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CHAPTER 1 

Introduction 

1.1 Background and Significance  

The cyclic GMP-AMP synthase (cGAS)/stimulator of interferon genes (STING) pathway 

is of paramount importance in healthy immune function due to its role in antiviral and antitumoral 

immunity.  However, chronic or aberrant overactivation of cGAS/STING can cause tissue damage 

and cell death, and it can lead to serious autoimmune disorders and inflammatory diseases.  This 

thesis explores the use of nanoparticle carriers and albumin hitchhiking to block cGAS/STING 

signaling to elicit a therapeutic effect in a murine model of colitis. 

The objective of this introduction is to familiarize the reader with the cGAS/STING 

pathway and highlight the impact of this pathway in many inflammatory diseases, particularly 

colitis.  It provides a summary of the current outlook of pathway inhibitors, as well as how various 

drug delivery strategies may help overcome translational barriers.  This will motivate the focus of 

this dissertation: the inhibition of the cGAS/STING pathway for the treatment of colitis and other 

inflammatory diseases. 

1.1.1 cGAS/STING in Inflammatory Diseases 

The cGAS/STING pathway is an important pathway of the innate immune system that 

plays a significant role in the detection of cytosolic DNA, which often indicates the presence of 

pathogens or cellular damage.1-3 Upon sensing double-stranded DNA (dsDNA) in the cytosol, 

cGAS phase-separates and catalyzes the synthesis of cyclic GMP-AMP (cGAMP), a cyclic 

dinucleotide.4-7 cGAMP then binds STING, which undergoes a conformational change, leading to 

the recruitment and activation of TANK-binding kinase 1 (TBK1) and the transcription factor 
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interferon regulatory factor 3 (IRF3).8 This activation results in the production of type I interferons 

(IFN-I) and other pro-inflammatory and anti-viral cytokines, initiating an inflammatory response 

aimed to eliminate the source of the DNA, be it a viral infection or dysfunctional or tumorigenic 

cell.7, 9, 10 

 
Figure 1.1: The cGAS/STING pathway. cGAS binds cytosolic double stranded DNA in the 

cytosol and then catalyzes the production of cGAMP. cGAMP binds STING on the ER, initiating 

downstream signaling via TBK1 and IRF3 to induce the production of IFN-I and other 

proinflammatory cytokines. 

 

In the context of inflammatory diseases, the cGAS/STING pathway has a dual role, both 

protective and pathological. On one hand, it provides a vital defense mechanism against infections 

by recognizing viral, bacterial, and even some self-DNA that enters the cytosol due to cellular 

stress or damage.11, 12 This helps to contain infections and promote the clearance of damaged cells. 

On the other hand, chronic activation of the cGAS/STING pathway can contribute to excessive 

inflammation and autoimmunity.1, 13, 14 When the pathway is persistently stimulated, it can lead to 
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the sustained production of type I IFNs and other inflammatory mediators, which can damage 

tissues and drive chronic inflammatory diseases. For example, disease is driven by STING gain-

of-function mutations in the case of STING-associated vasculopathy with onset in infancy 

(SAVI)15, 16 and familial chilblain lupus17, and loss of innate cytosolic DNA degraders in Aicardi-

Goutières syndrome (AGS)18-20, leading to chronic STING activation.  

Similarly, the cGAS/STING pathway has been implicated in the pathology of non-genetic 

inflammatory conditions, both acute and chronic.14, 21  In cases of acute trauma such as traumatic 

brain injury, the cGAS/STING pathway is activated due to a combination of trauma-induced ER 

stress22 and mitochondrial DNA (mtDNA) leakage23, thus causing neuronal STING activation and 

subsequent M1-like microglial polarization and T cell recruitment. Similarly, mtDNA leakage and 

its subsequent detection by cGAS also leads to STING signaling in both sepsis-induced24 and burn-

induced acute lung injury25.  Other acute inflammatory conditions in which STING signaling is 

implicated as a driver of disease include acute pancreatitis26, acute kidney injury27, and myocardial 

infarction-induced ischemic injury28, 29, where this pathway is activated upon detection of dsDNA 

from surrounding dying cells and/or the cell’s own mtDNA. 

STING signaling appears to drive many chronic inflammatory conditions as well.  For 

example, patients with nonalcoholic fatty liver disease exhibited increased STING expression in 

their livers,30, 31 and greater STING expression in their monocyte-derived macrophages was 

associated with worse inflammation and fibrosis31; this activation is likely due to metabolic 

dysfunction, resulting in mtDNA leakage and sensing.32  Increased STING pathway activation has 

also been observed in the livers of patients with alcoholic liver injury.33 Additionally, patients with 

amyotrophic lateral sclerosis (ALS) have been shown to have increased cGAMP concentrations in 

their spinal cord extracts,34 and samples from patients with diabetic retinopathy and age-related 
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macular degeneration have been shown to have increased levels of mRNA encoding STING.35, 36  

In these (and other) varied disease contexts, DNA derived from dysfunctional mitochondria or 

surrounding cells accumulates in the cytosol, binding to cGAS and resulting in STING activation 

which drives inflammatory signaling. 

Of particular interest in this thesis, activation of the cGAS/STING pathway has recently 

been implicated as a potentially critical mediator of ulcerative colitis.37-41  cGAS/STING signaling 

in ulcerative colitis can be driven by multiple sources, including sensing of  DNA viruses, reverse-

transcription of RNA viruses, CDNs produced by bacteria, DNA from nearby cell debris or 

extracellular vesicles, and damaged mitochondrial or nuclear DNA.42 Notably, Fitzgerald and 

colleagues recently reported that STING accumulated in the inflamed colons of colitis patients, as 

well as in the colons of mice with dysbiosis-induced colitis, T-cell induced colitis, and DSS-

induced colitis.38  They found that this was a result of STING ubiquitination in myeloid cells, 

resulting in an inflammatory milieu that led to Th1 cell recruitment, creating an inflammatory 

positive feedback loop that is postulated to be a driver of IBD. These findings are also consistent 

with the work of Martin et al. who demonstrated that administration of a STING agonist increased 

the severity of DSS-induced colitis40 and Aden et al. who found that IFN-I signaling triggered by 

STING activation resulted in an increased TNF and interferon-stimulated genes response in an 

intestinal organoid model, leading to widespread inflammation and necroptotic death of epithelial 

cells.37 Importantly, it has also been previously shown using genetic models that that cGAS and 

STING disruption or knockout decreases the severity of DSS-induced colitis in mice compared to 

WT controls. For example, Ahn et al. showed that colons of mice deficient in cGAS expressed 

fewer inflammatory markers in response to DSS and that knockout of STING similarly ameliorated 

disease severity due to the decreased production of inflammatory cytokines by monocyte-derived 
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cell populations.41  Taken together, these findings suggest a detrimental role of cGAS/STING 

overactivation in the onset and progression of UC (and IBD in general) and motivate the 

development of therapeutics to inhibit cGAS and/or STING, particularly in macrophages. 

