends prior work 

demonstrating accumulation in pDCs (33). TLR inhibition has great potential as a therapeutic 

strategy since gene polymorphisms of TLRs lead to disease susceptibility (53), TLR ligands 

contained in NETs or resulting from apoptotic cell death exacerbate disease (54, 55), and TLR 

inhibitors (i.e., antimalarial drugs) alleviate disease (56). Our approach targets SLE in disease-

relevant sites and cells to inhibit key inflammatory pathways.  

Our results showed that FMs accumulate in pDCs (Figure 3), professional IFN-α 

producing cells that represent <1% of cells in the blood but produce 1,000X more IFN-α than 

any other immune cell (57). Concentrating drug delivery to pDCs may potentiate TLR 

antagonists, such as CQ, by increasing drug accumulation in the endosomal space to block TLR 

signaling more efficiently and downstream type I IFN responses. Additionally, passive targeting, 

which leverages physicochemical nanocarrier properties (Figure 2) and disease biology, 
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presents an opportunity for FMs to accumulate at tissue sites of SLE-driven inflammatory 

damage like the kidneys (Figure 4). Targeting SLE-relevant organs (e.g., kidneys and liver) can 

concentrate drug delivery to tissues where both immune complexes and pDCs are found during 

active disease, while limiting off-target effects. pDCs are important in lupus nephritis because 

they express high levels of IL-18R which allows the relocation of dendritic cells within the 

glomeruli by IL-18 stimulation. These dendritic cells then activate resident T cells, resulting in 

promotion of renal damage (58, 59). FMs also escape accumulation in the eye (Figure 4) due to 

the size and morphology of the nanocarriers and their impermeability of the blood-retinal barrier 

(60, 61). This may reduce the risk of antimalarial-mediated retinopathy with chronic use of CQ 

(29) and long-term toxicity associated with the current CQ formulation. We hypothesize that the 

filamentous morphology (Figure 2) and phagocytosis of FMs facilitates internalization by pDCs 

(34, 42, 62), and thus, its unique morphology advances nanocarrier drug delivery. Future 

studies should evaluate the molecular mechanisms and kinetics of FM uptake into endosomes 

and degradation by pH-mediated oxidation.  

 We used synthetic oligonucleotide agonists ssRNA40 and CpG-A ODN 2216 to trigger 

TLR7/8 and TLR9, respectively, because human pDCs selectively express endosomal TLR7 

and TLR9 to sense pathogenic and endogenous nucleic acids (63). Although ssRNA40 is 

known to produce high levels of IFN-α in pDCs (64) and induce MX1 gene expression in PBMCs 

(65), CQ-loaded FMs were not significantly different from soluble drug or spherical PLGA control 

(Figure 6A and 6C). Since isolated pDCs did not show an MX1 response to ssRNA40, we 

hypothesize that monocytes and other myeloid cells may be additional mediators of IFN-α 

production after TLR7/8 activation by ssRNA40 (66). However, both soluble CQ and CQ-loaded 

FMs did suppress TLR9-mediated MX1 in both PBMCs and isolated pDCs at the same CQ 

concentration (Figure 6B and 6D). This represents a major advantage in that the total body 

exposure and off-target tissue accumulation of CQ is diminished with the delivery of antimalarial 

drug in nanocarriers. 
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Many emerging drug delivery strategies have been tested preclinically against SLE. 

Previous studies have used mycophenolic acid (67, 68), cyclosporine A (69), azathioprine (70), 

and the prodrug of dexamethasone (71) in drug delivery platforms to target SLE relevant 

pathways, ameliorate glomerulonephritis in lupus-prone mice, and decrease proinflammatory 

cytokines. Our work builds upon existing studies by using a novel drug delivery approach to 

target pDCs without needing a targeting moiety for delivery of an FDA-approved drug, CQ, for 

SLE treatment. We chose antimalarial drugs because they are the mainstay first line, long-term 

SLE treatment regardless of renal involvement or disease severity (25). By loading CQ in FMs, 

we decreased the in vitro concentration of CQ required to inhibit MX1, which is upregulated in 

