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ABSTRACT

Title of dissertation: NANOSTRUCTURES ENCAPSULATING
ANTIMALARIAL DRUGS FOR IMPROVED
SYSTEMIC LUPUS ERYTHEMATOSUS
TREATMENT

Marilyn E. Allen, Doctor of Philosophy, 2021

Dissertation directed by: Jennie Leach, Ph.D.
Department of Chemical, Biochemical,
Environmental Engineering

Systemic lupus erythematosus (SLE) causes damaging inflammation in multiple or-

gans via the accumulation of immune complexes. These complexes activate plasmacy-

toid 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 reti-

nal pigment epithelium with chronic use resulting in retinopathy. We hypothesized that

poly(ethylene glycol)-b-poly(propylene sulfide) (PEG-b-PPS) filamentous nanostructures,

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 expres-

sion 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 ag-



onists 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 nanostructure 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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Chapter 1: Introduction and Literature Review

The first mention of lupus in medieval literature dates back to a 9th century man, Era-

clius, from the city of Liège who was diagnosed with a disease called ”the wolf” [1].The

etymological origin of lupus is Latin for wolf, which is in reference to the way cutaneous

rashes ”eat at the flesh” [1]. Lupus falls within the expertise of rheumatologists, clinicians

and researchers who are experts in musculoskeletal disease and systemic autoimmune con-

ditions affecting the joints, muscles, and bones. There are four types of lupus: cutaneous,

drug-induced, neonatal, and systemic lupus erythematosus (SLE). The Lupus Foundation

of America estimates 1.5 million people in the United States are affected by a form of

lupus. SLE is the most common form, representing 70% of people with lupus.

SLE is characterized as an autoimmune, immune-complex mediated disease that causes

inflammation of multiple organs or organ systems. SLE is thought to be caused by a combi-

nation of genetic susceptibility and environmental exposures. It is the most heterogeneous

autoimmune disease with a variety of clinical manifestations, organ involvement, disease

severity, and laboratory abnormalities. The clinical presentation of SLE is varied, unpre-

dictable, and includes transient, evolving symptoms that mimic other diseases, leading to

its classification as one of medicine’s ”great imitators.” This contributes to a delay in diag-

nosis estimated to be up to six years after presentation of initial symptoms [2] and difficulty

in treatment. SLE can affect men and women across age, ethnic, and racial groups. How-

ever, there is a strong female bias, with women comprising up to 90% of patients [3, 3, 4].

Women of African, Asian, Hispanic/Latino, and Native American ancestry or ethnicity are
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two to three times more likely to develop the disease than women of European ancestry.

The disease predominately presents in women of childbearing age (15-44 years old) [5],

which raises specific challenges regarding disease management during pregnancy.

The disease is characterized by the dysregulation of the innate and adaptive immune

system (Fig. 1.1), leading to loss of tolerance to nuclear antigens. Antinuclear antibodies

are generated that recognize a variety of antigens and are present in 95% of patients at diag-

nosis. Some autoantibodies precede diagnosis by years in patients that are asymptomatic,

while others appear a few months before onset of clinical manifestations. The most com-

mon manifestations among SLE patients [6] are hematological [7]; musculoskeletal (i.e.,

arthritis); cutaneous rash; photosensitivity; constitutional symptoms (i.e., fever, fatigue,

weight loss, oral or nasal ulcers); renal [8]; neuropsychiatric [9]; pleurisy [10]; pericarditis

[11]; and Raynaud’s phenomenon. Pathologically, deposition of circulating immune com-

plexes comprised of endogenous nuclear antigen and autoantibodies leads to tissue and

organ damage [12].

1.1 Standard of Care

Treatment of SLE aims to control disease activity, prevent organ damage, reduce mor-

bidity, and improve patient survival and health-related quality of life. Current standard

of care is dictated by type and severity of organ involvement. Antimalarial drugs, non-

steroidal anti-inflammatory drugs, and low dose corticosteroids are used to treat constitu-

tional symptoms and mild disease. Broad immunosuppression with methotrexate, azathio-

prine,

cyclophosphamide, cyclosporine, mycophenolate mofetil, leflunomide, and tacrolimus is

reserved for patients with persistent manifestations and moderate-to-severe organ involve-

ment. All immunosuppressive drugs are associated with significant toxicity and a wide
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Figure 1.1: SLE pathogenesis. (1) Autoimmune responses are initiated by immune recog-
nition of autoantigens derived from diverse sources, including apoptotic material from dead
and dying cells and neutrophil extracellular trap debris. These autoantigens include double-
stranded DNA (dsDNA), histones, small nuclear RNP (snRNP), Ro/SSA, and La/SSB. (2)
Autoantigens are presented by dendritic cells to self-reactive CD4+ T cells, which pro-
vide help to B cells, resulting in cellular activation and the production of pathogenic au-
toantibodies by plasma cells. (3) Autoantibodies bind to circulating autoantigens to form
immune complexes that engage Fc gamma receptors (FcγRs) on plasmacytoid dendritic
cells (pDCs), leading to internalization via endocytosis.(4) Intracellular toll-like receptors
(TLRs)-7 and -9 are activated by nucleic acids in immune complexes, resulting in type I
interferon (IFN) production. (5) Immune complexes and chronic immune activation con-
tribute to excessive production of proinflammatory cytokines. IFN-α is one major cytokine
in this milieu, which promotes production of pro-B cell survival cytokines (e.g., APRIL,
BLyS) via the innate immune cells to support B cell maturation. IFN-α can also contribute
to pathogenic activation of T cells and differentiation of monocytes into dendritic cells. (6)
Many cytokine receptors, including type I and II IFNs, transduce signals using the Janus
kinase (JAK)/signal transducer and activator of transcription (STAT) pathway. Type I IFN
receptors activate JAK/STAT to drive transcription of IFN-stimulated genes to promote in-
flammation. Immunological networks are shown with arrows. Abbreviations: APRIL, A
proliferation-inducing ligand; BLyS, B lymphocyte stimulator; IFNAR, interferon alpha
and beta receptor; TACI, transmembrane activator and calcium modulator and cyclophilin
ligand interactor. Modified from Allen et. al., (2020) [13].
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range of morbidities. Early detection and aggressive medication regimens have substan-

tially improved SLE survival outcomes from 50% in the 1960s to 90% in the 1990s [14].

Despite this progress, from 2000 to 2015, SLE was among the leading causes of death

among young women aged 15-24 in the United States [15–17], and the physical burden of

SLE has an economic impact of $20,000-$50,000 lost annually per patient from combined

direct health care costs and lost work hours [18–20]. There is no known cure.

1.1.1 Management of Flares

Important aspects of clinical management are the treatment and prevention of disease

flares. Variability in clinical trial design has resulted in different definitions of SLE flare

with no universal consensus. An international meeting convened by the Lupus Foundation

of America proposed defining an SLE flare as an episode associated with organ damage,

significantly worse patient outcomes as evaluated by an assessor, and consideration of an

increase in or modification of treatment [21]. SLE flares are intermittent and may occur

without any clear warning. Flares can be symptomatic, with clinical manifestations, such

as joint pain, skin rash, or oral ulcers, or silent and only detected through laboratory testing

of hematologic and renal parameters. Triggers such as stress, infection, injury, hormones,

drugs, and UV light may exacerbate inflammation and cause immune system hyperactiv-

ity [22]. Nonrenal disease flares are classified as mild, moderate, or severe [23]. Mild

flares are managed by a combination of hydroxychloroquine, glucocorticoids, methotrex-

ate, and azathioprine. Treatment for nonrenal severe flares adds mycophenolate mofetil

and cyclophosphamide to drug regimens used for mild flares [23]. Hydroxychloroquine is

a cornerstone treatment for all SLE patients due to multiple advantages, including

cardioprotective effects [24], improved patient survival [24], reduction of disease flares and

disease activity [25], and decreased thrombotic events [26]. Lifelong treatment continues
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with hydroxychloroquine unless contraindicated due to retinal toxicity, a rare side effect

for 10% of patients who develop retinopathy after 20 years of use [27, 28]. Moderate-

to-severe flares resulting in kidney damage from lupus nephritis are treated based on the

histological class of the renal biopsy. Lupus nephritis is a serious manifestation and one

of the leading causes of morbidity and mortality, affecting approximately 50% of patients

[29]. Glomerular lesions in immune complex-mediated lupus nephritis are classified ac-

cording to the 2003 International Society of Nephrology/Renal Society nomenclature in

six classes, from class I with mesangial involvement to class VI with advanced sclerosing

lesions in >90% of glomeruli [30, 31]. Lupus nephritis patients with class III, IV, and V

lesions receive antimalarial drugs along with immunosuppressive agents (i.e., mycopheno-

late acid derivatives, cyclophosphamide, or calcineurin inhibitors) and corticosteroids, but

management should be individualized for each patient.

1.1.2 Management of SLE During Pregnancy

SLE predominantly impacts women during reproductive age. Pregnant women with

SLE are at high risk for maternal and fetal morbidities. Management of high disease activ-

ity and prevention of flares prior to conception are imperative. With proper care, women

can maintain a healthy pregnancy with symptom monitoring and regular examinations by

a rheumatologist and a maternal–fetal obstetrics team. Sixty years ago, women with SLE

were advised against pregnancy due to high fetal death rates and severe flares. Today,

management of symptoms and pregnancy is possible, resulting in a decrease in pregnancy

loss from 43% in the 1960s to 17% in the early 2000s [32]. Adverse outcomes include

miscarriage, preterm birth, intrauterine growth retardation, pre-eclampsia, congenital heart

block, and neonatal SLE [33]. Risk of preterm birth increases to approximately 60% of

SLE pregnancies with increasing Systemic Lupus Erythematosus Disease Activity Index
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(SLEDAI) disease activity [34]. Women with active lupus nephritis, renal insufficiency,

pulmonary arterial hypertension, and antiphospholipid syndrome are also at increased risk

for pregnancy complications [35]. As a result, laboratory screening of antiphospholipid an-

tibodies, testing for anti-Ro antibodies that are associated with fetal congenital heart block

and neonatal lupus, and monitoring for renal involvement are recommended.

Measurement of complement proteins, C3 and C4, as biomarkers for disease activity

during SLE pregnancy is complicated by the fact that these proteins are generally ele-

vated in normal pregnancies and, thus, less reliable as a marker of flares [36]. However, a

study found that increased levels of Bb and sC5b-9 early in pregnancy were significantly

associated with adverse outcomes in patients with SLE and/or antiphospholipid antibod-

ies [37]. Medications that are generally acceptable during pregnancy and breastfeeding

include hydroxychloroquine, azathioprine, cyclosporine, tacrolimus, steroids, and intra-

venous immunoglobulins [38]. Choice of drugs used during pregnancy and breastfeeding

incorporates physician input, prevention of disease activity, reduction of harm to the fetus,

and limited adverse side effects when compared to untreated disease. Adherence to hydrox-

ychloroquine during pregnancy has multiple benefits, including a favorable risk-to-benefit

ratio [39, 40], lower risk of pre-eclampsia [41], reduced disease activity, decreasing steroid

doses, and limiting risk of neonatal cardiac manifestations [42]. Risk assessments of bi-

ologics, such as belimumab and rituximab, are limited and require more analysis. Future

studies exploring the compatibility of novel therapies with pregnancy will be important for

broadening treatment options in this patient group.
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1.2 History, Use, and Mechanism of Action of Antimalarial

Drugs for SLE Therapy

Antimalarial drugs, specifically hydroxychloroquine (proprietary name, Plaquenil) and

chloroquine (proprietary name, Aralen), form the basis of pharmacotherapy for SLE. They

have good safety profiles and are the cheapest and most commonly prescribed disease-

modifying anti-rheumatic drugs for SLE patients [43, 44]. The first use of antimalarial

drugs, quinine, was thought to be used in 1630 for the wife of a Peruvian Viceroy, the

Countess of Chinchon, to successfully treat ’tertian fever’ or malaria. The drug was de-

rived from powdered cinchona bark, which is now known to supply over 30 active al-

kaloids with antipyretic, anti-inflammatory, antimalarial, myorelaxant, and antiarrhythmic

properties [45]. In 1820, J.B. Caventou and P.J. Pelletier extracted oil from chinchona bark

resulting in quinine. In 1894, J.S. Payne prescribed quinine to successfully treat what was

described as features of a lupus rash [46]. However, it was during World War II where

the efficacy of antimalarial drugs for rheumatic diseases was revealed. Soldiers prescribed

quinacrine (proprietary name, Atabrine) as a malaria prophylactic saw symptomatic im-

provements of inflammatory arthritis and cutaneous lupus. This lead to critical research

that defined the use of antimalarial drugs for autoimmune diseases. By the 1950s, chloro-

quine and hydroxychloroquine were introduced with better tolerability and efficacy than

quinacrine [46], and the U.S. Food and Drug Administration (FDA) approved the use of

hydroxychloroquine for lupus in 1955.