Thus, the cGAS/STING pathway is a critical player in the immune system's response to 

cytosolic DNA, with significant implications for both infection control and the pathogenesis of 

inflammatory diseases. Its dual role in promoting protective immunity and contributing to chronic 

inflammation underscores the need for precise regulatory mechanisms and therapeutic approaches 

to modulate its activity in various disease contexts. 

1.1.2 cGAS/STING Pathway Inhibitors 

Due to the clear involvement of the cGAS/STING pathway in a wide variety of 

inflammatory and autoimmune diseases, there has been a recent push towards the development of 

inhibitors against both cGAS and STING.  Most cGAS inhibitors that have been described 

previously bind to the catalytic pocket of cGAS or prevent DNA binding.  PF-06928125,43 

RU.521,44 G140 and G150,45 compound S3,46 the flavonoids baicalin and baicalein,47 and 30d-S48 

all fall into the first category; all of these small molecule inhibitors were identified through high 

throughput screens to identify cGAS inhibitors, and they have been confirmed to bind to the 

catalytic pocket by protein crystallography.  Additionally, inhibitors including X6 (and other 

antimalarial drugs),49 the small molecule suramin,50 and the oligodeoxynucleotide A15151 all 

inhibit cGAS activation by preventing dsDNA from binding. Further, Ventus Therapeutics 

recently began phase I clinical trials of their cGAS inhibitor VENT-03,52 demonstrating the clear 

interest of the biotech industry in this therapeutic space. 

There has also been recent interest in the development of small molecule STING inhibitors.  

The recently described inhibitors astin C,53 SN-011,54 tetrahydroisoquinolines,55 a dimeric 
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amidobenzimidazole (diABZI) analogue56, and fusidic acid derivatives57 bind the CDN binding 

site on STING.  On the other hand, the covalent inhibitors C-176 and H-151 (among others),58 

nitro-fatty acids,59 and the BPK series of acrylamide compounds60 bind to sites of STING 

palmitoylation, thus preventing the post-translational modification necessary for STING activation 

without affecting its ability to bind cGAMP. Still other small molecule STING inhibitors have also 

been recently described that inhibit STING via alternative or unknown mechanisms.61-63  

Additionally, various biotech and pharma companies including GSK, Ventus Therapeutics, Aduro 

Biotech, and IFM Due are currently developing their own portfolios of STING pathway inhibitors. 

In this thesis, we will primarily focus on the delivery of the cGAS inhibitor RU.521 and 

the STING inhibitor H-151. Both inhibitors have improved outcomes in an expanding diversity of 

preclinical rodent models of diseases when injected intraperitoneally.  RU.521 has been used to 

improve disease outcomes in rodent models of neuroinflammation caused by subarachnoid 

hemorrhage64 and cerebral venous sinus thrombosis,65 colitis,39 sepsis-induced organ injury,66, 67 

acetaminophen-induced liver injury,68 acute lung injury,69 hypertensive heart injury,70 ischemic 

injury in the lung71 and neonatal brain72, femoral fracture healing,73 and aging-related endothelial 

dysfunction.74  Additionally, administration of H-151 has improved outcomes in rodent models of 

acute kidney injury (AKI),27 renal fibrosis,75 amyotrophic lateral sclerosis (ALS),34 sepsis-induced 

organ injury,66, 67 psoriasis,76 ischemia-reperfusion injury in the intestine,77 myocardial 

infarction,78 LPS-induced acute lung injury,79, 80 Alzheimer’s disease,81 and neuropathic pain 

resulting from chronic constriction injury82.   

cGAS/STING pathway inhibitors represent a burgeoning field with the potential to treat a 

range of inflammatory diseases. Ongoing research and clinical trials will determine their 



 7 

effectiveness and safety, paving the way for new therapeutic options in managing inflammatory 

and autoimmune conditions. 

1.1.3 Delivery Opportunities for cGAS/STING inhibitors 

While cGAS/STING inhibitors may provide a therapeutic effect in a myriad of 

inflammatory diseases, systemic inhibition of the pathway may leave patients vulnerable to viral 

infection83 and tumorigenesis.84  Thus, targeted or localized delivery of the inhibitors discussed 

above may be preferable in many STING-driven inflammatory disease contexts.  cGAS/STING 

pathway inhibitors can be delivered to inflamed tissue using a wide variety of drug delivery 

technologies, including nano- or microparticles, hydrogels, and prodrug-polymer/protein 

conjugates. These advanced delivery systems can enhance the precision of treatment by 

concentrating the therapeutic agents at the specific sites of inflammation, thereby maximizing their 

efficacy while minimizing the risks associated with systemic exposure. 

Nano- and microparticles have been used to improve drug stability, prolong circulation 

time, and increase uptake in the target tissue in order to illicit a therapeutic response.85, 86 

Additionally, these particles can be designed to respond to specific triggers found in inflamed 

environments, such as pH changes, enzymatic activity, or elevated levels of reactive oxygen 

species (ROS) to specific release their payload at the site of inflammation. To further increase 

localization at the target site, nanoparticles can be coated with ligands or antibodies that recognize 

and bind to markers expressed on inflamed tissues, ensuring that the inhibitors are released 

precisely where they are needed to enhance the therapeutic efficacy of the drug by increasing local 

concentration at the site of inflammation. In the case of particle-assisted delivery of cGAS/STING 

inhibitors, intravenous therapy may be appropriate in cases of acute organ injury, such as 

acetaminophen-induced liver injury or sepsis-induced organ injury.  Additionally, they could be 
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formulated into low-density, porous particles for deep lung delivery in acute or ischemic lung 

injury or AGS-induced lung injury.  Nano- or microparticle carriers of cGAS/STING inhibitors 

may also have utility in neuroinflammatory conditions when delivered intrathecally, intra-orbitally 

for diabetic retinopathy or age-related macular degeneration, or in colitis when modified for oral 

or rectal delivery routes.   