SLE patients (72) (Figure 5). We showed that CQ-loaded FMs decreased MX1 gene expression 

equivalent to soluble CQ in human PBMCs stimulated with purified TLR agonists (Figure 6A 

and 6B). In human PBMCs stimulated with anti-dsDNA positive SLE sera, soluble CQ did not 

inhibit MX1 gene expression (Figure 7A) or IFN-α secretion (Figure 7B). We propose that SLE 

sera is less sensitive to CQ inhibition than synthetic oligonucleotide TLR agonists, as shown in 

previous studies (19), and concentration of CQ in the endosomal space may be more important 

for treatment in this scenario. Compared to previous studies, we used 75% less CQ loaded in 

FMs and showed a significant decrease in MX1 gene expression (Figure 7A) and IFN-α 

production (Figure 7B), demonstrating the dose-sparing and dose-enhancement of CQ in FMs 

versus soluble CQ. 

Future studies evaluating the dosing strategies of CQ loaded nanocarriers in lupus-

prone mouse models can better define the frequency of treatment as well as determine 

bioavailability of different routes of administration. A preclinical model with a strong type I IFN 

signature and clinical manifestations similar to SLE patients, such as the pristane-induced 

model (73, 74), will be important in demonstrating the efficacy of this treatment option in vivo. 

Our approach has therapeutic implications because CQ-loaded FMs may provide a more 

targeted inhibition of immune-complex-mediated inflammation in SLE, potentially sparing steroid 
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or immunosuppressive treatment. This would result in both lower steroid toxicity as well as lower 

risk of infection, a serious threat to SLE patient health (15, 16).  

To enhance the therapeutic potential of CQ drug delivery, future work should include 

investigating other nanocarrier morphologies that can target other IFN-producing cell types such 

as myeloid cells. The PEG-b-PPS platform is ideal for these studies because by changing the 

hydrophilic weight fractions of the polymer, they can be self-assembled easily to form diverse 

morphologies such as spherical (i.e., micelles and polymersomes) (32) and cubic (i.e., 

bicontinuous cubic nanospheres) (75) nanostructures with distinct cellular biodistribution profiles 

(76). Overall, this study illustrates the therapeutic potential of drug delivery of CQ for targeting 

SLE-relevant pathways, immune cells, and organ sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted June 9, 2021. ; https://doi.org/10.1101/2021.06.09.447773doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.09.447773


 

16 
 

Methods 

Materials 

Chloroquine, 95% purity was purchased from Ark Pharm (Arlington Heights, IL, USA). Acid-

terminated, 50:50 lactide/glycolide molar ratio, molecular weight (MW) 7,000-17,000 poly(D, L-

lactide-co-glycolide) (PLGA); MW 25,000, 88% hydrolyzed polyvinyl alcohol (PVA); 

poly(ethylene glycol) methyl ether MW 2000; and organic solvents were purchased from Sigma 

Aldrich (St. Louis, MO, USA). Propylene sulfide was acquired from TCI Chemicals. Micro Float-

A-Lyzer Dialysis Device, biotech grade cellulose ester, 8-10 kDa molecular weight cut off 

(MWCO) was purchased from Repligen (Waltham, MA, USA). TLR agonists (ssRNA40/LyoVec 

and CpG-A ODN 2216) were purchased from Invivogen (San Diego, CA, USA).  

 

Antibodies and Dyes 

The Zombie Aqua™ Fixable Viability dye and all primary antibodies used for flow cytometry 

analysis were obtained from BioLegend (San Diego, CA, USA) (Table 1).  

 

Nanocarrier Synthesis 

Block copolymer PEG-b-PPS was synthesized as previously described (77). FMs were loaded 

with the hydrophobic antimalarial drug, CQ, via thin-film hydration. Briefly, 5-10 mg of PEG45-b-

PPS44 polymer was co-dissolved with equal mass CQ in 200 µL chloroform in a 5 mL sterile, 

clear, LPS-free glass vial. The solvent was evaporated at room temperature (RT) for 3-5 h, 

resulting in a thin film. The thin film was rehydrated at a total polymer concentration of 5-15 

mg/mL with 1X phosphate-buffered saline (PBS) at pH 7.4 under gentle agitation overnight. CQ 

loaded nanocarriers were purified from free CQ by 10K MWCO polyethersulfone membrane 

spin columns (VWR; Radnor, PA, USA) at 10,000 xg for 1-2 minutes and equilibrated with PBS 

solution. 
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Spherical PLGA nanocarriers were fabricated by oil-in-water emulsion/solvent 

evaporation technique (78). Briefly, 5-10 mg PLGA and equal mass CQ was dissolved in 500 µL 

chloroform. The organic phase was emulsified in 2 mL of 0.5% PVA in 1X PBS solution using a 

probe sonicator at 50% amplification for 2 minutes on ice. The emulsion was added dropwise to 