Hydroxychloroquine and chloroquine are weak bases belonging to a class of drugs

called 4-aminoquinolines. Antimalarial drugs are administered as salts, such as

hydroxychloroquine sulfate and chloroquine phosphate, to increase water solubility. Both

drugs have characteristically long half-lives (40-60 days) due to their extensive volume of
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distribution in the blood [47] and long mean residence times (approximately 1,300 h for

hydroxychloroquine and 900 h for chloroquine) within aqueous cellular and intracellular

compartments [48]. Antimalarial drugs also deposit in melanin rich areas such as the skin

and the retinal pigmented epithelium [49]. Retinopathy, or damage to the retina, is the

most severe complication association with treatment. Risk is increased for drug doses ex-

ceeding 5 mg/kg body weight per day; prolonged use (10-25 years); high cumulative dose

(>600-1,000 g); and chronic kidney disease [50]. Ocular adverse reactions can be mini-

mized by routine ophthalmologic examination and adhering to a recommended maximum

dose of 5.0 mg/kg actual body weight per day [23]. A limitation of hydroxychloroquine

and chloroquine treatment is the delayed onset of action. Patients require up to >3 months

of continuous treatment before receiving any therapeutic benefits from antimalarial drugs

[47]. Despite being well absorbed after oral administration (70-80 % bioavailiability), an-

timalarial drugs have prolonged half-lives (40-50 days), resulting in extended periods of

time before adequate (96 %) steady state drug levels are achieved [47]. A related challenge

of hydroxychloroquine treatment is non-adherence: in a cohort of 1,956 SLE patients older

than 18 years old, only 58% of participants followed their hydroxychloroquine treatment

regimens for at least 80% of the study [51]. Low blood concentrations of hydroxychloro-

quine are associated with increased risk of flares in SLE patients [52].

There are multiple mechanisms of action of antimalarial drugs (Fig. 1.2).

As weak bases, hydroxychloroquine and chloroquine accumulate in acidic lysosomes

(lysosomotropism) and interfere with lysosomal activity and autophagy [54–56]. Anti-

malarial drugs increase the pH of endosomal compartments, impairing major histocom-

patibility complex class II-mediated autoantigen processing and presentation via the lyso-

somal pathway [53]. In addition to inhibition of lysosomal activity and autophagy, anti-

malarial drugs also inhibit Toll-like receptor (TLR) signalling pathways. Changes to pH

mediated by hydroxychloroquine and chloroquine can interfere with endosomal TLR7 and

8



Figure 1.2: Proposed mechanisms of action for hydroxychloroquine. a) Hydroxychloro-
quine (HCQ) enters and accumulates in lysosomes along a pH gradient. In lysosomes,
hydroxychloroquine increases the pH in autolysosomes, inhibiting lysosomal enzymes that
degrade extracellular cargo acquired via endocytosis or phagocytosis and intracellular cargo
through autophagy b) Hydroxychloroquine can also accumulate in endosomes and bind
to the minor groove of double-stranded DNA. This drug can inhibit Toll-like receptor
(TLR) signalling by altering the pH of endosomes (involved in TLR processing) and/or
preventing TLR7 and TLR9 from binding their ligands (RNA and DNA, respectively). Hy-
droxychloroquine can also inhibit the activity of the nucleic acid sensor cyclic GMP-AMP
(cGAMP) synthase (cGAS) by interfering with its binding to cytosolic DNA. By prevent-
ing TLR and cGAS-stimulator of interferon genes (STING) signalling, hydroxychloroquine
can reduce the production of pathogenic pro-inflammatory cytokines, including type I in-
terferons. Image from Schrezenmeier, E. and Dörner, T. (2020) [53].

TLR9 processing and subsequent activation [57]. These drugs also directly bind to nucleic

acids (i.e., DNA or RNA) of immune complexes, preventing TLR7 and TLR9 activation

by masking key binding epitopes [58–61]. Another proposed mechanism of action is in-

hibition of the nucleic acid sensor cyclic GMP-AMP (cGAMP) synthase (cGAS) via im-

paired ligand binding [62]. Preventing TLR and cGAS-stimulator of IFN genes (STING)
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signalling leads to a reduction in pro-inflammatory cytokines, such as type I interferons

[62]. In SLE patients, significant evidence indicates IFN-α is a central mediator of SLE

[63, 64]. Among adult SLE patients, 50–75% have a high type I IFN signature [65]. IFN-α

drives SLE by diverse mechanisms, including suppressing regulatory T cell development

[66], activating autoreactive T cells [67], and supporting autoantibody production in B cells

[68]. Plasmacytoid dendritic cells (pDCs) are professional IFN-producing cells found in

<1% of blood, producing 1,000X more IFN-α than other immune cells [69]. Within the

context of SLE, pDCs take up immune complexes via FcγRs into endosomes where they

activate TLR7 and TLR9, triggering type I IFN production by transcription factors such as

IFN regulatory factor (IRF)-7. In vitro, antimalarial drugs reduce IFN-α, tumor necrosis

factor (TNF), IL-6, and CCL4 production in pDC and natural killer cell co-cultures stim-

ulated with RNA-containing immune complexes [70, 71] and decrease IL-1, IL-6, TNF,

and IFN-γ in mononuclear cells [72]. In SLE patients, hydroxychloroquine reduces serum

IFN-α levels [73] and inhibits immune activation via downregulation of the co-stimulatory

molecule CD154 on CD4+ T cells [74].

Antimalarial drugs have numerous benefits: affordable [44]; safe for pregnant women

(Section 1.1.2); well-tolerated with adjunctive immunomodulatory treatment (Section 1.1.1);

reduces risk of renal disease and probability of renal damage [75]; improves survival [24];

and decreased disease activity. However, these benefits may be eclipsed by some of the

challenges of treatment: prolonged (>3 months) use required before achieving therapeutic

efficacy [47]; inconsistent patient compliance [51]; and risk of retinopathy with chronic use

[27, 28]. For my thesis (Fig. 1.3), I test the innovative concepts that: 1) antimalarial drugs

loaded into nanostructures and delivered directly to pDCs will reduce the dose required for

therapeutic efficacy, 2) drug delivery will focus biodistribution to organs with high disease

activity, such as the kidneys, while simultaneously 3) decreasing the risk of side effects

such as retinopathy by reducing drug accumulation in the eye.
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Figure 1.3: Key figure. a) Antimalarial drug loaded polymeric nanostructures traffic into
endosomes where intracellular TLR7 and TLR9 are located. b) Controlled release of anti-
malarial drug, such as chloroquine (CQ), results in the inhibition of TLR7 and TLR9 acti-
vation by masking the binding epitope of nucleic acids contained on immune complexes. c)
TLR inactivation and subsequent prevention of TLR signalling will prevent the production
of pro-inflammatory cytokines, such as IFN-α, a major driver of SLE pathogenesis.
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1.3 Nanostructures: Overview and Within the Context of Autoimmunity

The clinical benefit of drugs and novel vaccines is dependent upon their route of ad-

ministration, which influences biodistribution, pharmacokinetics, absorption, metabolism,

duration of therapeutic effect, clearance, and toxicity [76]. Efficacy may also be impacted

by the controlled release of a drug at the therapeutic concentration and precise location

needed to combat disease [77]. The inability of drugs to reach their designated target site

results in only 1 in 9 new chemical entities receiving regulatory approval [78]. Even in ideal

in vivo conditions, drugs may be degraded en route, be prohibited by endothelial structures

(i.e., blood-brain barrier or blood-cerebrospinal fluid barrier), or result in undesirable side

effects from accumulation in healthy tissue rather than disease sites. To address these limi-

tations, drug delivery systems are engineered to selectively target and/or control release of

drugs. These systems can improve pharmacokinetic and biodistribution profiles of drugs;

compartmentalize drugs to tissue-, organ-, cell-, or subcellular-specific areas; biodegrade;

minimize frequent dosing and maintain therapeutic drug concentration; deliver both hy-

drophobic and hydrophilic drugs; and other advantages [79]. With increasing prevalence of

chronic disease, pharmaceutical advancements, and growth in biologics development, the

drug delivery system industry is projected to reach USD $900 billion by 2025, according

to Transparency Market Research. One type of drug delivery system is nanostructures.

Nanostructures are defined as materials on the scale of 1 to 100 nanometers (nm) in size

in at least one direction (Figure 1.4).

As a reference, this page measures on average 100,000 nm thick. Nanostructures may

be customized by their physicochemical features (i.e., shape, size, hydrophobicity, and

surface charge) and can take multiple forms: metallic, organic, inorganic, and polymeric

[81]. They can also be used for varied applications: drug delivery, imaging, biosensing,

and antimicrobial applications. As drug delivery platforms, nanostructures may passively
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Figure 1.4: Nanoscale. Image from [80]

or actively deliver drugs to site-specific tissues and organs. Passive targeting relies on the

nanostructures characteristics, not conjugation or ligands. For active targeting, nanostruc-

ture surfaces are decorated with moieties, such as antibodies and peptides, to anchor to

receptors at the target site. When the nanostructures reach their desired location, there

are a few mechanisms by which they can release their drugs, such as diffusion, solvent,

chemical reactions, and stimuli-controlled release [79]. One of the major challenges with

nanostructures is biological barriers that limit bioavailability and minimize therapeutic im-

pact. Opsonization and sequestration by the mononuclear phagocyte system, adsorption of

plasma proteins, nonspecific distribution, hemorheological limitations, cell membrane in-

ternalization, endosomal escape, and multidrug resistance all form hurdles to drug delivery

systems [82]. These hurdles can be further complicated by route of administration, disease

type, and disease severity. Innovative design principles are used to allow nanostructures

to stealthily escape biological barriers. Some of these strategies include functionalizing

nanostructures with poly(ethylene glycol)(PEG) or PEGylation [83], self-peptides (e.g.,
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CD47 peptides) [84], or the coating of cell membranes from autologous leukocytes [85] or

red blood cells [86]. Efforts to enhance nanostructure design has led to improved patient

outcomes and expanded treatment options for a range of diseases, such as autoimmunity.

Nanotechnology, or the study and application of small materials, has grown since

Richard Feynman introduced the concept in 1959 at the American Physical Society meeting

at the California Institute of Technology. In 1995, the U.S. FDA approved liposomal dox-

orubicin (Doxil) for treatment of Kaposi’s sarcoma [87]. In December 2020, the U.S. FDA

issued an emergency use authorization for Moderna’s mRNA-1273 and Pfizer-BioNTech’s

BNT162b2 vaccine against coronavirus disease 2019 caused by severe acute respiratory

syndrome coronavirus 2 [88, 89]. Both vaccines utilize a lipid nanostructure formulation.

Within the context of autoimmunity, PEG conjugates have been FDA-approved for the

treatment of multiple sclerosis (IFN-β1a drug Avonex) in 1996 [90] and rheumatoid arthri-

tis in (Certolizumab pegol drug Cimzia) 2009 [91]. Currently, there is no approved drug

delivery system, specifically nanostructures, for the treatment of SLE.

Preclinically, there are many emerging nanostructure strategies to tackle SLE. For ex-

ample, an overarching problem in SLE pathogenesis is the formation and circulation of self-

antigen and autoantibody containing immune complexes. Currently, plasmapheresis com-

bined with intravenous cyclophosphamide, a potent alkylating agent that kills immune cells

by inhibiting protein synthesis, is used to decrease pathogenic autoantibody titers [92, 93].

However, this treatment option does not lead to remission in severe end-organ damage.