Hydrogels are another effective medium for the localized delivery of drug cargo, likely 

including cGAS/STING inhibitors. These water-swollen polymer networks can be loaded with 

drugs and implanted or injected at the site of inflammation.87 Like the particles discussed above, 

hydrogels can be designed to release their cargo in response to specific stimuli, such as 

temperature, pH, or ROS levels, and hydrogels can be engineered to be thermo-responsive for ease 

of injection.88 The use of hydrogels would ensure a high local concentration of cGAS/STING 

inhibitors while limiting systemic exposure and preserving the immune system's ability to respond 

to infections. Such systems may be appropriate for use in conditions such as rheumatoid or 

osteoarthritis (injected intra-articularly), or for a non-invasive topical treatment of diabetic 

retinopathy or age-related macular degeneration when applied to the eye. 

Prodrug-polymer conjugates offer another sophisticated strategy for targeted drug delivery. 

In this approach, the cGAS/STING inhibitor can be chemically linked to a polymer or protein 

through a stimuli-responsive bond that can be cleaved by specific enzymes or conditions present 

in the inflamed tissue.89 For example, prodrug conjugates can be designed to release the active 

drug in response to matrix metalloproteinases in the case of arthritis, or they can be synthesized 

with a ROS-responsive linker for release in oxidatively stressed tissues (e.g. in cases acute kidney 

injury, acute lung injury, and colitis). This stimuli-responsive cleavage ensures that the inhibitor 

is released precisely where it is needed, enhancing its anti-inflammatory effects while minimizing 
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systemic distribution. Additionally, the polymer component can be rationally designed to improve 

the solubility, stability, and bioavailability of the drug, further enhancing its therapeutic potential. 

Incorporating cGAS/STING inhibitors into nano- or microparticles, hydrogels, or prodrug-

polymer conjugates represents a cutting-edge approach to achieving targeted delivery in the 

treatment of STING-driven inflammatory diseases. These advanced delivery systems can improve 

the specificity and efficacy of the inhibitors, reduce the risk of systemic side effects, and maintain 

the patients' overall immune competence. As research in this field progresses, such targeted 

delivery strategies are likely to become integral components of safer and more effective treatments 

for inflammatory diseases. 

1.1.4 ROS-Scavenging Materials to Improve Disease Outcomes in Colitis 

The development of "smart" materials represents a cutting-edge approach to the treatment 

of inflammatory diseases. These materials are engineered to respond to specific physiological 

triggers found in the inflamed environment, such as pH changes, enzymatic activity, or elevated 

levels of reactive oxygen species (ROS), to specific release their payload at the site of 

inflammation. Of particular interest in this thesis is the use of ROS-responsive materials in colitis.  

In colitis, mucosal ROS concentrations are 10- to 100-fold higher than in healthy patients, 

and higher ROS have been correlated with disease progression.90 Thus, ROS-responsive polymers, 

a type of smart material designed to respond to the elevated levels of ROS commonly found in 

inflamed tissues, may be an appropriate delivery vehicle for colitis treatment.  These polymers can 

exploit this feature to release therapeutic agents and/or quench ROS specifically at the sites of 

inflammation.  By responding specifically to the inflammatory environment, these materials ensure 

that drugs are released where they are most needed while minimizing systemic drug exposure, thus 

reducing potential side effects and toxicities.  
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Many types of ROS-responsive or ROS-quenching materials have been demonstrated to be 

efficacious in murine models of colitis.  For example, multiple studies have demonstrated that 

bilirubin-derived nanomaterials are able to scavenge ROS in the inflamed colon and decrease 

disease severity in mice with DSS-induced colitis;91-93 this is due to bilirubin’s ability to act as a 

peroxide scavenger. Polymers containing thioketals can also be used to scavenge ROS and achieve 

ROS-responsive drug release in colitis, as was used by Wilson et al to deliver Tnf -targeting 

siRNA.94  Other classes of ROS-scavenging materials that have demonstrated therapeutic efficacy 

in colitis include polythioesters,95 polydopamine polymers,96, 97 and diselenide-bridged 

materials.98, 99 

Thus, the use of ROS-scavenging materials in colitis represents an effective strategy to 

combat the oxidative stress associated with this inflammatory disease. ROS plays a critical role in 

perpetuating inflammation and tissue damage in colitis; by scavenging ROS, these materials help 

to reduce oxidative stress, thereby protecting the intestinal mucosa from further damage and 

promoting healing. This reduction in oxidative stress can also diminish the activation of 

inflammatory pathways, leading to a decrease in the production of pro-inflammatory cytokines 

and alleviation of symptoms. These ROS-scavenging materials can be incorporated into various 

nanoparticle-based drug delivery systems, as is explored in this thesis. 

1.2 Innovation 

1.2.1 Nanoparticle Formulation for Sustained Release of H-151 and RU.521 

The cGAS/STING pathway plays a critical role in cytosolic immune surveillance through 

its ability to detect aberrantly localized DNA in the cytosol and trigger the production of type-I 

interferons and proinflammatory cytokines. While the cGAS/STING pathway plays an important 
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role in the defense against many pathogens and in generation of antitumor immunity, chronic or 

aberrant activation of cGAS/STING signaling can lead to chronic inflammation and/or 

autoimmunity. Indeed, cGAS/STING pathway activation has been implicated in the development 

of a growing number of diseases including ulcerative colitis,37-41   non-alcoholic fatty liver 

disease,30-32 amyotrophic lateral sclerosis,34 and Alzheimer’s disease,81 to name only a few. This 

has led to the recent development of therapeutics to inhibit cGAS and/or STING activation, with 

several agents demonstrating efficacy in a diversity of preclinical mouse models of diseases;  this 

has even led to an early-stage clinical trial.52 While promising, these agents require frequent 

intraperitoneal dosing and systemic blockade of cGAS/STING can lead patients vulnerable to 

infection or cancer. Hence, there is a need for strategies to control the delivery and 

pharmacological properties of cGAS and STING inhibitors. Towards filling this gap, this thesis 

describes STING-Pathway Inhibiting Nanoparticles (SPINs) as a platform technology with 

potential application in diverse pathologies.  

SPINs are based on a simple, effective, and translationally ready strategy that leverages 

PLGA or PPS nanoparticles for delivery of recently described small molecule inhibitors of cGAS 

and STING.  SPINs are more potent inhibitors of cGAS and STING than cognate small molecules. 