10 mL of 5% PVA in 1X PBS solution at RT. The continuous phase was homogenized at 6,800 

x rpm with the T 25 digital ULTRA-TURRAX® (IKA; Wilmington, NC, USA) and left to stir 

overnight at 600 x rpm at RT until the organic solvent was evaporated and nanocarriers were 

hardened. CQ-loaded spherical PLGA nanocarriers were purified from free drug by 

centrifugation for 5 minutes at 14,000 x g and washed three times with diH2O.   

 

Nanocarrier Characterization 

Small-angle X-ray scattering (SAXS) was performed at the University of Maryland, College Park 

X-Ray Crystallographic Center using the Xenocs Xeuss SAXS/WAXS/GISAXS small-angle 

system with 8 keV (wavelength = 1.5 A) collimated X-rays. Samples were measured at 2.5 m 

from the CCD detector and analyzed within the 0.004-0.2 A-1 q-range calibrated by diffraction 

patterns of silver behenate. SAXS analysis was performed using IgorPro (WaveMetrics, Inc.; 

Portland, OR, USA) for 2D to 1D reduction and normalization of acquired sample scattering 

from buffer scattering. Model fitting was completed using SASVIEW 4.X based on the flexible 

cylinder model with the following parameters: 2 µm cylinder length, 150 nm persistence length, 

and 8 nm PPS core radius (79). The FEI Morgagni 268 100 kV Transmission electron 

microscope (TEM) equipped with a Gatan Orius CCD camera was used to compare morphology 

and appearance of blank and CQ-loaded nanocarriers. For TEM processing, 12 mg/mL blank or 

loaded nanocarriers were added to FCF200-Cu-TB coated grids and stained with 2% uranyl 

acetate. The grids were immediately processed after negative staining. Size, size distribution, 

and zeta potential were measured at 1 mg/mL of nanocarriers in 1X PBS solution (pH 7.4) using 

the Malvern Zetasizer Nano ZS. Loading capacity, total loaded drug per mass of nanocarrier, 
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and encapsulation efficiency, percentage of initial drug mass successfully entrapped in the 

nanocarriers, were measured by dissolving a known mass of loaded nanocarriers in dimethyl 

sulfoxide (DMSO) followed by UV/Vis spectrophotometry analysis using the Mettler Toledo UV5 

Nano. Drug loading per mass of nanocarriers was determined by developing a standard curve 

of CQ dissolved in DMSO using the characteristic wavelength corresponding to maximum 

absorption of CQ at approximately 343 nm. Drug release kinetics were determined by placing 

drug-loaded nanocarriers into microdialysis devices in 1X PBS with 1% bovine serum albumin 

(BSA) at 37 °C (physiological temperature) and 5% CO2. Samples were analyzed by UV/Vis 

spectrophotometry, as above, after 0, 2, 4, 6, and 24 h.  

 

Nanocarrier Cellular Uptake and In Vivo Biodistribution  

FMs were loaded with the lipophilic fluorescent tracer, Vybrant® DiD cell-labeling solution 

(Thermo Fisher; Waltham, MA, USA), via thin-film hydration method. In a 5 mL sterile, clear, 

LPS-free glass vial, 2.5 µL Vybrant® DiD cell-labeling solution and 5-10 mg of PEG-b-PPS was 

co-dissolved in 150 µL dichloromethane. The solvent was evaporated at RT for 3-5 h and then 

resuspended at a total polymer concentration of 5-15 mg/mL with 1X PBS at pH 7.4 under 

gentle agitation overnight. Dye-loaded nanocarriers were purified from free dye by dialysis or 

10K MWCO polyethersulfone membrane spin columns (VWR; Radnor, PA, USA) at 10,000 xg 

for 1-2 minutes and equilibrated with PBS solution. Lipophilic dye loaded nanocarriers at 200 