Another approach is the use of nucleic acid-scavenging dendrimers, synthetic polymers

with repeated branching chains, to draw nucleic acid containing cell debris from apoptotic

and dying cells. Previous work used a nucleic acid-scavenging dendrimers consisting of

PAMAM-G3 as a high-affinity binding target to circulating nucleic acids in a spontaneous

mouse models of SLE [94]. Although PAMAM-G3 reduced glomerulonephritis and circu-

lating nucleic acids in mouse models, the high dose and toxicity of a high generation PA-
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MAM dendrimer is a concern for in vivo studies and clinical translation. Another example

is the use of nanostructures to target specific immune cells playing a role in SLE pathogen-

esis. IL-2 is a cytokine that supports T cell activation and proliferation, yet is decreased in

SLE patients [95]. In lupus mouse models, a similar decrease in IL-2 reduces the number

of regulatory CD4+ T cells (Tregs), leading to compromised immune tolerance [96, 97]. A

Phase II clinical trial showed that SLE patients on standard treatment receiving low-dose

IL-2 had expanded Tregs and natural killer cells and better remission rates compared with

the placebo [98]. Horwitz and coworkers used anti-CD2/CD4 antibody coated poly(lactic-

co-glycolic acid) (PLGA) nanostructures loaded with IL-2 and TGFβ to expand of CD4+

and CD8+ Treg cells in vivo in lupus-prone mice, leading to suppression of anti-DNA an-

tibodies and reduction of renal disease [99]. Previous studies by Look and colleagues

encapsulated immunosuppressant mycophenolic acid, the prodrug form of mycophenolate

mofetil used for SLE patients (Section 1.1), in spherical poly(ethylene) glycol nanogels

coated with a lipid membrane. They found that these nanogels were more effectively inter-

nalized by a culture of CD11c+ bone marrow derived dendritic cells (BMDCs) in vitro than

control polymer. Their nanogel platform also improved survival of lupus-prone NZB/W F1

mice and suppressed inflammatory cytokine production better than control polymer [100].

Nanostructures have also been used to issue low stability short interfering RNAs (siRNAs)

in vivo without threat of degradation from nucleases. Shimizu and colleagues adminis-

tered mitogen-activated protein kinase 1 (MAPK1) siRNA/nanostructure complexes to tar-

get glomeruli in the MRL/lpr lupus nephritis model [101]. Activation of p38 MAPK1 is

thought to contribute to renal disease in MLR/lpr mice [102]. Targeted delivery of siRNAs,

responsible for silencing the MAPK1 gene, to glomeruli via poly(ethylene glycol)-poly(L-

lysine)-based nanostructures improved kidney function and reduced proteinuria [101].
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1.4 Research Question

SLE therapies have made significant improvements over the last 10 years. In 2011, the

monoclonal antibody belimumab inhibiting B lymphocyte stimulator (BLyS) was the first

new FDA approval for SLE in >50 years. Preclinical studies show BLyS overexpression

drives lupus-like disease in mice by providing key survival signals for autoreactive B cells

and triggering proinflammatory T cells [103–105]. In two Phase III trials, belimumab re-

duced the numbers of plasma and B cells while significantly reducing SLE disease activity

and severe flare risk [106]. Intravenous administered belimumab is indicated for adults and

children with active, autoantibody positive SLE receiving standard treatment or adults with

active lupus nephritis on other medications [107, 108]. In 2021, the U.S. FDA approved vo-

closporin in combination with a background immunosuppressive therapy regimen to treat

adult patients with active lupus nephritis. This will be the second FDA approved therapy for

lupus nephritis and the first oral treatment specifically for that manifestation. A Phase III

trial AURORA (ClinicalTrials.gov Identifier: NCT03021499) of the calcineurin inhibitor

voclosporin in patients with active lupus nephritis showed that treatment with voclosporin

and standard of care doubled the proportion of complete kidney response compared with

placebo and standard of care. This study also showed that voclosporin can be used with

mycophenolate mofetil and low-dose corticosteroids for lupus nephritis treatment without

increasing the rate of serious adverse events. Despite FDA approvals of belimumab and

voclosporin, these therapies still require complementary, highly toxic immunosuppressive

agents and corticosteroids to be effective. Even with other emerging SLE drug candidates,

drug delivery and toxicity are persistent limitations.

Nanostructures may enhance drug delivery while mitigating adverse side effects and

accumulation in off-target sites. For my thesis, I propose to directly target pDCs using

antimalarial drug loaded cylindrical, filomicelle nanostructures without the use of a tar-
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geting ligand, treating autoimmunity by suppressing TLR activation and subsequent type

I IFN responses (Fig. 1.3). pDCs, the leading producer of IFN-α, is a major driver in

early disease progression [63]. pDCs engulf nucleic acid-containing immune complexes

via their FcγRIIa receptors and deliver immune complexes to their endosomal compart-

ment. This leads to endosomal activation of TLR7 and TLR9 and recruitment of cytoplas-

mic pathway-dependent adaptor molecule, myeloid differentiation primary response 88.

Downstream transcription factors such as interferon regulatory factors (IRF)-3 and IRF7

then initiate type I IFN expression. Specifically, no current approach uses passive, shape-

based nanostructure targeting of antimalarials to pDCs to inhibit TLR activation. TLRs

also have many potential for therapeutic targets because gene polymorphisms of TLRs lead

to disease susceptibility [109], TLR ligands exacerbate disease [110, 111], and TLR in-

hibitors (i.e., antimalarial drugs) alleviate disease [112]. This approach will target SLE at

a highly disease relevant site and pathway. By loading antimalarial drugs in nanostruc-

tures that target pDCs, I expect to increase the onset of active drug, limit toxicity, and

decrease the antimalarial dose normally prescribed to lupus nephritis patients. My thesis

will contribute to the field by 1) developing a novel drug delivery platform for SLE, 2)

focusing nanostructure targeting to pDCs in SLE, 3) evaluating how morphology impacts

immune cell targeting, and 4) determining how biodistribution of nanostructures informs

drug biodistribution and toxicity.
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Chapter 2: PEG-b-PPS Filomicelles Maintain Morphology Before and

After Antimalarial Drug Loading

2.1 Introduction

The nanostructures we used to target pDCs are self-assembled poly(ethylene glycol)-

b-poly(propylene sulfide) (PEG-b-PPS) block copolymers (Figure 2.1). PEG-b-PPS are

non-immunogenic and non-inflammatory, exhibiting neither anti-PEG antibodies nor com-

plement activation in both mice and non-human primates [113, 114]. While PEGylation

is often used as a strategy to improve serum half-life and stability, PEGylated biophar-

maceuticals have induced anti-PEG antibodies in patients, thereby reducing efficacy and

leading to adverse side effects [115, 116]. Many PEGylated nanostructures are also known

to activate the complement system, one of the first lines of defense in the innate immune

system against invasive pathogens [117, 118]. The system consists of a series of serum

and membrane-bound proteins that work to target pathogens via inflammation, phagocy-

tosis, or cell membrane attack [119]. The tolerability and biocompatibility of PEG-b-PPS

suggests the ability of these nanostructures to translate well from the bench to the clinic.

The hydrophilic PEG fraction controls the morphology of the self-assembled nanostruc-

tures [120].The hydrophobic PPS block contributes to self-assembly, aggregate stability

and retention of drug payload [121]. Upon oxidation, the hydrophobic PPS block coverts

to hydrophilic poly(sulfoxide) or poly(sulfone), leading to nanostructure disassembly and

release of drug payload [113]. These oxidation-sensitive nanostructures allow for release of
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drug in the endolysosome of immune cells. This is important for inactivation of endosomal

TLR7 and TLR9 by chloroquine, CQ, and resulting inhibition of the type I IFN response

[53].

Figure 2.1: Chemical structure of PEG-b-PPS nanostructures.

Control nanostructures are poly(lactic-co-glycolic acid) (PLGA), an FDA approved

polymer for drug delivery. For example, Lupron Depot containing a gonadotropin re-

leasing hormone agonist, leuprolide acetate, in PLGA was approved for injection based

delivery for the palliative treatment of advanced prostate cancer in 1989 [122]. More re-

cently, Bydureon Bcise was approved in 2017 for PLGA encapsulated exenatide for treat-

ment for type 2 diabetes [122]. As with PEG-b-PPS, PLGA is a highly biocompatible and

biodegradable polymer. PLGA degrades by hydrolysis of its ester linkages into monomers

lactic and glycolic acids, resulting in the release of drug payload. These monomers are

typical byproducts of metabolic processes and are eliminated from the body as water and

CO2. Both PEG-b-PPS and PLGA nanostructures were loaded with hydrophobic CQ and

characterized for size, morphology, and physicochemical properties.
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2.2 Methodology

2.2.1 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).

2.2.2 Nanostructure Formulation

Block copolymer PEG-b-PPS was synthesized as previously described [123]. PEG-b-

PPS filamentous worm-like micelles, or filomicelles (FMs) were loaded with the hydropho-

bic antimalarial drug, CQ, via thin-film hydration. This is a method of loading and assem-

bling nanostructures by drying polymer and drug co-dissolved in an organic solvent to a

thin film and rehydrating to form small, uniform nanostructures [124]. Thin film hydration

is preferred due to its straightforward protocol and minimal exposure of drugs to organic

solvents, preventing alterations of drug activity. Some disadvantages include low encap-

sulation, heterogeneous nanostructure sizes, and small batches. An alternative strategy is

flash nanoprecipitation, a technique that boasts scalability, reproducibility, and high loading

of drug in nanostructures [114]. For flash nanoprecipitation, the organic phase consisting of

hydrophobic drug and an amphiphilic block copolymer is impinged upon an aqueous solu-

tion under turbulent conditions using rapid multi-stream mixers [125]. The supersaturated

solution precipitates and results in stabilized drug loaded monodisperse nanostructures.
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The procedure requires a four stream multi inlet vortex mixer, a two stream confined im-

pingement jet mixer, or other microfluidic mixer systems. Thin film hydration was chosen

because it was simple and required no additional equipment. 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 concen-

tration of 5-15 mg/mL with 1X phosphate-buffered saline (PBS) at pH 7.4 under gentle

agitation overnight. CQ loaded nanostructures 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.

FDA approved biodegradable and biocompatible PLGA polymer served as a control

untargeted nanostructure. Spherical PLGA nanostructures were fabricated by oil-in-water

emulsion/solvent evaporation technique [126]. 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 nanostructures were hardened. CQ-loaded spherical PLGA

nanostructures were purified from free drug by centrifugation for 5 minutes at 14,000 x

g and washed three times with diH2O. There are many different top-down approaches to

PLGA nanostructure synthesis, such as emulsion evaporation, emulsion diffusion, solvent

displacement and salting out. In a top-down method, nanostructures are formed from pre-

formed polymer. Physicochemical properties of the nanostructures can be controlled for

by choice of organic solvent (i.e., increase hydrophobic interactions between polymer and

drug, stabilize suspensions by controlling nanostructure dispersion state) or initial polymer
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to drug concentration (i.e., encapsulation efficiency and size). The emulsion-evaporation

technique for encapsulated nanostructures was chosen due to its efficiency; easy imple-

mentation and scale-up; low fluctuations of polymer concentration; narrow size variability

of nanostructures; low energy consumption due to minimal use of high energy equipment;

and the ability to load both hydrophilic and hydrophobic active compounds [127].

2.2.3 Nanostructure Characterization

The size, morphology and physicochemical properties of each nanostructure batch were

analyzed using small-angle X-ray scattering (SAXS), transmission electron microscopy

(TEM), and dynamic light scattering (DLS) with zeta potential. SAXS is an analytical

method used to determine averaged particle sizes or shapes. The advantage of SAXS is

that size distributions can be determined over multiple nanostructures versus a select hun-

dreds or thousands of nanostructures analyzed in traditional electron microscopy. SAXS

was used to quantify the aspect ratio and variable length of the filamentous PEG-b-PPS

nanostructures. 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 (Wave-

Metrics, 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 [128]. A limitation of SAXS

is that analysis methods assume a constant shape, such as cylinder, and homogeneity over

a given sample. Direct visualization of nanostructures using microscopy helps elucidates
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irregularities or variations in shape [129].

To complement SAXS analysis, the FEI Morgagni 268 100 kV TEM equipped with a

Gatan Orius CCD camera was used to compare morphology and appearance of blank and

CQ-loaded nanostructures. TEM is a high resolution and high magnification technique that

utilizes the transmission of an electron beam to image a sample. This method provides

higher resolution than light-imaging techniques and is preferred for determining the size,

size distribution, and morphology of nanostructures. For TEM processing, 10 μL of 12

mg/mL unloaded or loaded nanostructures were added to FCF200-Cu-TB coated grids for 3

minutes. Excess sample was removed with Whatman paper. 10 μL of autoclaved MegaPure

water was added to the grids and then immediately removed with Whatman paper. 10 μL

of 2% uranyl acetate was added to the grids for 2 minutes, followed by removal of excess

stain. The grids were immediately processed after negative staining.