Herein, new nanoparticle formulations are described in which PLGA or PPS is co-emulsified with 

poly(benzoyloxypropyl methacrylamide), which improves drug loading and allows for tunable 

release of a STING inhibitor. cGAS and STING inhibitors are new agents that have not previously 

been formulated in particles, and thus these studies offer important insight into nanoparticle design 

criteria for these molecules. SPINs inhibit cGAS/STING-driven polarization of macrophages into 

an M1-like phenotype, a finding with potential implications for suppressing macrophage-driven 

inflammatory processes.  Finally, PPS SPINs are assessed in a murine model of colitis, 
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representing the first time cGAS/STING inhibiting polymeric nanoparticles have been assessed in 

vivo. 

While there has been an explosion of research to develop drug carriers for STING agonists, 

this represents only the second report to employ nanoparticles to deliver a cGAS inhibitor and the 

first to deliver a STING inhibitor. Collectively, this work represents an important first step towards 

innovating delivery systems for this emerging class of therapeutics, establishes an initial 

experimental paradigm for designing and testing of nanoparticles for cGAS/STING inhibition, and 

positions SPINs as a promising strategy for treating a diversity of inflammatory diseases. 

1.2.2 Albumin Hitchhiking for Drug Delivery in Colitis 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) characterized by 

continuous inflammation and ulceration of the innermost lining of the colon and rectum. In 

addition to experiencing symptoms like diarrhea mixed with blood and mucus, abdominal pain, 

and tenesmus, UC patients are at much higher risk of developing colon cancer. In patients with 

UC, low serum albumin is associated with more severe disease,100-102 as well as increased usage 

of corticosteroids,103 primary non-response to immunotherapeutics,104 and even eventual 

colectomy.100   

This resultant hypoalbuminemia is likely due to a combination of inflammation in the 

colon, as well as malabsorption of protein.  With significant inflammation, such as in the colons 

of colitis patients, there is increased vascular permeability, which allows serum proteins, including 

albumin, to leak from the bloodstream into the highly vascularized colon.  From there, the albumin 

may be lost in the stool; this condition is known as protein-losing enteropathy (PLE).  Additionally, 

the inflammation and damage to the intestinal mucosa in colitis can impair nutrient absorption, 

including protein absorption, further contributing to decreased serum albumin levels.105  
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We suspect that the phenomenon of albumin uptake in the colon in the context of colitis 

can inform the design of albumin-dependent drug delivery systems. Hence, albumin may be an 

appropriate candidate for use as a carrier for therapeutic agents, exploiting the increased 

permeability in the inflamed colon to enhance drug delivery to the site of inflammation.  To our 

knowledge, albumin hitchhiking has not before been utilized for drug delivery in colitis. 

1.3 Specific Aims  

The cGAS/STING pathway plays a critical role in cytosolic immune surveillance through 

its ability to detect aberrantly localized DNA in the cytosol and trigger the production of type-I 

interferons and proinflammatory cytokines. While the cGAS/STING pathway plays an important 

role in the defense against many pathogens and in generation of antitumor immunity, chronic or 

aberrant activation of cGAS/STING signaling can lead to chronic inflammation and the 

development or worsening of many inflammatory diseases.  The overall goal of this work is to 

inhibit the cGAS/STING pathway and assess therapeutic efficacy in a relevant murine model of 

inflammatory disease. To this end, we have developed a platform that can deliver a cGAS or 

STING inhibitor to inflamed tissue while avoiding adverse effects associated with systemic 

STING pathway inhibition.  Additionally, we aim to investigate the use of albumin hitchhiking to 

deliver inhibitors or siRNAs to block cGAS signaling in inflammatory disease. 

 

Aim 1: Develop Biodegradable STING-pathway inhibiting nanoparticles (SPINs). The overall 

goal of this aim is to formulate and test PLGA nanoparticles encapsulating the cGAS inhibitor 

RU.521 or the STING inhibitor H-151.  Using an oil-in-water emulsion process, PLGA 

nanoparticles were formulated, resulting in ~200nm particles that more potently inhibited the 

cGAS/STING pathway in myeloid cells in vitro compared to dose-matched free inhibitor.  By 



 14 

incorporating an excipient polymer, we could increase drug loading in SPINs by more than 7-fold, 

and the amount of excipient incorporated could be varied to tune the release rate of the STING 

inhibitor.  This method served as a promising first-generation SPIN.   

 

Aim 2: Develop ROS-quenching SPINs to deliver cGAS/STING inhibitors in a murine model 

of colitis. Next, we decided to focus on colitis as our inflammatory disease model of interest.  We 

investigated the shift in myeloid populations in the colons of mice with DSS-induced colitis, as 

well as investigated the therapeutic efficacy of our chosen cGAS and STING with daily systemic 

administration.  Next, we re-visited our SPINs, this time formulating them with a ROS-responsive 

poly-thioether instead of PLGA.  These particles potently inhibit cGAS/STING signaling in vitro, 

and may demonstrate slight therapeutic efficacy when delivered orally or rectally to mice with 

DSS-induced colitis.  

 

Aim 3: Evaluate the potential of albumin hitchhiking as a drug-delivery vehicle in colitis.  

After focusing on nanoparticle systems, we were interested in alternative approaches to block 

cGAS/STING signaling in colitis.  This led us to investigate whether the accumulation of albumin 

in the colon in the context of colitis could be exploited to this end.  We demonstrated that three 

different albumin-binders accumulate in the inflamed colons of mice with colitis.  Additionally, 

siRNA can be delivered to the inflamed colon via albumin hitchhiking.  This represents a 

previously unexplored drug delivery method in colitis.    
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CHAPTER 2 

PLGA STING-Pathway Inhibiting Nanoparticles as a Platform for Treatment of 

Inflammatory Diseases 

Adapted with permission from: 

Pastora, L.E., Namburu, N.S., Arora, K., Christov, P.P., Wilson, J.T. “STING-Pathway Inhibiting 

Nanoparticles (SPINs) as a Platform for Treatment of Inflammatory Diseases”. ACS App Bio Mat, 

2024. https://doi.org/10.1021/acsabm.3c01305. Copyright 2024 American Chemical Society. 