µg/mL were incubated at 37°C, 5% CO2 in 1 million fresh human peripheral blood mononuclear 

cells (PBMCs) from healthy donors (New York Blood Center; New York, NY) for up to 48 h in 

RPMI 1640 medium with GlutaMAX plus 10% fetal bovine serum (FBS), 1% sodium pyruvate, 

1% nonessential amino acids (NEAA), 1% penicillin-streptomycin solution (pen-strep), and 20 

ng/mL recombinant human IL-3 (BioLegend; San Diego, CA, USA) to determine cellular 

distribution. PBMCs were stained with a viability dye and fluorescent antibodies to distinguish 
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cellular subsets including CD19+ B cells (clone HIB19; Brilliant Violet 421TM), CD3+ T cells 

(clone OKT3; APC/Cy7), and CD123+ pDCs (clone 6H6; PE).  

 Female C57BL/6 mice, 6-8 weeks old, (Jackson Laboratory; Bar Harbor, ME USA) were 

injected intravenously by retro-orbital sinus with 150 μL free DiD (50 μg/mL in 1X PBS solution) 

or DiD loaded FMs (7.5 μg of loaded DiD in each sample in 150 μL PBS). At 1- and 24-h post-

injection, the eyes, kidneys, liver, and spleen were collected, mechanically dissociated, and 

digested with 0.1% collagenase, type 4 in Hanks’ Balanced Salt Solution (Worthington; 

Lakewood, NJ, USA) followed by red blood cell lysis with ammonium-chloride-potassium lysing 

buffer (Lonza; Basel, Switzerland). Cells were filtered through a 70 μm nylon, DNase/RNase 

free, non-pyrogenic cell strainer (VWR; Radnor, PA, USA) and washed with 1X PBS. Single cell 

suspensions of each tissue at 250,000 cells per 200 μL in 1X DPBS were read on a BioTek 

Cytation 5 plate reader at the absorbance maximum of DiD (i.e., 644 nm). The total mass of DiD 

per tissue was quantified by interpolation of sample measurements onto a standard curve of 

known concentrations of DiD in 1X DPBS using the characteristic maximum absorbance. Cell 

suspensions were stained for viability and phenotypic, anti-mouse cell surface markers, CD11b 

(clone: M1/70, FITC), CD11c (clone: N418, PE), CD3 (clone: 17A3, Brilliant Violet 605TM), and 

CD19 (clone: 6D5, PerCP/Cy5.5). Stained cells were then run on a flow cytometer and analyzed 

for uptake of DiD loaded nanocarriers. 

 

In Vitro Activity of Nanocarriers in Human Cells 

Fresh, healthy human PBMCs were isolated from buffy coats obtained from the New York Blood 

Center via density gradient medium (Ficoll-Paque). Flow cytometry was used to establish 

viability and cell distribution of each human PBMC donor using the following fluorophore-

conjugated anti-human antibodies: CD4+ T cells (clone RPA-T4; PerCP-Cy5.5), CD19+ B cells 

(clone HIB19; Brilliant Violet 421TM), CD123+ pDCs (clone 6H6; PE), and CD1c+ mDCs (clone 

L161; APC/Cy7). One million PBMCs in 250 μL total volume of RPMI 1640 with GlutaMAX 
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medium plus 10% FBS, 1% sodium pyruvate, 1% NEAA, and 1% pen-strep were treated with 

soluble CQ, empty nanocarriers, or CQ-loaded nanocarriers for 1 h and then stimulated with 

purified TLR agonists: 5 μg/mL ssRNA40/LyoVec (TLR7/8 agonist) (64), or 5 μM CpG-A 

ODN2216 (TLR9 agonist) (80), or 30% v/v sera from an SLE patient with moderately active 

disease and positive anti-dsDNA titers for 4, 6, and 24 h, respectively. Recognition of ssRNA40 

is species-dependent where human cells have a bias towards TLR8 and mouse cells bias 

towards TLR7 (66). Chloroquine was tested at 1.95, 3.91, or 7.81 μM. To prevent degradation 

and enhance cellular uptake of the TLR7/8 agonist, RNA was co-delivered using LyoVec as a 

transfection agent. Following incubation at 37 °C, 5% CO2, cells were spun down at 500 xg for 1 

minute at RT. Total RNA was isolated from PBMCs using the Quick-RNA Miniprep Plus Kit 

(ZymoResearch; Irvine, CA, USA), amplified, and analyzed by real-time reverse transcription-

quantitative PCR (RT-qPCR). Cell-free supernatants were collected and stored at -80°C until 

testing for IFN-α production using the Human IFN Alpha All Subtype ELISA Kit (PBL Science; 

Piscataway, NJ, USA). Nanocarrier efficacy was determined by analyzing the downstream IFN-

stimulated gene MX1 by RT-qPCR. Expression levels were normalized to β-actin control. 