DLS is a technique that measures size and size distribution of nanostructures and other

particulate dispersed or dissolved in a liquid. As the name implies, DLS measures the

Brownian motion of nanostructures and the associated intensity of light scattering over

time [130]. The speed intensity of fluctuations is dependent upon the size of the nanos-

tructure. Smaller nanostructures diffuse more quickly than larger nanostructures. The hy-

drodynamic size of nanostructures is measured from the translational diffusion coefficient

by using the Stokes-Einstein equation. The size of the nanostructure is the diameter of a

sphere. For non-spherical particulates, such as rod-shaped nanostructures, a new rotational

motion must be established to assume for differences in light scattering [131]. Zeta poten-

tial is the electric charge of a nanostructure’s surface. Charge is an important nanostructure

characteristic because it is a major determinant of serum protein absorption and cellular

internalization by the mononuclear phagocyte system, mainly tissue resident macrophages

[82]. Both size, size distribution, and zeta potential were measured at 1 mg/mL of nanos-

tructures in 1X PBS solution (pH 7.4) using the Malvern Zetasizer Nano ZS.
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Loading capacity, total loaded drug per mass of nanostructure, and encapsulation effi-

ciency, percentage of initial drug mass successfully entrapped in the nanostructures, were

measured by dissolving a known mass of loaded nanostructures in dimethyl sulfoxide

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

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

curve of chloroquine in diluted in DMSO using the characteristic wavelength correspond-

ing to maximum absorption of chloroquine at approximately 334 nm [49]. Drug release

kinetics provides important information on the behavior and performance of nanostructures

before time-consuming and expensive in vivo experiments. Release mechanisms and kinet-

ics can be measured using a range of methods including sample and separation, dialysis

membrane, and continuous flow. Dialysis membrane is the most widely used method due

to its simple and straightforward set-up [132]. The basic principle is the drug loaded nanos-

tructures are loaded into a dialysis membrane with a sufficiently high membrane molecular

weight cut-off that would allow the drug to rapidly diffuse into the outer release medium.

Diffusion is driven by the volume ratio of the inner compartment containing the drug loaded

nanostructures and the outer compartment containing the release medium. A limitation of

the dialysis membrane method is that it assumes that the drug release from the nanostruc-

ture is equal to the diffusion of the drug across the membrane from the inner compartment to

the outer compartment [132]. Drug release kinetics were measured by placing drug-loaded

nanostructures into microdialysis devices in 1X PBS solution with 1% bovine serum al-

bumin (BSA) at 37 °C (physiological temperature), 5% CO2. Samples were analyzed by

UV/Vis spectrophotometry, as above, after 0, 2, 4, 6, and 24 h.
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2.2.4 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

nanostructure characterization experiments. Paired t-tests was used to test for statistical

significance.

2.3 Results and Discussion

FMs and control spherical PLGA nanostructures were synthesized by thin-film hydra-

tion and emulsion/solvent evaporation, respectively. Nanostructure morphology was ver-

ified via SAXS. As expected, SAXS analysis of FMs best fit the scattering profile to a

flexible cylinder model (Supplemental Figure A.1). 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 2.2a).

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 [129]. Representative images showed

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

and 50 nm cross-sectional diameter (Figure 2.2b). DLS determined control spherical

PLGA nanostructures had an average hydrodynamic diameter of 662.5 nm and 0.272 poly-

dispersity index (PDI) for blank nanostructures compared to 562.6 nm and 0.221 PDI for

CQ-loaded nanostructures. The PDI is a measure of particle diameter distribution, which

ranges from 0 (perfectly uniform sample) to 1 (highly heterogeneous sample).

Surface charge is an important nanostructure characteristic because it is a major deter-

minant of serum protein adsorption and cellular internalization by the mononuclear phago-
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(a) (b)

Figure 2.2: CQ loading did not alter morphology of nanostructures. 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 FEI Morgagni M268
100 kV TEM showed blank (left) and CQ-loaded (right) FMs at 12 mg/mL in 1X PBS.
Samples were stained with 2% uranyl acetate.

cyte system, which consists mainly of tissue-resident macrophages [82]. Nanostructure

surface charge also plays an important role in stability, where greater repulsion between

nanostructures reduces aggregation [127]. The zeta potential of blank and loaded nanos-

tructures was determined to be negative (Figure 2.3). Neutral or anionic nanostructures

are less likely to adsorb serum proteins, be sequestered by tissue-resident macrophages,

and have short serum half-lives in comparison to cationic nanostructures [133, 134]. These

data confirmed that the physical (morphology, size) and biochemical (charge) properties of

nanostructures 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 nanostructures in

DMSO and quantifying CQ by UV/Vis spectrophotometry (Supplemental Figure A.2).
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Figure 2.3: Blank and CQ-loaded nanostructures are anionic. 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.

The average loading capacity was 49.96 ± 5.529 μg CQ per mg particle (mean ± standard

deviation) for FMs (Figure 2.4) and 12.07 ± 2.255 μg CQ per mg particle for spherical

PLGA nanostructures (Figure 2.4). The encapsulation efficiency for CQ was 50% for

FMs and 0.6% for spherical PLGA nanostructures (Figure 2.4). In Supplemental Fig-

ure A.3, we also showed the versatility of drug loading in FMs by encapsulating other

hydrophobic payload important in SLE treatment (Section 1.1), such as azathioprine and

methylprednisolone, using the thin film hydration method. Overall, FMs demonstrated a

high CQ loading capacity and maintained morphology before and after drug encapsulation

(Figure 2.2). In comparison, PLGA had a considerably lower CQ loading capacity and en-

capsulation efficiency profiles (Figure 2.4). We optimized the PLGA formulation (Section

2.2) to improve drug retention by troubleshooting the interactions between polymer, drug,
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and solvent. This included exploring different drug:polymer ratios; organic solvents; ho-

mogenizer and agitation speeds; and surfactant (i.e., PVA) concentrations. Despite these

modifications, CQ loading in PLGA maximized at the current formulation protocol.

Figure 2.4: CQ load into FM and PLGA nanostructures. Loading capacity (n = 3)
and encapsulation efficiency (n = 3) of CQ-loaded (left) FMs or (right) spherical PLGA
nanostructures. All samples were measured in 1X PBS solution, pH 7.4 at 1 mg/mL. Data
show mean and error bars represent standard deviation.

An ideal drug delivery system will release drug at a specific site and rate appropriate

for the disease model and therapeutic intent. Controlled release of drug delivery systems

consists of two parts: 1) diffusion of the drug from the polymeric matrix and 2) degradation

of the polymer, liberating the encapsulated drug from the polymer matrix. 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 approximately 50% release of encapsulated CQ

(Figure 2.5). As expected, there is an initial burst release followed by a slow or controlled

release from the polymeric matrix. Overall, these results demonstrated that CQ efficiently

loaded into FMs and enabled controlled release.
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Figure 2.5: 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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Chapter 3: Filomicelle Nanostructures Preferentially Associate with pDCs

In Vitro and Spare the Eye In Vivo

3.1 Introduction

Blood circulation times [135], biodistribution, cell interactions, and clearance by recog-

nition of the mononuclear phagocyte system [136] are impacted by nanostructure physio-

chemical properties and morphology (Section 2.3). In this work, we use morphology-based

targeting of two nanostructure formulations, filamentous PEG-b-PPS and spherical PLGA,

to deliver CQ to immune cells driving disease in SLE patients. The hydrophilic PEG frac-

tion (f ) of the total block copolymer molecular weight informs the geometry of the nanos-

tructures, where f > 45% results in spherical micelles, f < in filamentous micelles, and

45% > f > 25% in spherical polymersomes [121]. Morphology drastically alters cellu-

lar biodistributions. Spherical (i.e., micelle or polymersomes) or cylindrical (i.e., filomi-

celle) PEG-b-PPS are biodegradable with high specificity to blood-resident phagocytes,

liver macrophages and tissue-resident dendritic cells [121]. In particular, FMs accumulate

in 95% of splenic pDCs after the subcutaneous injection [137].

Passive targeting of PEG-b-PPS nanostructures avoids the use of cell-specific ligands

to effectively target pDCs. Active targeting involves the addition of cell-specific ligands.

While active targeting boasts numerous advantages, such as facilitated internalization, im-

proved localization, and selective targeting, there are limitations. A few disadvantages of

active targeting include: 1) immunogenicity of target ligand, resulting in increased clear-
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ance, 2) receptor-mediated endocytosis, and 3) difficulties in scale-up and formulation op-

timization. For SLE therapeutics, active targeting of pDCs through antibodies is being

investigated to blunt type I IFN production. Human pDCs express the cell surface receptor

blood DC antigen 2 (BDCA2 or CD303) [138]. BIIB059 is a humanized IgG1 monoclonal

antibody that crosslinks BDCA2 [139, 140], leading to inhibition of TLR7 and TLR9-

induced IFN-α/β by both BDCA2 and FcγRIIa receptor internalization [138] and signaling

that shares many components with the B cell receptor [139, 140]. In the Phase II LILAC

trial and a small Phase I trial, BIIB059 ameliorated cutaneous lupus symptoms, reduced

pDC skin infiltration, and normalized type I IFN responses, including MxA gene expres-

sion, showing benefit in both cutaneous lupus erythematosus patients and SLE patients with

active joint or skin manifestations [141]. The trial design measured skin disease activity

while monitoring IFN responses in whole blood and skin. The primary type I IFN pro-

ducers, pDCs, preferentially accumulate in active skin lesions as well as kidneys of SLE

patients [142, 143]. Larger studies are needed to determine efficacy and may also evaluate

the potential for BIIB059 to ameliorate other pDC-driven organ manifestations, such as

lupus nephritis. Overall, BIIB059 was well tolerated. The main reported side effect was el-

evated risk of infection due to dampening of pDC-mediated antiviral responses initiated by

dose-dependent internalization of BDCA-2. Prolonged (112 days) BDCA-2 internalization

occurred at high doses (20 mg/kg) of BIIB059 [141]. It remains unknown how prolonged

BDCA-2 internalization reduces surface BDCA-2, whether receptor internalization limits

the effects of subsequent BIIB059 doses, and how this shifts thinking on long-term dosing

regimens. Currently, no approach uses passive, morphology-based nanostructure targeting

of antimalarial drugs to pDCs to inhibit TLR activation and subsequent type I IFN produc-

tion.
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3.2 Methodology

3.2.1 Nanostructure In Vitro Distribution

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

tion (Thermo Fisher; Waltham, MA, USA), via thin-film hydration method (as decribed in

Section 2.2). 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 concentra-

tion of 5-15 mg/mL with 1X PBS at pH 7.4 under gentle agitation overnight. Dye-loaded

nanostructures 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 equi-

librated with PBS solution. Lipophilic dye loaded nanostructures at 200 μg/mL were in-

cubated 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 de-

termine cellular distribution. PBMCs were stained with a viability dye and fluorescent

antibodies to distinguish cellular subsets including CD19+ B cells (clone HIB19; Brilliant

Violet 421), CD3+ T cells (clone OKT3; APC/Cy7), and CD123+ pDCs (clone 6H6; PE).

3.2.2 Nanostructure In Vivo Distribution

C57BL/6 is the most widely used inbred strain for general laboratory purpose. Fe-

male 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

32



solution) or DiD loaded FMs (7.5 μg of loaded DiD in each sample in 150 μL PBS). After

intravenous injection, nanostructures are typically distributed in the blood, liver and spleen

[144]. In the blood, nanostructures are sequestered by cells of the mononuclear phagocytic

system such as dendritic cells, monocytes and resident macrophages in the spleen, liver and

lymph nodes [82, 145]. The internalization of nanostructures by these cells is driven by op-

sonization, a process where the immune system targets a foreign particle for clearance via

phagocytosis. This is facilitated by serum proteins (i.e., albumin, apolipoproteins, comple-

ment components and immunoglobulin) coating the nanostructure when it enters the blood-

stream [146, 147]. After protein adsorption, nanostructures are recognized by Fc receptors

or complement receptors, which are important for serum protein recognition. This initiates

a signaling pathway that regulates the actin cytoskeleton in phagocytes. The phagocytes

then produce membrane protrusions that encapsulate the nanostructure and internalize it

within the cell as an early endosome, late endosome, lysosome, and phagolysosome [148].