 

2.1 Abstract 

Aberrant activation of cyclic GMP-AMP synthase (cGAS)/Stimulator of Interferon Genes 

(STING) pathway has been implicated in the development and progression of a myriad of 

inflammatory diseases including colitis, nonalcoholic steatohepatitis, amyotrophic lateral sclerosis 

(ALS), and age-related macular degeneration. Thus, STING pathway inhibitors could have 

therapeutic application in many of these inflammatory conditions.  The cGAS inhibitor RU.521 

and the STING inhibitor H-151 have shown promise as therapeutics in mouse models of colitis, 

ALS, and more. However, these agents require frequent high-dose intraperitoneal injections, which 

may limit translatability. Furthermore, long-term use of systemically administered cGAS/STING 

inhibitors may leave patients vulnerable to viral infections and cancer. Thus, localized or targeted 

inhibition of the cGAS/STING pathway may be an attractive, broadly applicable treatment for a 

variety of STING pathway-driven ailments. Here we describe STING-Pathway Inhibiting 

Nanoparticles (SPINS) – poly(lactic-co-glycolic acid) (PLGA) nanoparticles loaded with RU.521 

and H-151 – as a platform for enhanced and sustained inhibition of cGAS/STING signaling. We 
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demonstrate that SPINs are equally or more effective at inhibiting type-I interferon responses 

induced by cytosolic DNA than free H-151 or RU.521. Additionally, we describe a SPIN 

formulation in which PLGA is co-emulsified with poly(benzoyloxypropyl methacrylamide) 

(P(HPMA-Bz)), which significantly improves drug loading and allows for tunable release of H-

151 over a period of days to over a week by varying P(HPMA-Bz) content. Finally, we find that 

all SPIN formulations were as potent or more potent in inhibiting cGAS/STING signaling in 

primary murine macrophages, resulting in decreased expression of inflammatory M1-like 

macrophage markers. Therefore, our study provides an in vitro proof-of-concept for nanoparticle 

delivery of STING pathway inhibitors and positions SPINs as a potential platform for slowing or 

reversing the onset or progression of cGAS/STING-driven inflammatory conditions. 

 

 

Figure 2.1: Overview of SPINs. SPINs are taken up by cells and release the cGAS inhibitor 

RU.521 or the STING inhibitor H-151 to block STING pathway activation, which is associated 

with the development and progression of many inflammatory diseases. Graphic created with 

BioRender.com. 

2.2 Introduction 

 The cyclic GMP-AMP synthase (cGAS)/Stimulator of Interferon Genes (STING) pathway 

plays a crucial part in the innate immune system, allowing cells to mount a pro-inflammatory 
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response upon the detection of cytosolic double-stranded DNA2, 3.  cGAS surveils the cytoplasm 

of cells, and upon recognition of double stranded DNA – often a sign of infection or cellular stress 

– catalyzes the production of 2,3-cGAMP, which in turn acts as a ligand for STING1.  cGAMP 

binds to STING located on the endoplasmic reticulum and initiates signaling that results in the 

phosphorylation and activation of Interferon Regulatory Factor 3 (IRF3) and the subsequent 

expression of type-I interferons (IFN-I) and pro-inflammatory cytokines9, 106. While this innate 

immune pathway is essential to healthy immune function, chronic or aberrant overactivation of the 

pathway can create an inflammatory environment that damages healthy tissue, can trigger cell 

death pathways, and lead to organ pathology and even death13, 14. Genetic diseases such as Aicardi-

Goutières syndrome (AGS) and STING-associated vasculopathy with onset in infancy (SAVI) are 

driven by mutations that result in constitutive, chronic activation of STING signaling15, 16, 18, and 

a growing number of inflammatory diseases including ulcerative colitis38, non-alcoholic fatty liver 

disease30, 31, and amyotrophic lateral sclerosis34, have been linked to activation of cGAS/STING 

in response to cytosolic self-DNA induced by cell stress. 

 The importance of the cGAS/STING pathway in the onset and progression of such myriad 

inflammatory and autoimmune diseases has recently sparked interest in the development of 

pharmacological agents to block STING pathway activation, including small molecule competitive 

and covalent inhibitors and proteolysis-targeting chimeras (PROTACs)21, 107, and plans have been 

announced to begin phase I clinical trials of a cGAS antagonist52. Amongst the most promising 

agents reported to date are RU.521, a selective and potent cGAS inhibitor that occupies the active 

site of cGAS which decreases its affinity for ATP without affecting dsDNA binding44, and H-151, 

a covalent STING inhibitor that blocks STING palmitoylation and subsequent interaction with 

TBK1, which is critical to STING signaling58. Both of these inhibitors have improved outcomes 
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in an expanding diversity of preclinical rodent models of diseases.  RU.521 has been used to 

improve disease outcomes in rodent models of neuroinflammation caused by subarachnoid 

hemorrhage64 and cerebral venous sinus thrombosis65, colitis39, sepsis-induced organ injury66, 67, 

acetaminophen-induced liver injury68, acute lung injury69, hypertensive heart injury70, ischemic 

injury in the lung71 and neonatal brain72, femoral fracture healing73, and aging-related endothelial 

dysfunction74.  Additionally, administration of H-151 has improved outcomes in rodent models of 

acute kidney injury (AKI)27, renal fibrosis75, amyotrophic lateral sclerosis (ALS)34, sepsis-induced 

organ injury66, 67, psoriasis76, ischemia-reperfusion injury in the intestine77, myocardial 

infarction78, LPS-induced acute lung injury79, 80, Alzheimer’s81, and neuropathic pain resulting 

from chronic constriction injury82.  However, early experiences with these molecules has also 

identified several potential pharmacological barriers that may inhibit the translation of RU.521 and 

H-151 (and potentially cGAS/STING inhibitors more generally). Notably, nearly all previous 

studies leveraging these agents have used frequent, high-dose intraperitoneal injections, which is 

necessitated by the fast clearance of inhibitor from circulation (<2 hours after intraperitoneal 

injection58). Not only would such frequent administration limit feasibility and translatability for 

most diseases, but systemic administration of cGAS/STING inhibitors may leave patients 

vulnerable to infection or cancer given the importance of the cGAS/STING pathway in 

antipathogenic defense10, 108-111 and tumor immune surveillance112, 113. Additionally, while efforts 

are ongoing to develop orally bioavailable cGAS/STING inhibitors, currently both agents require 

solubilization in excipients such as corn oil39 or Tween-80 for administration78. Thus, targeted 

inhibition of the cGAS/STING pathway in a relevant inflamed tissue or cell population may be an 

attractive, broadly applicable treatment for a variety of cGAS/STING-driven ailments, while 

avoiding the negative consequences of systemic STING inhibition.  