Purified pDCs were isolated via the EasySep™ Human Plasmacytoid DC Enrichment Kit 

(STEMCELL Technologies; Vancouver, Canada). Soluble or CQ-loaded nanocarriers at 3.91 

μM total drug were cultured with 100,000 pDCs in RPMI 1640 with GlutaMAX plus 10% FBS, 

1% sodium pyruvate, 1% NEAA, 1% pen-strep, and 20 ng/mL recombinant human IL-3. Cells 

and cell-free supernatants were isolated from stimulated pDC cultures and tested by real-time 

RT-qPCR and human IFN-α all subtype ELISA, respectively. 

 

Flow Cytometry  

Either Human TruStain FcXTM or TruStain FcXTM PLUS (BioLegend; San Diego, CA, USA) was 

used to block nonspecific binding of human or mouse Fc receptors, respectively, prior to 

immunostaining. For human cells, 5 μL of Human TruStain FcXTM was added per million cells in 
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100 μL staining volume of PBS plus 1% BSA. Cells were incubated for 5 minutes at RT. For 

mouse cells, 0.25 µg of TruStain FcXTM PLUS was added per million cells in a volume of 100 µL 

PBS plus 1% BSA for 5 minutes at RT. After blocking, cells were stained at 1:100 dilution with 

conjugated fluorescent antibodies (Table 1) in PBS plus 1% BSA for 15-20 minutes in the dark 

and on ice. Cells were washed with PBS. To discriminate between live and dead cells, Zombie 

Aqua™ Fixable Viability dye was diluted 1:1000 in PBS. Diluted Zombie Aqua™ Fixable Viability 

dye was added to cells for 15-30 minutes at RT and in the dark. Cells were washed, 

resuspended in PBS plus 1% BSA, and immediately analyzed on a flow cytometer. A BD LSR II 

with 405, 488, 561, and 640 nm excitation laser lines or Beckman Coulter CyAn ADP consisting 

of 405, 488, and 635 nm excitation laser lines was used for flow cytometry analysis of 

fluorescently labeled cells. Data were analyzed using FlowJo LLC software v10.7 (BD). The 

gating strategies are available in the supplementary figures. 

 

Real-time RT-qPCR  

All real-time RT-qPCR reagents were purchased from ThermoFisher. The TaqMan probes 

included: Human MX1, FAM-MGB (assay id: Hs00895608_m1) and Human ACTB VIC-MGB PL 

(assay id: Hs01060665_g1). TaqPath 1-Step Multiplex Master Mix (No ROX) was used for all 

one-step multiplex real-time RT-qPCRs. Reactions were run on the CFX96 Touch Real-Time 

PCR Detection System using the following thermal cycle conditions: UNG incubation (1 cycle, 

25°C, 2 minutes), reverse transcription (1 cycle, 53°C, 10 minutes), polymerase activation (1 

cycle, 95°C, 2 minutes), and amplification (45 cycles at 95°C for 15 seconds and 60°C for 1 

minute). The 2-ΔΔCT (Livak) Method was used for relative gene expression analysis. 

 

Statistics 

All statistical analyses were performed using GraphPad Prism 9 software (GraphPad Software, 

San Diego, CA). A minimum of three independent replicates were conducted for human PBMCs 
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and nanocarrier characterization experiments. For in vivo biodistribution experiments, 3-4 mice 

were used. Paired or unpaired t-tests and ANOVA were used to test for statistical significance. 

P-values were adjusted for multiple comparisons by Tukey’s, Šídák’s, or Dunnett’s test, and 

adjusted p-values <0.05 were considered significant.  