At 1- and 24-h post-injection, the eyes, kidneys, liver, and spleen were collected, me-

chanically 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 fil-

tered through a 70 μm nylon, DNase/RNase free, non-pyrogenic cell strainer (VWR; Rad-

nor, 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 ab-

sorbance maximum of DiD (i.e., 644 nm). The total mass of DiD per tissue was quanti-

fied by interpolation of sample measurements onto a standard curve of known concentra-

tions 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
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analyzed for uptake of DiD loaded nanostructures.

3.2.3 Flow Cytometry

Flow cytometry is a laser-based method for multiparameter analysis of a single-cell

suspension from cell culture or tissue samples. Flow cytometry analysis can determine the

cell size and granularity; expression of cell surface and intracellular molecules; distinct

cell types in a heterogeneous cell population; viability status; and purity of isolated sub-

populations. Fluorescent labeled antibodies and dyes are curated in panels specific to the

specifications of the flow cytometer used (i.e., lasers and filters). These antibodies and dyes

stain cells and detect cell-specific characteristics. The resulting fluorescence intensity or

dye signal is then analyzed. The multicolor panels for the human and mouse experiments

are described above. The flow cytometry staining protocol is described below:

Either Human TruStain FcX or TruStain FcX 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 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 FcX 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 3.1) 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 used.

This amine-reactive fluorescent dye binds to cytoplasmic proteins exposed by permeable

dying cells, producing a high signal that can be detected and used to differentiate dead from

live cells. Amine dyes are preferred over DNA-dyes (i.e., 7-AAD and propidium iodide)
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that bind to exposed DNA from compromised, dying cells because they can be used where

cell fixation is required and they boast a wide range of excitation and emission spectra

for diverse multi-color flow cytometry panel setups. Zombie Aqua Fixable Viability dye,

diluted 1:1000 in PBS, 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.

Table 3.1: Flow Cytometry Antibodies

Antibody Clone Catalog Number
Brilliant Violet 421 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 605 anti-mouse CD3 17A3 100237
PerCP/Cy5.5 anti-mouse CD19 6D5 115533

3.2.4 Study Approval

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

Use Committee (OLAW Animal Welfare Assurance D16-00462).

3.2.5 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
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human PBMCs experiments. For in vivo biodistribution experiments, 3-4 mice were used.

Unpaired t-tests and ANOVA were used to test for statistical significance. P-values were

adjusted for multiple comparisons by Tukey’s or Šı́dák’s test, and adjusted p-values <0.05

were considered significant.

3.3 Results and Discussion

Nanostructure size and shape are known to significantly alter their delivery and biodis-

tribution in vitro and in vivo [82]. 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 3.1a).

DiD+ cells were quantified, and their median fluorescent intensity calculated to estimate

both the fraction of cells taking up nanostructures as well as the amount of nanostructures

internalized per cell. pDCs were consistently associated with nanostructures compared

to more abundant cells (12.6% DiD+ of T cells) and total live cells (98.08% of PBMCs)

(Figure 3.1a). 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

3.1b and representative gating strategy shown in Supplemental Figure A.4). Together,

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

relatively low abundance.

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

morphology, dose, and administration route. Typically, accumulation in blood filtration
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(a)

(b)

Figure 3.1: 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 mul-
tiple comparison two-way ANOVA and p <0.05 was considered significant: ***p < 0.001.
Gating strategies are described in Supplemental Figure A.4.

organs (e.g., kidney, liver, spleen) is undesirable for drug delivery because nanostructures

are filtered from circulation by discontinuous or fenestrated endothelia or sequestered by
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Figure 3.2a: Organ- and cellular-level biodistribution of DiD-loaded FMs in C57BL/6
Mice.

the mononuclear phagocyte system [82, 145]. In SLE, these are critical sites of disease

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

ter 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 accumula-

tion in the eye (Figure 3.2a). Yi and colleagues have also shown that FMs have minimal

accumulation in the heart and lungs [121]. 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 3.2b). 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
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Figure 3.2b: Organ- and cellular-level biodistribution of DiD-loaded FMs in C57BL/6
Mice, continued. 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.
Figure 3.2a) 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. Figure 3.2b) Single-cell suspensions were stained and analyzed by flow cytome-
try. 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
Šı́dák’s multiple comparison test. Statistical significance: *p < 0.05, **p < 0.01, and ***p
< 0.001.
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spherical nanostructures (Ω < 45°) [149]. 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.
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Chapter 4: Chloroquine-Loaded Nanostructures Decrease MX1 Gene Ex-

pression in Human Cells Stimulated with TLR Agonists In

Vitro

4.1 Introduction

IFNs are a large protein family important in antiviral immunity [150]. There are three

distinct families. Type I IFN is the largest family and encodes for 13 IFN-α subtypes in

humans, IFN-β, and single isoform, poorly defined genes (IFN-ω, IFN-ε, IFNδ, IFNτ, IFN-

κ, and IFN-ζ) [151]. IFNs are induced by viruses, bacteria, and microbial agents leading

to recognition by pattern recognition receptors in the cytosol and endosomes in mainly

macrophages, dendritic cells, and epithelial cells [152]. pDCs are the leading producers of

type I IFN [69]. In SLE patients, IFN-α is triggered by nucleoproteins, nucleic acid cellular

debris, and other endogeneous self-antigen found in immune complexes. Pro-inflammatory

IFN-α is upregulated in 50-75% of adult SLE patients [65] can promote suppression of

regulatory T cells [66], B cell differentiation to plasma cells, and the production of au-

toantibodies from those plasma cells [68], resulting in a positive feedback loop driving

autoimmunity. High type I IFN activity is also associated with distinct SLE features, such

as severe nephritis and arthritis [153]. Attenuating this pro-inflammatory type I IFN re-

sponse is key to treating SLE. Multiple strategies are under development to inhibit type I

IFNs, with the majority focused on antibodies that neutralize IFN-α [154], block its recep-
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tor [155], or induce endogenous IFN-α antibodies [156].

SLE patients overexpress numerous interferon-stimulated genes (ISGs) [157, 158]. In

particular, myxovirus resistance 1 (MX1) is a highly potent ISG [159] tightly regulated

by type I and type III interferons [160]. Different viruses induce specific transcriptional

programmes of ISGs, where MX1 plays an important role in influenze virus infection[151].

MX1 is one of the most frequently tested ISGs in SLE patients [161] and is elevated in the

peripheral blood of this patient population versus healthy controls [158]. To test the efficacy

of our CQ-loaded nanostructures, we quantify the gene expression of MX1 after activation

by TLR agonists or positive anti-dsDNA antibody SLE sera.

4.2 Methodology

4.2.1 In Vitro Activity of CQ-Loaded Nanostructures

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

York Blood Center via Ficoll-Paque PLUS density gradient separation [162]. Density gra-

dient centrifugation is ubiquitously used to isolate PBMCs due to its simplicity and re-

sulting viable and intact cell populations. For this process, buffy coat was diluted 1:1 in

1X Hank’s balanced salt solution (HBSS) plus 2 mM of anticoagulant ethylenediaminete-

traacetic acid (EDTA) and then layered on top of Ficoll-Paque PLUS. After centrifugation

at 400 x g and RT for 30 min, with maximum acceleration and no deceleration rates, the

buffy coat was separated in layers by density. From top to bottom, the layers represented:

platelet and plasma; PBMCs; Ficoll and granulocytes; and red blood cells. PBMCs consist

of lymphocytes (T, B, and natural killer cells), monocytes, and granulocytes (neutrophils,

basophils, and eosinophils). Flow cytometry (staining protocol found in Section 3.2.3)

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-
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T4; PerCP-Cy5.5), CD19+ B cells (clone HIB19; Brilliant Violet 421TM), CD123+ pDCs

(clone 6H6; PE), and CD1c+ mDCs (clone L161; APC/Cy7).

FMs and PLGA nanostructures were loaded with CQ via thin film hydration or emul-

sion synthesis, respectively as in Section 2.2.2. One million PBMCs in 250 μL total vol-

ume of RPMI 1640 with GlutaMAX medium plus 10% FBS, 1% sodium pyruvate, 1%

NEAA, and 1% pen-strep were treated with soluble CQ, empty nanostructures, or CQ-

loaded nanostructures for 1 h at 3.91 μM and then stimulated with purified TLR agonists: 5

μg/mL ssRNA40/LyoVec (TLR7/8 agonist) [163] or 5 μM CpG-A ODN2216 (TLR9 ago-

nist) [164], 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. ssRNA40 is a species-dependent TLR7/8

agonist, where human cells have a bias towards TLR8 and mouse cells bias towards TLR7,

[165] and a U-rich single-stranded RNA derived from the HIV-1 long terminal repeat. ss-

RNA40 induces the production of TNF-α and IFN-α in PBMCs [165, 166]. To enhance

cellular uptake and prevent degradation, ssRNA was complexed with the cationic lipid Ly-

oVec. Imidazoquinoline amine base analogs, such as resiquimod and imiquimod, were not

used as TLR7/8 agonists because antimalarial drugs mechanism of action requires binding

to nucleic acids for subsequent endosomal TLR inactivation (Section 1.2). CpG ODN or

bacterial DNA is a TLR9 agonist and short synthetic single-stranded DNA molecule con-

taining unmethylated CpG dinucleotides. There are three classes of CpG ODNs - Class A

(Type D), Class B (Type K) and Class C - with different structural characteristics and that

elicit diverse immune responses. The structure of Class A CpG ODNs results in increased

endosomal uptake, leading to the maturation of pDCs and production of more IFN-α than

stimulation followed by Class B or Class C CpG ODNs [164]. Anti-dsDNA autoantibodies

from SLE sera contribute to end-organ injuries, such as the kidneys [167], and endogenous

nucleic acid antigen serve as TLR9 ligands.
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4.2.2 RT-qPCR

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 TaqMan probe detection

real-time reverse transcription-quantitative PCR (RT-qPCR). TaqMan Assays are used in

RT-qPCR applications for sensitive, specific detection and quantification of nucleic acid

targets. Briefly, RNA is transcribed into double-stranded complementary DNA (cDNA).

High temperatures denature cDNA and low temperatures allow TaqMan probes, consist-

ing of a fluorescent dye on the 5’ end and a non-fluorescent quencher on the 3’ end, to

anneal downstream of primers on the single-stranded cDNA target sequence. Taq DNA

polymerase extends the target sequence and cleaves the TaqMan probe, releasing the flu-

orescent dye from the quencher moiety. The fluorescent intensity is directly proportional

to the amount of amplicon synthesized. In comparison to other methods, such as SYBR

Green–based detection, TaqMan probe detection is preferred because it is highly specific

and reproducible, requires no post-PCR processing, and allows for detection of two dis-

tinct sequences in one reaction tube. Nanostructure efficacy was determined by analyzing

the downstream IFN-stimulated gene MX1, which is upregulated in the peripheral blood of

SLE patients versus healthy patients [158] and highly expressed in kidneys of lupus nephri-

tis patients before treatment [168]. Expression levels were normalized to β-actin control.

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 condi-

tions: UNG incubation (1 cycle, 25°C, 2 minutes), reverse transcription (1 cycle, 53°C, 10
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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. The Livak Method is for relative gene expression analy-

sis that assumes the target and reference gene are amplified with efficiencies at 100% and

within 5% of each other. The Livak (2-ΔΔCT) method is calculated as followed:

∆CT (t est ) =CT (t arget , t est )−CT (re f , t est ) (4.1)

∆CT (cal ibrator) =CT (t arget , cal ibrator)−CT (re f , cal ibrator) (4.2)

∆∆CT = ∆CT (t est )−CT (cal ibrator) (4.3)

2−∆∆CT = Normalized expression ratio (4.4)

4.2.3 ELISA

MX1 is one of many genes related to type I IFN response. As a result, quantification

of IFN-α production in tissue culture supernatant complemented RT-qPCR data. 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). Multi-

subtype IFN-α ELISA was used because IFN belongs to a multi-gene family consisting of

13 different IFN-α subtypes and IFN-β in humans and 14 different IFN-α in mice [169].
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4.2.4 Cell Isolation

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

(STEMCELL Technologies; Vancouver, Canada). Isolation occurs via negative selection,

a process that labels unwanted cells with antibodies for depletion using dextran-coated

magnetic particles and a magnet. Soluble or CQ-loaded nanostructures 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 (as above). Depletion of

pDCs by negative selection was used to confirm that reduction in type I IFN response was

pDC dependent.