 19 

 Polymeric nanoparticles (PNPs) have been widely used to improve the stability and solubility 

of encapsulated small molecule drugs, target the drug to specific tissues or cell types, and increase 

drug circulation times to increase safety and efficacy85, 114. However, there exist very few reports 

describing PNPs for delivery of cGAS or STING inhibitors. Cheng et al. recently reported use of 

RU.521-loaded cationic PNPs delivered via subcutaneous hydrogel for rheumatoid arthritis 

immunotherapy115, and, to our knowledge, no previous work has focused on PNPs for delivery of 

H-151. Here, we aimed to help fill this gap through the formulation and in vitro evaluation of 

STING pathway-inhibiting nanoparticles (SPINs), which are based on loading of H-151 and 

RU.521 into PLGA nanoparticles. We selected PLGA based on its high biocompatibility, tunable 

hydrolytic degradability into lactic acid and glycolic acid116, and use in several FDA-approved 

products, including micro- and nano-particles for delivery of small molecule 

immunomodulators117, 118. Based on their role in many cGAS/STING-driven diseases, we 

demonstrate the capacity of SPINs to inhibit cGAS and STING activation in macrophages, 

resulting in a reduction in IFN-Is and inhibiting their polarization towards an M1-like phenotype. 

SPINs therefore offer a modular platform for enhancing and sustaining inhibition of cGAS/STING 

signaling in inflammatory cell populations and establish proof-of-concept for the development of 

other STING-inhibiting nanoparticles formulations, which can ultimately be tailored to specific 

diseases, cellular targets, and/or route of administration. 

2.3 Results and Discussion 

SPIN-R fabrication and in vitro characterization 

 To fabricate SPINs, we used an oil-in-water emulsion method (Figure 2.2A) to encapsulate the 

inhibitors into PLGA nanoparticles. Briefly, PLGA and the inhibitor of interest were dissolved in 



 20 

ethyl acetate and added dropwise to a solution of 4.5% PVA in DI water.  The mixture was 

sonicated to form an emulsion, and ethyl acetate was evaporated on a rotary evaporator to harden 

the particles.  The particles were then washed in DI water, flash frozen, and lyophilized to yield a 

dry stock that could be stored at -20°C.  We first fabricated RU.521-loaded SPINs (SPIN-R), which 

were 158.5nm in diameter (Figure 2.2C) and contained 0.96% RU.521 by mass (Table 2.1).  

 

Figure 2.2: SPIN-R characterization and efficacy in cell lines. (A) Schematic depicting the oil-

in-water fabrication method to produce SPINs. (B) RU.521 structure. (C) SPIN-R size distribution 

determined by dynamic light scattering. (D) RU.521 release from SPIN-R in pH 7.4 PBS at 37°C. 

(E) Experimental timeline for testing SPIN-R and free RU.521 in reporter cell lines used in panels 

F and G. (F) Dose-response curves of IFN-I production induced by co-treatment with SPIN-R or 

RU.521 and 1µg/mL HT DNA in RAW-Dual and (G) THP1-Dual cells (n=3). (H) Experimental 

timeline for testing SPIN-R and free RU.521 in reporter cell lines used in panels I and J. (I) Dose-

response of IFN-I production induced by pre-treatment with SPIN-R or RU.521 prior to addition 

of 1µg/mL HT DNA in RAW-Dual and (J) differentiated THP1-Dual cells (n=3). Dose-response 

data is represented as mean ± SEM, fit using inhibitor vs response (four-parameter fit) nonlinear 

fit in GraphPad Prism. 



 21 

Table 2.1: PLGA SPIN formulation, drug loading, size, and PDI. 

 

Formulation Inhibitor 
P(HPMA-Bz) 

Excipient 

Drug 

loading 

Z-average 

(nm) 
PDI 

SPIN-R RU.521 none 0.96% 158.5 0.0592 

SPIN-R10% RU.521 10wt% 4.42% 171.2 0.0674 

SPIN-H H-151 none 0.64% 186.7 0.2573 

SPIN-H1% H-151 1wt% 4.12% 152.2 0.1178 

SPIN-H5% H-151 5wt% 4.63% 170.0 0.2229 

SPIN-H10% H-151 10wt% 4.36% 186.7 0.1159 

 

 We evaluated RU.521 release in PBS (pH 7.4) at 37°C under constant orbital shaking, and 

found that SPIN-R fully released RU.521 within 24 hours (Figure 2.2D).  We then fit the release 

data to the first-order (Equation 1), Baker-Lonsdale (Equation 2), and Korsmeyer-Peppas 

(Equation 3) models of drug release.  For first order kinetics, release is dependent only the 

concentration of soluble agents in a porous matrix, and it is often used to describe release from a 

wide variety of drug delivery systems. The Baker-Lonsdale model is a modified version of the 

Higuchi model of drug release used for drug dispersed in matrices of spherical rather than planar 

geometries119.  Finally, the Korsmeyer-Peppas model is a semi-empirical model that was 

developed specifically for drug release from polymeric systems of varying geometries, where the 

release exponent n provides information about mechanism of release. For spherical polymeric 

geometries, n = 0.43 for systems in which drug release is dominated by Fickian diffusion.  

However, n < 0.43 implies quasi-Fickian or hindered Fickian diffusion, while 0.43 < n < 0.85 is 

indicative of anomalous transport in which release is determined by other factors (such as polymer 

swelling or degradation) in addition to Fickian diffusion120.  As shown in Table 2.2, all three 

models appeared to be relatively good fits for SPIN-R, with first-order release best modeling the 

data. Additionally, the release exponent n = 0.374 indicates a quasi-Fickian release mechanism. 
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Table 2.2: PLGA SPIN release kinetics parameters. 

Formulation First-order Baker-Lonsdale Korsmeyer-Peppas 

k R2 k R2 k R2 n 

SPIN-R 0.260 0.991 0.0192 0.975 0.328 0.932 0.374 

SPIN-R10% 0.128 0.898 0.0137 0.967 0.210 0.894 0.492 

SPIN-H 0.0576 0.520 0.00368 0.963 0.304 0.952 0.240 

SPIN-H1% 0.0167 0.923 0.00171 0.946 0.0765 0.920 0.494 

SPIN-H5% 0.0128 0.975 0.00143 0.964 0.0437 0.970 0.596 

SPIN-H10% 0.00394 0.305 0.000219 0.929 0.0594 0.887 0.376 

  

 We next tested the activity of SPIN-R in vitro using RAW-Dual murine macrophage and 

THP1-Dual human monocyte reporter cell lines.  Both cell lines stably express a Lucia luciferase 

gene that reports the activation of interferon regulatory factors, including IRF3.  Thus, type-I 

interferon (IFN-I) production via IRF3 induction due to cGAS/STING activation can be monitored 

by measuring secreted Lucia luciferase activity on a luminescence plate reader.  To stimulate the 

cGAS/STING pathway in these cells, we used double-stranded DNA isolated from herring testes 