 

Study approval 

The animal study was reviewed and approved by UMBC Institutional Animal Care and Use 

Committee (OLAW Animal Welfare Assurance D16-00462). This study involved human 

subjects. Approval for this study was obtained from the University of Maryland School of 

Medicine Institutional Review Board (IRB) as well as the Baltimore VA Research Office of 

Human Research Protection. There is no identifiable medical information in this manuscript. All 

patient identities have been removed. Per our IRB-approved protocol, all participants signed 

informed consent. All identifiable information has been removed from the reported data. 
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Figure 1. Graphical abstract. (A) Antimalarial drug-loaded polymeric nanocarriers traffic into 
endosomes where intracellular TLR7 and TLR9 are located. (B) Controlled release of 
antimalarial drug, such as chloroquine (CQ), inhibits TLR7 and TLR9 activation by masking the 
binding epitope of nucleic acids contained on immune complexes. (C) TLR inactivation prevents 
downstream signaling of type I interferon (IFN) and IFN-stimulated genes and production of pro-
inflammatory cytokines, such as IFN-α, a major driver of SLE pathogenesis. Created with 
BioRender.com.  
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Figure 2. CQ loading did not alter physicochemical properties of nanocarriers. (A) Aspect 
ratio (width/height) of blank FMs (n = 3) and CQ-loaded FMs (FM-CQ) (n = 3). Length and 
diameter were measured by SAXS using the flexible cylinder model and the following 
parameters: 2 µm cylinder length, 150 nm persistence length, and 8 nm PPS core radius. Paired 
t-test for statistical analysis. (B) Representative images from TEM showed blank (left) and CQ-
loaded (right) FMs at 12 mg/mL in 1X PBS. Samples were stained with 2% uranyl acetate. (C) 
Zeta potential (n = 3) of CQ loaded and blank (left) FMs or (right) PLGA. Data were shown as 
means with error bars representing standard deviation. Paired t-test was used for statistical 
analysis. Statistical significance: *p ≤ 0.05. All samples were measured in 1X PBS solution (pH 
7.4) at 1 mg/mL. (D) Loading capacity (n = 3) and encapsulation efficiency (n = 3) of CQ-loaded 
(left) FMs or (right) spherical PLGA nanocarriers. All samples were measured in 1X PBS 
solution, pH 7.4 at 1 mg/mL. Data show mean and error bars represent standard deviation. (E) 
CQ drug release profile from FMs. CQ-loaded FMs (n = 3) were placed in 10K MWCO dialysis 
tubing in 1X PBS buffer plus 1% BSA for 0, 2, 4, 6, and 24 h at 37°C, 5% CO2. Each time point 
shows the average percentage cumulative drug release; error bars represent standard 
deviation.  
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Figure 3. DiD-loaded FMs preferentially accumulated in pDCs in vitro. FMs were loaded 
with DiD fluorescent tracer dye. Fresh human PBMCs were cultured with 200 µg/mL DiD-loaded 
FMs for 6, 24 and 48 h in supplemented RPMI 1640 plus GlutaMAX medium with 10% FBS and 
20 ng/mL IL-3 at 37°C and 5% CO2 (n = 3 independent donors). (A) Representative histograms 
and (B) median fluorescent intensity of DiD from (A). Bars represent mean (n = 3) with standard 
deviation. Statistical analysis: Tukey’s multiple comparison two-way ANOVA and p <0.05 was 
considered significant: ***p ≤ 0.001. Gating strategies are described in Figure S2. 
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Figure 4. Organ- and cellular-level biodistribution of DiD-loaded FMs in C57BL/6 Mice. 
DiD-loaded FM were synthesized as described and administered by intravenous injection into 
the retro-orbital sinus. Mice were sacrificed at 1 h or 24 h post-injection and organs were 
mechanically dissociated and digested by collagenase, type 4. (A) The absorbance at 644 nm of 
250,000 single cell suspensions from C57BL/6 mice (n = 3-4) at each organ was calculated 
against a standard curve of DiD in 1X DPBS. Graphs compare tissue distribution of DiD-loaded 
FMs or soluble FMs at both 50 µg/mL. Statistical analysis completed by unpaired t tests. 