4.2.5 Study Approval

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 identifi-

able medical information in this manuscript. All patient identifiers have been removed.

Per our IRB-approved protocol, all participants signed informed consent. All identifiable

information has been removed from the reported data.

4.2.6 Statistics

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

Software, San Diego, CA). A minimum of three independent experimental replicates were

conducted for human PBMCs. Paired or unpaired t-tests and ANOVA were used to test
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for statistical significance. P-values were adjusted for multiple comparisons by Tukey’s or

Dunnett’s test, and adjusted p-values <0.05 were considered significant.

4.3 Results and Discussion

A major goal for targeted delivery and controlled release is to potentiate drug activ-

ity. We compared the efficacy of CQ-loaded nanostructures to soluble CQ in two in vitro

culture systems: human PBMCs stimulated with 1) TLR agonists or 2) sera from SLE pa-

tients with active disease. Previous studies show that 100 μM CQ maximally decreases

pro-inflammatory cytokine secretion, including TNF-α, IL-6, and IL-1β [170, 171], and

particularly, IFN- in human PBMCs after in vitro TLR stimulation [172]. We quantified

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

compared to healthy controls [158]. 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 nanostructures at 3.91 μM CQ.

Soluble CQ and CQ-loaded nanostructures had comparable efficacy suppressing TLR7/8-

mediated MX1 gene expression in PBMCs (Figure 4.1). In contrast, CQ-loaded FMs were

significantly more suppressive of TLR9-mediated MX1 expression in PBMCs, approxi-

mately 2.6-fold more inhibitory than soluble drug (Figure 4.2). Nanostructures alone, only

soluble CQ, or blank nanostructures cultured with soluble CQ did not stimulate MX1 gene

expression in healthy human PBMCs (Supplemental Figure A.5).

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 nanostructures

(Figure 4.3 and Figure 4.4).
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Figure 4.1: CQ-loaded nanostructures decreased MX1 expression like soluble drug
after TLR7/8 activation. Healthy human PBMCs were isolated, treated with 3.91 μM
soluble or encapsulated CQ or equal mass blank nanostructures for 1 h, and then activated
for 4 h with 5 μg/mL ssRNA40/LyoVec. 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 and standard deviation for n = 8 inde-
pendent donors. Statistical significance was evaluated by one-way ANOVA with Dunnett’s
multiple comparisons test, ***p-adjusted < 0.001. Abbreviation: CL, control.
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Figure 4.2: CQ-loaded FMs decreased %MX1 expression greater than CQ-loaded
PLGA after TLR9 stimulation. Healthy human PBMCs were isolated, treated with 3.91
μM soluble or encapsulated CQ or equal mass blank nanostructures for 1 h, and then acti-
vated for 4 h with 5 μM CpG A 2216 for 6 h. 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 and standard deviation for n = 4 inde-
pendent donors. Statistical significance was evaluated by one-way ANOVA with Dunnett’s
multiple comparisons test, ***p-adjusted 0.001. Abbreviation: CL, control.
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Figure 4.3: pDCs did not substantially activate IFN response to TLR7/8 stimulation by
ssRNA40/LyoVec. 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 5 μg/mL ssRNA40/LyoVec for 4 h. 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. Abbreviation: CL, control.
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Figure 4.4: CQ-loaded nanostructures decreased MX1 similar to soluble drug in iso-
lated pDCs stimulated with TLR9 agonist. 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
3.91μM for 1 h and then stimulated with 5 μM CpG-A for 6 h. 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. Abbrevia-
tion: CL, control.
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Purified pDCs showed no significant MX1 upregulation after activation by TLR7/8 ag-

onist ssRNA40/LyoVec (Figure 4.3). This suggested the responding PBMC cell type to

TLR7/8 stimulation was not pDCs in our experiments. The TLR7/8 agonist, ssRNA40, is

introduced to PBMCs via a transfection agent, in this case, LyoVec. We hypothesize that

suboptimal RNA delivery to cells may have impacted induction of type I IFN and IFN-

stimulated genes, such as MX1. Future studies should explore other transfection agents and

optimize ssRNA40 to transfection agent ratios for improved delivery and enhanced type I

IFN expression. Unlike TLR7/8 stimulation, TLR9 stimulation of pDCs resulted in robust

MX1 upregulation, which could be strongly inhibited by both soluble CQ 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

4.4). Soluble CQ and CQ-loaded FMs significantly decreased MX1 (95% and 85% inhi-

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

nanostructures 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.

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

physiologic agonists. Circulating immune complexes in SLE are unique structures com-

posed 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 [173], and are associated with TLR9 activation [174],

and high IFN-α activity [175]. SLE serum has been previously shown to stimulate pDCs

and produce IFN- [61]. CQ also has been shown to decrease IFN- production after pDC

activation by SLE serum [58]. We used SLE patient sera as a more physiologic stimulator

of PBMCs and proof-of-principle for clinical utility. Healthy PBMCs were isolated and
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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 [58].

Soluble CQ did not significantly decrease type I IFN response stimulated by SLE sera

(Figure 4.5). In contrast, pretreatment with equivalent dose of CQ-loaded FMs signifi-

cantly decreased MX1 expression induced by SLE sera by approximately 75% compared to

no inhibition by either soluble drug or CQ-loaded spherical PLGA nanostructures (Figure

4.5). We also analyzed secretion of IFN-α with a multi-subtype ELISA that quantifies all

12 known IFN-α family proteins in humans [169]. As expected, based on MX1 expression,

IFN-α production was significantly decreased by CQ-loaded nanostructures, while soluble

CQ had no effect (Figure 4.6). Both FMs and spherical PLGA nanostructures significantly

inhibited IFN-α secretion, suggesting MX1 is induced by more than IFN-α in our experi-

mental system. Nonetheless, we note the modest induction and IFN secretion induced by

anti-dsDNA positive SLE sera in our experiments. This may be due to inactive SLE sera

induction at the time of measurement or variability in baseline type I IFN expression of

healthy human PBMCs used for sera stimulation as a result of sex [176] or age [177] differ-

ences. Future studies should extend incubation time of SLE sera induction to allow more

time for the activation of the PBMCs and to increase accumulated IFN secreted into the

culture media for detection. Additionally, noting the demographics of donor PBMCs may

aid in understanding differences in type I IFN responses between donor samples. Overall,

these data showed that CQ-loaded nanostructures 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.

53



Figure 4.5: CQ-loaded nanostructures decrease MX1 in sera from SLE patients.
Healthy human PBMCs were treated with soluble or CQ-loaded nanostructures at 3.91
μM or equal mass blank nanostructures for 1 h, then stimulated with 30% v/v SLE patient
sera for 24 h. Total RNA was isolated and MX1 expression quantified using TaqMan RT-
qPCR normalized to β-actin expression. Samples were normalized to SLE sera alone. Data
are means and 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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Figure 4.6: CQ-loaded nanostructures decrease IFN-α secretion in sera from SLE pa-
tients.. Healthy human PBMCs were treated with soluble or CQ-loaded nanostructures at
3.91 μM or equal mass blank nanostructures for 1 h, then stimulated with 30% v/v SLE pa-
tient sera for 24 h. Supernatants from cell culture were collected for multi-subtype IFN-α
ELISA. All samples were normalized to SLE sera alone. Data are means and standard de-
viation 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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Chapter 5: Insignificant Changes in Type I IFN Expression in SLE Prone

Pristane-Induced Mice Treated with Chloroquine-Loaded Nanos-

tructures

5.1 Introduction

SLE is considered to be caused by environmental triggers and genetic susceptibility.

For instance, occupational exposure of trichloroethylene (TCE), a degreasing solvent, has

been identified as a possible risk factor for lupus where high levels of TCE are found in

drinking water [178–180]. One of the most widely used environmental mouse model is the

pristane-induced model [181]. Tetramethylpentadecane (TMPD) or commonly pristane is

a naturally occurring hydrocarbon oil found in plants and at high levels in planktivorous

sharks [182]. It works by stimulating IFN-α and IFN-β production in Ly6Chi immature

monocytes leading to local inflammatory response at the site of injection, the peritoneal

cavity, and subsequent IgG autoantibody production and proinflammatory cytokine pro-

duction [183]. pDCs can then augment type I IFN signature after autoantibodies and im-

mune complexes develop. Pristane-induced SLE model is mouse strain dependent [184]

and female biased where high type I IFN signature, immune complex-mediated nephri-

tis, and autoantibody levels are prevalent in female Balb/c mice [183, 185]. Alternatively,

NZB/WF1 has been used since the 1960s for autoimmune diseases and is considered the

oldest and most commonly used model for SLE [186]. This model is female biased and
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displays glomerulonephritis, splenomegaly, anti-nuclear antibodies and SLE relevant genes

[186, 187]. NZB/WF1 mimics the disease progression of SLE patients and has a weak type

I IFN signature [188].

One of the drawbacks of mouse models of SLE is the long disease incubation time

(approximately >3 months) before active disease. Researchers have accelerated disease

progression in the NZB/WF1 model by intravenously injecting adenoviruses expressing

IFN-α or TLR agonists [189, 190]. Impact of IFN-α is dose dependent and displays less

renal inflammatory cell infiltration and long lived plasma cells than the conventional spon-

taneous model [191]. The advantages of the accelerated model is decreased time to high

disease activity (2 weeks post-injection versus 28 weeks in the genetic model) [192–195]

and signs of proteinuria [189]. The adenovirus IFN-α5 accelerated NZB/W model is also a

T-cell dependent model with characteristics such as: increased B cell TLR7 expression, T

cells expressing IL-21, and increased serum levels of IL-6, BAFF, and TNF-α [195, 196].

Another alternative is the use of resiquimod, a TLR7/8 agonist, or imiquimod, a TLR7 ag-

onist, applied to the ears of Balb/c mice for lupus-like autoimmunity. Imiquimod applied

3X weekly results in IFNA1 and MX1 gene upregulation in disease organs and glomeru-

lonephritis with immune complex deposits (i.e. anti-dsDNA and anti-Sm) in 4 weeks com-

pared to months in other models [197].

The pristane-induced, TLR-induced, and NZB/WF1 models have a known IFN signa-

ture; however, there are many other mouse models of SLE with absent or unknown IFN

signatures that are frequently used in studies. For example, the chronic graft-versus-host

disease (cGVHD) model is another experimentally induced mouse model that utilizes the

transfer of DBA/2J splenocytes into an unirradiated healthy adult (C57BL/6 × DBA/2)F1

(B6D2F1) recipient to yield lupus-like loss of B cell tolerance, glomerulonephritis, and an

overproduction of autoantibodies [198]. Because GVHD models are dependent upon acti-

vation and expansion of donor T cells, these models are typically used in studies for defin-
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ing the role of T cell alloreactivity/autoreactivity in driving B cell autoantibody production

and tissue damage. The advantages of the cGVHD are reduced inter-individual variability,

ease of use, and shorter time to disease activity in comparison to most SLE mouse models.

Another widely used mouse model for preclinical efficacy studies includes the spontaneous

MRL/lpr mice. This model recapitulates many clinical features of human SLE primarily

autoantibody production, dermatitis, and immune-complex mediated glomerulonephritis,

which are worsened by IFNAR deficiency [199]. Disease activity in MRL/lpr mice is late-

onset and found in both male and female mice [200]. This model is used to evaluate the

role of TLRs in SLE and the development of extrafollicular autoreactive B cells. In this

work, we used the pristane-induced model to test the efficacy of CQ-loaded nanostructures

in vivo by measuring type I IFN response and other SLE-like manifestations. The pristane-

induced model was chosen because it has the highest detectable type I IFN response across

both genetic and environmental-induced models and clinical presentations similar to SLE

patients [188].

5.2 Methodology

5.2.1 Materials

2,6,10,14-Tetramethylpentadecane (TMPD or pristane), 95% purity was purchased from

ACROS Organics (Fair Lawn, NJ, USA). Calf thymus DNA (dsDNA) was purchased from

Sigma (St. Louis, MO, USA). 1-Step Ultra 3,3,5,5-Tetramethylbenzidine (TMB)-ELISA

Substrate Solution was purchased from Thermo Fisher (Waltham, MA, USA). Biotin-

conjugated goat-anti-mouse IgG and horseradish peroxidase (HRP)–labeled streptavidin

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

58



5.2.2 Induction of Autoimmunity in Mice

Female Balb/c mice, 6-8 weeks old, were injected intraperitoneally one time with 0.5

mL pristane [181, 183].