(HT DNA), which is a commonly employed cGAS agonist that – when delivered cytosolically 

with a transfection agent such as Lipofectamine 2000 – mimics a disease-relevant scenario of self-

DNA sensing.  SPIN-R or free RU.521 was co-delivered with 1 µg/mL HT DNA to both RAW-

Dual murine macrophages and THP1-Dual human monocytes (Figure 2.2E), and cGAS/STING 

activation was monitored 24 h later via supernatant luminescence.  In both reporter cell lines, the 

SPIN-R more potently blocked cGAS/STING signaling compared to free RU.521, as demonstrated 

by the lower NP IC50 compared to free drug (Figures 2.2F and G).  The IC50s of free RU.521 and 

SPIN-R were 1.179 µM and 0.1302 µM respectively in RAW-Dual cells, and 6.503 µM and 3.505 

µM respectively in THP1-Dual cells.  We also conducted pulse-chase studies in which cells were 

treated with SPIN-R for free RU.521 for 6 h, washed to remove non-internalized inhibitor, and 

then stimulated with HT DNA (Figure 2.2H). In this scenario, we again found that SPINs more 
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potently inhibited cGAS/STING signaling than the free compounds. In RAW-Dual cells, IC50s of 

free RU.521 and SPIN-R were 1.450 µM and 0.2625 µM respectively (Figure 2.2I), while the 

IC50s were >12.5 µM and 7.585 µM respectively in differentiated THP1-Dual cells (Figure 2.2J).  

We suspect that the increased benefit of SPINs in the pulse-chase study was due to the 

internalization of SPINS via phagocytosis or macropinocytosis within this 6 h incubation period.  

After the wash step, cells that had internalized the SPINS may have experienced the benefits of 

extended release of the inhibitors within cells, whereas free drug was washed away at 6 h the entire 

dose could diffuse through the cell membrane.  To further explore this suspected mechanism of 

action, we performed an uptake study in both RAW-Dual and THP1-Dual cells (Supplemental 

Figure A.S1).  Briefly, cells were treated with PLGA NPs loaded with Cyanine7 (Cy7) and 

incubated at 37°C or 4°C for 6 h.  Then, cells were stained with DAPI, and the Cy7 signal in live 

single cells was determined using flow cytometry.   Because cells cannot perform endocytosis or 

micropinocytosis at 4°C, Cy7 signal in this group is a result of Cy7 release from the PLGA NPs; 

however, fluorescence in the 37°C group is a result of both Cy7 release and NP uptake.  Cy7 signal 

increased in both RAW-Dual and THP1-Dual cells, indicating that both of these cell lines are able 

to actively internalize our SPINs within a 6 h incubation period.  Cell viability was high (> ~70%) 

over the range of SPIN and RU.521 concentrations tested the dose-response studies described 

above (Supplemental Figure A.S2). Interestingly, we also found that the highest concentrations of 

dose-matched empty PLGA NPs (>0.25 mg/ml) also inhibited the IFN-I response induced by HT-

DNA in both macrophage lines tested, but not in undifferentiated THP1-Dual monocytes 

(Supplemental Figure A.S3).  This potentially implicates empty PLGA NPs as an indirect 

cGAS/STING inhibitor.  Others have leveraged cargo-less PLGA NPs to inhibit TLR-driven 

inflammatory responses in macrophages121, but further investigation is necessary for STING-
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driven inflammation.  This anti-inflammatory effect may be, in part, due to the metabolic changes 

in the cells upon degradation of the PLGA NPs and release of lactate122, 123.  

 

SPIN-H fabrication and in vitro characterization 

 We next fabricated H-151-loaded SPINs (SPIN-H) using the same oil-in-water emulsion 

method used for SPIN-R.  This process yielded particles 186.7 nm in diameter as determined by 

dynamic light scattering (Figure 2.3B), and H-151 loading was 0.64wt% in SPIN-H (Table 1).   

SPIN-H demonstrated a longer release profile than SPIN-R, and full H-151 release took about 3 

days in PBS at 37°C under constant orbital shaking (Figure 2.3C).  We once again fit the release 

profile to the first-order, Baker-Lonsdale, and Korsmeyer-Peppas models of drug release (Table 

2.2), and we found that the first-order model was not an appropriate model for H-151 release; 

instead, Baker-Lonsdale or Korsmeyer-Peppas were more appropriate models.  Like SPIN-R, 

SPIN-H was fit with a release exponent n < 0.43, indicating quasi-Fickian diffusion from the 

PLGA nanoparticle matrix. 
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Figure 2.3: SPIN-H characterization and efficacy in cell lines. (A) H-151 structure.  (B) SPIN-

H size distribution determined by dynamic light scattering. (C) H-151 release from SPIN-H in pH 

7.4 PBS at 37°C. (D) Experimental timeline for testing SPIN-H and free H-151 in reporter cell 

lines used in panels E and F. (E) Dose-response curves of IFN-I production induced by co-

treatment with SPIN-H or H-151 and 1µg/mL HT DNA in RAW-Dual and (F) THP1-Dual cells 

(n=3). (G) Experimental timeline for testing SPIN-R and free RU.521 in reporter cell lines used 

in panels I and J.  (H) Dose-response curves of IFN-I production induced by pre-treatment with 

SPIN-H or H-151 followed by 1µg/mL HT DNA in RAW-Dual and (I) differentiated THP1-Dual 

cells (n=3). Dose-response data is represented as mean ± SEM, fit using inhibitor vs response 

(four-parameter fit) nonlinear fit in GraphPad Prism. 