Statistical significance: *p ≤ 0.05 and **p ≤ 0.01. (B) Single-cell suspensions were stained and 
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analyzed by flow cytometry. Immune cells from both eyes were pooled, stained, and analyzed 
by flow cytometry. Graphs compare cellular uptake of DiD-loaded FMs at different time points. 
Each cell type was mutually exclusive to other cell markers. Particle uptake was analyzed in the 
following cells: (I) CD19+ B cells, (II) CD11c+ dendritic cells, (III) CD3+ T cells, and (IV) CD11b+ 
myeloid cells. Statistical analysis was completed by two-way ANOVA with Šídák’s multiple 
comparison test. Statistical significance: *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001.  
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Figure 5. Dose-response curves of CQ concentration versus percent decrease in MX1 
gene expression. Human PBMCs (n = 4 independent donors) were pretreated with CQ or CQ-
loaded FM or PLGA nanocarriers for 1 h and then stimulated with (A) ssRNA40/LyoVec (TLR7/8 
agonist) for 4 h or (B) CpG-A ODN 2216 (TLR9 agonist) for 6 h. RNA was extracted to quantify 
MX1 expression using TaqMan real-time RT-qPCR and normalized to β-actin. MX1 expression 
was normalized to TLR agonist alone. Lines represented the non-linear fit of log(inhibitor) 
versus normalized response - variable slope model, where CQ was the inhibitor concentration. 
Data are means ± standard deviation. 
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Figure 6. Soluble and nanocarrier-delivered CQ decreased MX1 expression in TLR-
stimulated human PBMCs and isolated pDCs. Healthy human PBMCs were isolated, treated 
with 3.91 μM soluble or encapsulated CQ or equal mass blank nanocarriers for 1 h, and then 
activated for 4 h with (A) 5 μg/mL ssRNA40/LyoVec or for 6 h with (B) 5 μM CpG A 2216. Total 
RNA was isolated and MX1 expression quantified using TaqMan RT-qPCR normalized to β-
actin expression. All samples were normalized to TLR agonists alone. Data are means ± 
standard deviation for n = 4-8 independent donors. Statistical significance was evaluated by 
one-way ANOVA with Dunnett’s multiple comparisons test, ***p-adjusted ≤ 0.001 and ****p ≤ 
0.0001. PBMCs were processed by magnetic bead negative selection to purify pDCs. Isolated 
human CD123+ pDCs at 100,000 cells per condition (n = 3 independent donors) were pre-
treated with soluble or CQ loaded FMs at 3.91 μM for 1 h and then stimulated with (C) 5 µg/mL 
ssRNA40/LyoVec or (D) 5 µM CpG-A for 4 or 6 h, respectively. Total RNA was isolated to 
analyze MX1 expression using TaqMan assays with β-actin control. Statistical analysis: one-
way ANOVA with Dunnett’s multiple comparisons test where *p ≤ 0.05. Abbreviation: CL, 
control. 
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Figure 7. CQ-loaded nanocarriers suppressed SLE sera-induced type I IFN responses 
from human PBMCs. Healthy human PBMCs were treated with soluble or CQ-loaded 
nanocarriers at 3.91 μM or equal mass blank nanocarriers for 1 h, then stimulated with 30% v/v 
SLE patient sera for 24 h. (A) Total RNA was isolated and MX1 expression quantified using 
TaqMan RT-qPCR normalized to β-actin expression. (B) Supernatants from cell culture were 
collected for multi-subtype IFN-α ELISA. All samples were normalized to SLE sera alone. Data 
are means ± standard deviation for n = 3 healthy independent PBMC donors. Statistical 
significance was evaluated by one-way ANOVA with Tukey's multiple comparisons test, such 
that, *p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001. Abbreviation: CL, control. 
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Table 1. Flow Cytometry Antibodies 

Antibody Clone Catalog Number 

Brilliant Violet 421TM anti-

human CD19 

HIB19 302233 

APC/Cy7 anti-human CD3  OKT3 317341 

PE anti-human CD123 6H6 306005 

PerCP/Cy5.5 anti-human 

CD4  

RPA-T4 300529 

APC/Cy7 anti-human CD1c  L161 331519 

FITC anti-mouse/human 

CD11b 

M1/70 101205 

PE anti-mouse CD11c N418 117307 

Brilliant Violet 605TM anti-

mouse CD3 

17A3 100237 

PerCP/Cy5.5 anti-mouse 

CD19 

6D5 115533 
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