5.2.3 Characterization of Manifestations in Lupus-Prone Mice

ELISA for Autoantibody Levels

Mice were evaluated for serum autoantibody levels. Pristane-induced mice primarily

produce IgG autoantibodies to dsDNA (40% frequency in Balb/c mice) [183]. The fre-

quency of anti-dsDNA autoantibodies in SLE patients (70-90%) versus healthy subjects

(<0.5%) makes it one of the diagnostics for SLE [201]. Disease progression of pristane-

induced mice was evaluated by ELISA for serum autoantibody levels (enzyme index ¿

100%). Enzyme index (%) is defined as [202]: (OD450 of samples/ (Mean OD450 of con-

trol mice + 3 x standard deviation)) x 100. Mice are considered positive for lupus with an

enzyme index >100% [202].

To determine enzyme index, ELISA plates were coated with 100 μL of 5 μg/mL calf

thymus DNA and incubated overnight at 4 °C with shaking at 500 rpm with a 0.3 cm

circular orbit. All subsequent shaking steps were performed similarly. The plates were

then blocked with 200 μL blocking buffer (PBS plus 2% BSA) for 1-2 h at RT with shaking.

Murine serum was diluted at 1:2000, 1:200 or 1:400 in 100 μL PBS plus 2% BSA and added

to the plates for 2-3 h at RT with shaking. The plates were incubated with 100 μL of biotin-

conjugated goat-anti-mouse IgG diluted 1:1000 with PBS plus 2% BSA for 1 h at RT with

shaking. Afterwards, 100 µL of HRP–labeled streptavidin diluted 1:1000 with PBS plus

2% BSA was added to the plates and incubated for 0.5 h at RT with shaking. Between all of

the above steps, the plates were washed 3X with at least 300 μL PBS plus 0.05% Tween-20.
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100 μL TMB liquid substrate was incubated for 15-30 minutes at RT in the dark or until the

desired color develops (i.e., wells turn blue). With no wash step in between, the reaction

was terminated by adding 100 μL 2M H2SO4 to each well. Positive results transitioned

from blue to yellow. The plates were immediately read at an absorbance of 450 nm and

570 nm using the BioTek Cytation 5 plate reader. The absorbance was normalized by

subtracting the absorbance at 570 nm from the absorbance at 450 nm.

Serum Creatinine

Creatinine levels were calculated using the Cayman Chemical (Ann Arbor, MI, USA)

Creatinine (serum) Colorimetric Assay Kit. The kinetic assay relies on the Jaffe’ reaction

where a yellow/orange color results from the interaction between metabolite and alkaline

picrate [203, 204]. The reaction is then read at an absorbance between 490-500 nm and the

resulting color development is directly proportional to creatinine concentration. The kid-

neys maintain the clearance of creatinine from the blood and elevated serum levels are used

as an indicator for renal function, suggesting a reduction in glomeruli filtration capacity

[205].

Type I IFN Response in Mice

Total RNA was isolated from whole blood and peritoneal exudate cells using the Quick-

RNA Miniprep Plus Kit (ZymoResearch; Irvine, CA, USA), amplified, and analyzed by

TaqMan probe detection RT-qPCR. All real-time RT-qPCR reagents were purchased from

ThermoFisher. The TaqMan probes included: Mouse MX1, FAM-MGB

(assay id: Mm00487796 m1), Mouse ACTB VIC-MGB PL (assay id: Mm00607939 s1),

and Mouse IRF7, FAM-MGB (assay id: Mm00516793 g1). TaqPath 1-Step Multiplex

Master Mix (No ROX) was used for all one-step multiplex real-time RT-qPCRs. Experi-
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mental setup and analysis was perform as described in Section 4.2.2.

5.2.4 In Vivo Activity of CQ-Loaded Nanostructures

FM and PLGA nanostructures were loaded with CQ, as previously described (Section

2.2.2). Three days after pristane induction, CQ-loaded nanostructures and dose-matched

soluble drug were injected intravenously by retro-orbital sinus with 4.3, 34.4, or 172 μg

CQ per kg body weight at 150 μL total volume in PBS. Untreated mice received 150 μL

PBS. Blank FMs and PLGA were injected at equal total polymer concentrations to CQ-

loaded counterparts at 150 μL total volume in PBS. The doses were determined by a dose

conversion between human and mouse [206], using the reference 5 mg HCQ per kg body

weight as the standard dose for SLE patients [23]. Mice received two doses separated by a

week. Two weeks after the initial dose, peripheral blood and peritoneal exudate cells were

collected for MX1 and IRF7 gene expression analysis using RT-qPCR. We chose two weeks

for endpoint measurements because type I IFN production is establish starting at that time

point [207].

5.2.5 Study Approval

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

Use Committee (OLAW Animal Welfare Assurance D16-00462).

5.2.6 Statistics

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

Software, San Diego, CA). A minimum of three mice per group or condition were used

for in vivo experiments. Two-way ANOVA were used to test for statistical significance.

P-values were adjusted for multiple comparisons by Tukey’s test, and adjusted p-values
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<0.05 were considered significant.

5.3 Results and Discussion

To determine a dosing strategy for in vivo experiments, we tested CQ-loaded FMs at

different concentrations: 4.3, 34.4, or 172 μg CQ per kg body weight which correlated to

5, 40, and 200 mg total polymer per kg body weight, respectively. To our knowledge, this

was the first use of nanostructures encapsulating CQ for treatment of lupus-prone mice. As

a result, the objective of this study was to determine the optimum dose for use in larger in

vivo experiments. The doses were chosen below and above the animal equivalent dose of

HCQ, which is 61.5 mg CQ per kg body weight. The advantages of drug delivery systems

include targeted delivery, minimized drug degradation, limited toxicity, and reduced dose

frequency. As a result, using nanostructures has the potential to decrease the effective drug

dose required to inhibit TLR activation and subsequent type I IFN in pristane-induced mice

in comparison to soluble drug.

In testing the in vivo dosing strategy, we evaluated the associated toxicity of the nanos-

tructures as measured by body and liver weight. One of the mechanisms of nanostructure

removal is filtration by organs, such as the liver and kidneys. The resulting accumulation of

nanostructures at these sites of filtration may lead to organ damage and inflammation. Our

results showed that CQ-loaded FMs do not impact mouse body or liver weight (Figure 5.1),

indicating no signs of organ-level or systemic associated toxicity. These results also com-

plement our in vivo organ-level biodistribution data that shows that although DiD-loaded

FMs associate in the liver, the dye signal is diminished after 24 h (Figure 3.2).

Another feature of human and pristane-induced mouse SLE presentation is immune

complexes composed of autoantibodies and endogenous antigens. Approximately 50-90%

of Balb/c mice develop anti-dsDNA autoantibodies 5-6 months after induction [181, 185].
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As expected, mice used for our experiment did not produce autoantibodies against dsDNA

two weeks after pristane induction, as indicated by an enzyme index < 100% (Figure

5.2). Impaired renal function by immune-complex mediated glomerulonephritis was not

observed in pristane-induced mice at this time point, as determined by serum creatinine

measurements (Figure 5.3). Glomerulonephritis is generally expected after immune com-

plex formation (approximately >4 months post-induction) and deposition in the kidneys.

Our 2 week time point was too early to evaluate serum creatinine, an indicator of renal

function.

The efficacy of CQ-loaded FMs was evaluated by quantification of MX1 in the blood

and peritoneal exudate cells. This was used to measure inflammation and type I IFN induc-

tion. We tested MX1 because it is elevated in ectopic lymphoid tissue of pristane-induced

mice and IRF7 because induction of IFN-α in this mouse model relies on the TLR7-

MyD88-IRF7 pathway [183]. In both cases, mice treated with CQ-loaded FMs showed

no significant difference from untreated mice (Figure 5.4). In the peritoneal exudate cells,

MX1 gene expression appeared to stabilize at 5 and 40 mg/kg doses. For future in vivo

experiments, we chose 5 mg polymer/kg (equivalent to 4.3 μg CQ/kg) for the potential to

impact type I IFN response using approximately 14,000X less than the animal equivalent

dose of HCQ (61.5 mg CQ/kg).

In a larger in vivo experiment exploring the efficacy of CQ-loaded FMs versus soluble

CQ, no formulation inhibited type I IFN response during treatment. Peritoneal exudate

cells demonstrated wide variations in gene expression (Figure 5.5). However, IRF7 gene

expression stabilized in the peripheral blood. The results demonstrated (Figure 5.6) that

pristane-induced Balb/c mice significantly induced IRF7 in comparison to healthy, female

Balb/c control mice. This experiment ended at two weeks of soluble CQ or CQ-loaded

nanostructure treatment, when type I IFN response is known to be elevated in pristane-

induced mice [183]. Future studies should explore extending treatment longer. In this
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Figure 5.1: CQ-FMs did not impact body or liver weight after treatment. Female
Balb/c mice (n = 3), 6-8 weeks old, were given an intraperitoneal injection of 0.5 mL
pristane. Three days after induction, mice received 150 μL weekly intravenous injections
of 5, 40, and 200 mg total polymer per kg of CQ-loaded FMs in PBS. Untreated mice
received PBS. After two weeks of treatment, mice and their livers were weighed. Data
show individual mice and medians. Statistical analysis: Tukey’s multiple comparison two-
way ANOVA.
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Figure 5.2: Pristane-induced mice did not produce anti-dsDNA autoantibodies two
weeks post-induction. Female Balb/c mice (n = 3), 6-8 weeks old, were given an in-
traperitoneal injection of 0.5 mL pristane. Mice were treated with 5, 40, and 200 mg total
polymer per kg of CQ-loaded FMs in PBS. Serum was collected at 2 weeks and autoanti-
bodies quantified by ELISA. Data show individual mice and medians.
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Figure 5.3: No elevated serum creatinine levels in pristane-induced mice. Female
Balb/c pristane-induced mice (n = 3) were untreated with PBS or treated with 5, 40, and
200 mg total polymer per kg of CQ-loaded FMs in PBS. Serum was collected at 2 weeks
post-induction and creatinine levels were quantified by the Jaffe’ reaction. Data show in-
dividual mice and medians. Statistical analysis: Tukey’s multiple comparison two-way
ANOVA.
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Figure 5.4: CQ-loaded FMs had no impact on blood or peritoneal exudate cell MX1
expression. Pristane-induced BALB/c mice (n = 3) were untreated with PBS or treated with
5, 40, and 200 mg total polymer per kg of CQ-loaded FMs in PBS. Total RNA was isolated
from blood or peritoneal exudate cells and MX1 expression quantified using TaqMan real-
time RT-qPCR normalized to β-actin expression. Data show individual mice and medians.
Statistical analysis: Tukey’s multiple comparison two-way ANOVA.

67



Figure 5.5: Soluble CQ and CQ-loaded FMs did not decrease ISGs in peritoneal ex-
udate cells. Pristane-induced BALB/c mice (n = 4-6) were untreated with PBS or treated
with 5 mg total polymer per kg (equal to 4.3 μg CQ/kg) of soluble drug or CQ-loaded FMs
in PBS. Equal weight unloaded nanostructures were injected in pristane-induced mice as
controls. Controls are Balb/c mice and TMPD are untreated pristane-induced mice. Total
RNA was isolated from peritoneal exudate cells and IRF7 or MX1 expression quantified
using TaqMan real-time RT-qPCR normalized to β-actin expression. Data show mean and
standard deviation. Statistical analysis: Tukey’s multiple comparison two-way ANOVA,
where p <0.05 was considered significant: *p < 0.05 and **p < 0.01.

lupus-prone model, type I IFN precedes anti-dsDNA or anti-nRNP or Sm autoantibody

production. Based on the preferential association of FMs in pDCs (Figure 3.1a and Figure

3.1b) and the proposed mechanism of action of CQ as a TLR antagonist (Section 1.2),

the development of nucleic acid-containing immune complexes may be a requirement for

pDCs to augment type I IFN signature and for subsequent inhibition of TLR activation in

pDCs by CQ-loaded nanostructures.
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Figure 5.6: Soluble CQ and CQ-loaded FMs did not decrease IRF7 in the blood.
Pristane-induced BALB/c mice (n = 4-6) were untreated with PBS or treated with 5 mg
total polymer per kg (equal to 4.3 μg CQ/kg) of soluble drug or CQ-loaded FMs in PBS.
Equal weight unloaded nanostructures were injected in pristane-induced mice as controls.
Controls are Balb/c mice and TMPD are untreated pristane-induced mice. Total RNA was
isolated from blood and IRF7 expression quantified using TaqMan real-time RT-qPCR nor-
malized to β-actin expression. Data show mean and standard deviation. Statistical analysis:
Tukey’s multiple comparison two-way ANOVA, where p <0.05 was considered significant:
*p < 0.05.
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Chapter 6: Conclusions and Future Directions

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 man-

ifestation [208]. Despite FDA approvals of belimumab and voclosporin, these therapies

were studied in combination with a background of immunosuppressive agents and corti-

costeroids to achieve efficacy, and drug delivery and toxicity remain persistent limitations

for these and other SLE treatments. Nanostructures can enhance drug delivery while mit-

igating adverse side effects by reducing accumulation in off-target cells and tissues. We

demonstrated that targeting pDCs using antimalarial-loaded FMs could enhance suppres-

sion of TLR activation and subsequent type I IFN responses (Figure 1.3). To our knowl-

edge, this is the first use of passive, morphology-based nanostructure targeting of pDCs

to enhance TLR inhibition, and extends prior work demonstrating accumulation in pDCs

[137]. TLR inhibition has great potential as a therapeutic strategy since gene polymor-

phisms of TLRs lead to disease susceptibility [109], TLR ligands contained in NETs or

resulting from apoptotic cell death exacerbate disease [110, 111], and TLR inhibitors (i.e.,

antimalarial drugs) alleviate disease [112]. Our approach targets SLE in disease-relevant

sites and cells to inhibit key inflammatory pathways.
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Our results showed that FMs accumulate in pDCs (Figure 3.1a and Figure 3.1b),

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 [69]. Concentrating drug delivery to pDCs

may potentiate TLR antagonists, such as CQ, by increasing drug accumulation in the endo-

somal space to block TLR signaling more efficiently and downstream type I IFN responses.

Additionally, passive targeting, which leverages physicochemical nanostructure properties

(Figure 2.2, 2.3, 2.4, 2.5) and disease biology, presents an opportunity for FMs to accu-

mulate at tissue sites of SLE-driven inflammatory damage like the kidneys (Figure 3.2

and Figure 3.2). 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 [142, 209]. FMs also escape accumulation in the

eye (Figure 3.2) due to the size and morphology of the nanostructures and their imperme-

ability of the blood-retinal barrier [210, 211]. This may reduce the risk of antimalarial-

mediated retinopathy with chronic use of CQ [28] and long-term toxicity associated with

the current CQ formulation. We hypothesize that the filamentous morphology (Figure 2.2)

and phagocytosis of FMs facilitates internalization by pDCs [135, 149, 212], and thus, its

unique morphology advances nanostructure drug delivery. Future studies should evaluate

the molecular mechanisms and kinetics of FM uptake into endosomes and degradation by

pH-mediated oxidation. A proposed method to discriminate between nanostructure inter-

nalization versus cell surface adherence is confocal microscopy or imaging flow cytometry.

Trypan blue can be added to some the flow cytometry samples to quench the surface-bound

fluorescence. Compartmental stains (i.e., EEA1 for early endosomes, LAMP2 for late en-

dosomes and Lysotracker for lysosomes) and chemical inhibitors (i.e., chlorpromazine and
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genistein to inhibit clathrin and caveolin-mediated endocytosis) can be used to track nanos-

tructure internalization in endosomes and lysosomes.

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

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

TLR7 and TLR9 to sense pathogenic and endogenous nucleic acids [213]. Although ss-

RNA40 is known to produce high levels of IFN-α in pDCs [163] and induce MX1 gene

expression in PBMCs [214], CQ-loaded FMs were not significantly different from soluble

drug or spherical PLGA control (Figure 4.1 and Figure 4.3). 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

[165]. 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 4.2 and Figure

4.4). 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 nanostructures.

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

Previous studies have used mycophenolic acid [100, 215], cyclosporine A [216], azathio-

prine [217], and the prodrug of dexamethasone [218] 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 [23]. By loading CQ in FMs, we decreased the in vitro concentration of CQ re-

quired to inhibit MX1, which is upregulated in SLE patients [158] (Figure ??). We showed

that CQ-loaded FMs decreased MX1 gene expression equivalent to soluble CQ in human

PBMCs stimulated with purified TLR agonists (Figure 4.1 and Figure 4.2). In human
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PBMCs stimulated with anti-dsDNA positive SLE sera, soluble CQ did not inhibit MX1

gene expression (Figure 4.5) or IFN-α secretion (Figure 4.6). We propose that SLE sera

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

in previous studies [58], 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 4.5)

and IFN-α production (Figure 4.6), demonstrating the dose-sparing and dose-enhancement

of CQ in FMs versus soluble CQ.

Future studies extending efficacy experiments of CQ loaded nanostructures in lupus-

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

bioavailability of different routes of administration (Figure 5.5 and Figure 5.6). A preclin-

ical model with a strong type I IFN signature and clinical manifestations similar to SLE

patients, such as the pristane-induced or NZB/W model [183, 188], 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 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 [219, 220].

Other strategies under development for type I IFN inhibition include: antibodies that

neutralize IFN-α [154], block its receptor [155], or induce endogenous IFN-α antibodies

[156]. Anifrolumab is a monoclonal antibody that blocks the type I IFN receptor subunit

1 (IFNAR1). A phase III clinical trials balanced anifrolumab efficacy with risk of infec-

tion. In the Phase III TULIP-2 trial, adults with moderate-to-severe SLE received monthly

300 mg anifrolumab or placebo intravenous infusions. The anifrolumab arm successfully

reached the primary endpoint of improvement in the BICLA score [221]. These results

came after the highly anticipated Phase III TULIP-1 clinical trial failed its primary end-
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point [222]. The key difference between TULIP-1 and TULIP-2 was the disease activity

measure used as primary endpoint: TULIP-1 used SRI-4 while TULIP-2 used BICLA.

SRI-4 requires complete improvement in one severely affected organ or of multiple mod-

erate manifestations. BICLA has increased sensitivity as it allows partial improvement

but retains stringency as it requires improvement in all active domains [223]. Statistically

significant benefits of anifrolumab reached in the TULIP-2 clinical trial include a reduc-

tion in corticosteroid use and clinically meaningful reductions in disease activity [221]. A

significant potential side effect of antibodies against IFNAR1 is increased infection risk,

with anifrolumab-treated patients reporting more than twice the frequency of herpes zoster

(7.2%) and upper respiratory infections (21.7%) compared with placebo [221]. IFN-α ki-

noid (IFN-K) is a fusion of inactivated IFN-α to a carrier protein that generates endogenous

polyclonal antibodies to block IFN. IFN-K received FDA fast-track designation in 2016.

A subsequent Phase IIb trial showed promising results, including induction of neutraliz-

ing antibodies against IFN-α2b, decreased IFN signature, improved fatigue, and reduced

corticosteroid dose [156]. However, IFN-K did not meet its primary endpoint. Long-term

follow-up for this trial was terminated early due to pending financial reorganization of the

sponsor, leaving the status of Phase III trials uncertain.

pDC inhibition is also being investigated to blunt type I IFN production. Human pDCs

express the cell surface receptor blood DC antigen 2 (BDCA2 or CD303) [138]. BIIB059

is a humanized IgG1 monoclonal antibody that crosslinks BDCA2 [139, 140], leading to

inhibition of TLR7/9-induced IFNα/β by both BDCA2 and FcγRIIa receptor internaliza-

tion [138] and signaling that shares many components with the B cell receptor [139, 140].

In the Phase II LILAC trial and a small Phase I trial, BIIB059 ameliorated cutaneous lupus

symptoms, reduced pDC skin infiltration, and normalized type I IFN responses, including

MxA gene expression, showing benefit in both cutaneous lupus erythematosus patients and

SLE patients with active joint or skin manifestations [141]. The trial design measured skin
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disease activity while monitoring IFN responses in whole blood and skin. The primary

type I IFN producers, pDCs, preferentially accumulate in active skin lesions as well as kid-

neys of SLE patients [142, 143]. Overall, BIIB059 was well tolerated. The main reported

side effect was elevated risk of infection due to dampening of pDC-mediated antiviral re-

sponses initiated by dose-dependent internalization of BDCA-2. As of June 2021, the

sponsor of BIIB059, Biogen, Inc., announced its first patient dosed in the phase III clinical

trial, TOPAZ-1, to evaluate the clinical efficacy and assess the safety of BIIB059. In com-

parison to other treatment options, antimalarial-loaded nanostructures do not pose a risk of

infection, providing an alternative to strategies that dampen antiviral immune responses.

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

investigating other nanostructure morphologies that can target other IFN-producing cell

types such as myeloid cells and B 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 poly-

mersomes) [121] and cubic (i.e., bicontinuous cubic nanospheres) [224] nanostructures

with distinct cellular biodistribution profiles [225]. Overall, this study illustrates the thera-

peutic potential of drug delivery of CQ for targeting SLE-relevant pathways, immune cells,

and organ sites.
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Appendix A: Supplemental Data
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(a) Unloaded.

(b) Chloroquine Loaded.

Figure A.1: SAXS model fit for blank and CQ-loaded FMs. Unloaded (Χ2 = 0.008)
and CQ-loaded FM (Χ2 = 0.0012) characteristics were determined by fitting the scattering
profiles with a flexible cylindrical model using SASVIEW 4.X. Model analysis used the
following parameters: 2 μm cylinder length, 150 nm persistence length, and 8 nm PPS core
radius. Each sample was measured at 5 mg/mL in 1X PBS solution. Polydisperse and
polymorphous samples were normalized to 1X PBS solution, pH 7.4. Solid lines represent
the flexible cylinder fitting model and circles represent raw data.
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(a) Absorbance of Chloroquine in DMSO.

(b) Standard Curve.

Figure A.2: Standard curve of CQ in DMSO.The standard curve was generated by serial
dilutions of chloroquine in DMSO near the expected concentration of loaded chloroquine
in nanostructures. y = 0.03207x - 0.1392, where y is the absorbance at 344.2 nm and x is
the concentration of chloroquine in μg/mL (R2 = 0.9996).
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Figure A.3a: Azathioprine or methylprednisolone load into FMs.

Figure A.3b: Azathioprine or methylprednisolone load into FMs, continued.
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Figure A.3c: Azathioprine or methylprednisolone load into FMs, continued.

Figure A.3d: Azathioprine or methylprednisolone load into FMs. Serial dilutions of
azathioprine (AZA) or methylprednisolone (METHY) in DMSO. Drug-loaded FMs (bold,
dotted line) were normalized to blank FMs at 25 μg/mL total polymer. The loading capacity
of FM-AZA was 396.17 μg drug per mg polymer and of FM-METHY was 95.64 μg drug
per mg polymer, as determined by the standard curves found in Figure A.3 (y = 0.052x +
0.042; R2 = 0.99) and Figure A.3 (y = 0.027x + 0.098; R2 = 0.95).
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Figure A.4a: Representative flow cytometry gating strategy for analysis of DiD-loaded
FMs cultured with human PBMCs.
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Figure A.4b: Representative flow cytometry gating strategy for analysis of DiD-loaded
FMs cultured with human PBMCs, continued.
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Figure A.4c: Representative flow cytometry gating strategy for analysis of DiD-loaded
FMs cultured with human PBMCs, continued. Fresh human PBMCs cultured with 200
µg/mL DiD-loaded FMs in supplemented RPMI GlutaMAX medium plus 10% FBS and
20 ng/mL recombinant human IL-3 were stained with phenotypic cell surface markers:
Figure A.4a) CD3+ T cells, Figure A.4b) CD19+ B cells, and Figure A.4c) CD123+
pDCs. DiD+ immune cells were determined as above and independent of other cell surface
markers. Median fluorescence intensity of DiD was calculated for each cell type.
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Figure A.5: No significant difference between MX1 gene expression of empty nanocar-
riers, CQ alone, and empty nanocarriers with soluble CQ in human PBMCs. Fresh,
healthy human PBMCs were isolated and treated with empty FMs or PLGA nanocarriers
with or without soluble CQ at 3.91 μM for 1 h. Total RNA was isolated and MX1 ex-
pression quantified using TaqMan real-time RT-qPCR normalized to β-actin expression.
Data are means and standard deviation for n = 4 independent donors. Statistical analysis:
One-way ANOVA with Tukey’s multiple comparisons test.
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