 

 We next tested the in vitro activity of SPIN-H in RAW-Dual and THP1-Dual cells stimulated 

with HT DNA.  Cells were co-treated with SPIN-H or free H-151 and 1 µg/mL HT DNA, and 

cGAS/STING activity was monitored 24 h later (Figure 2.3D).  In both reporter cell lines, SPIN-

H more potently blocked cGAS/STING signaling compared to free H-151 .  The IC50s of free H-



 26 

151 and SPIN-H were 35.93 nM and 20.40 nM respectively in RAW-Dual cells (Figure 2.3E), and 

1.161 µM and 0.6702 µM respectively in THP1-Dual cells (Figure 2.3F).  In our pulse-chase 

studies (Figure 2.3G), SPIN-H exhibited enhanced benefit over free drug in RAW-Dual cells.  This 

increased inhibitory activity, particularly in RAW-Duals was demonstrated to a greater extent than 

in the previous co-incubation study. As has been observed using other NP-based formulations, this 

may reflect the generation of an intracellular drug depot that allows for sustained drug release and 

inhibition of cGAS/STING signaling.  In the RAW-Dual cells, IC50s of free H-151 and SPIN-H 

were 908.0 nM and 53.22 nM respectively (Figure 2.3H), while IC50s were 2.598 µM and 1.849 

µM respectively in differentiated THP1-Dual cells (Figure 2.3I).  Macrophages are more 

phagocytic than monocytes, which may contribute to the SPINs outcompeting free drug to a greater 

extent in RAW-Dual cells compared THP1-Dual cells.  Furthermore, both of H-151 and RU.521 

are more potent in mouse cells than human cells44, 58, which may also contribute to this observed 

effect.  As with SPIN-R, cell viability was high (> ~70%) over the range of concentrations tested 

(Supplemental Figure A.S4).  

 Having tested SPINs in cell lines, we next sought to demonstrate their activity in primary 

murine macrophages. Bone marrow-derived macrophages (BMDMs) were co-treated with 2 μM 

SPIN-H or dose-matched controls and 1 µg/mL HT DNA.  After 6 h and 24 h, supernatants were 

collected for IFN-β ELISA and cells were lysed for RNA isolation and RT-qPCR analysis 

(Supplemental Figure A.S4).  After 6 h of treatment, SPIN-H significantly decreased IFN-β 

secretion compared to HT DNA alone, while free H-151 did not significantly decrease INF- β 

secretion (Supplemtal Figure A.S5A), but both treatments were significantly different from HT 

DNA alone by 24h (Supplemtal Figure A.S5B).  Additionally, both free H-151 and SPIN-H 
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decreased Cxcl10 and Ifnb1 expression compared to HT DNA treatment alone at 6 h (Supplemtal 

Figure A.S5C and A.S5D). 

 

Including an excipient polymer increased drug loading and extended drug release, while 

maintaining SPIN inhibitory capacity  

 Although SPINs were able to affectively inhibit the cGAS/STING pathway to a similar or 

greater capacity as respective free drug, both SPIN-R and SPIN-H nonetheless suffered from low 

drug loading (<1 wt%) and a relatively fast release profile that may limit applications and efficacy.  

We therefore explored the use of an excipient polymer to increase drug loading in our NPs.  

Inspired by the work of Ford et al.124, we decided to blend in poly(benzoyloxypropyl 

methacrylamide) (P(HPMA-Bz)) to take advantage of pi-pi interactions between the excipient 

polymer and the inhibitors (Figure 3A).  We synthesized P(HPMA-Bz) as shown in Figure 2.4B 

with a molecular weight of ~20 kDa and a PDI of 1.05 (Supplemental Figure A.S6).  Then, to 

fabricate these 2nd-generation SPINs, we again used the same oil-in-water emulsion method, but 

included 10 wt% P(HPMA-Bz) in the organic phase.  RU.521-loaded PLGA nanoparticles 

containing 10 wt% P(HPMA-Bz) (SPIN-R10%) had an average diameter of 171.2 nm (Figure 2.4C), 

and drug loading increased more than 4-fold compared to SPIN-R (Table 2.1).  While the addition 

of P(HPMA-Bz) improved loading of RU.521, drug release was not significantly affected as, like 

SPIN-R, SPIN-R10% exhibited complete release of RU.521 within 24 hours in 37°C PBS (Figure 

2.4D).  Similar to SPIN-R, all three drug release models fit the experimental data well, but the 

release exponent n = 0.492 was characteristic of anomalous transport consisting of a mixture of 

Fickian diffusion and polymer swelling. Additionally, SPIN-R10% inhibited cGAS/STING in 
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RAW-Dual (Figure 2.4E) and THP1-Dual (Figure 2.4F) with slightly increased IC50s of 4.901 

µM and 6.406 µM respectively. 

 Next, we fabricated H-151-loaded PLGA nanoparticles containing 10 wt% P(HPMA-Bz) 

(SPIN-H10%), and drug loading improved approximately 7-fold from 0.64% w/w to 4.36% (Table 

2.1) with little change to SPIN size (Figure 2.4G).  Notably, SPIN-H10% demonstrated extended 

drug release compared to excipient-free control, with less than half of the loaded drug being 

released over the course of a week (Figure 2.4H).  The release profile was poorly fit using first-

order release, but both the Baker-Lonsdale and Korsmeyer-Peppas models provided good fits to 

the experimental data.  Additionally, and the release exponent n = 0.376 was characteristic of 

quasi-Fickian diffusion.  Intrigued by this change in loading and drug release profile, we decided 

to vary the amount of excipient polymer used to formulate H-151-loaded nanoparticles.  When we 

formulated SPINs with 5 wt% (SPIN-H5%) and 1 wt% (SPIN-H1%) excipient polymer, the resultant 

SPINs were similar in size to all previous formulations (Figure 2.4G), with average diameters of 

150-190 nm.  Additionally, SPIN-H1% and SPIN-H5% had similar loading as SPIN-H10%, which 

was ~7-fold greater than SPIN-H drug loading (Table 2.1).  H-151-loaded SPINs demonstrated 

tunable release, with increased P(HPMA-Bz) content correlating with longer drug release profiles 

(Figure 2.4H).  SPIN-H1% and SPIN-H5% were well-fit by all three models of drug release, and both 

SPIN-H1% and SPIN-H5% had release exponent 0.43 < n < 0.85, indicating that both systems exhibit 

anomalous transport.  Despite the slower drug release of these SPINS, the NPs demonstrated a 

similar capacity to inhibit cGAS/STING signaling caused by HT DNA treatment compared to 

SPIN-H in RAW-Dual (Figure 2.4I) and THP1-Dual cells (Figure 2.4J).   
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Figure 2.4: Including P(HPMA-Bz) in SPINs extends drug release without compromising 

inhibitor capacity. (A) Schematic of increased inhibitor loading with inclusion of benzylated 

excipient polymer in SPINs. (B) P(HPMA-Bz) synthesis scheme.  (C) SPIN-R10% size distribution 

determined by dynamic light scattering. (D) RU.521 release from SPIN-R10% in pH 7.4 PBS at 

37°C. (E) Dose-response curves of IFN-I production induced by co-treatment with SPIN-R10% and 

1µg/mL HT DNA in RAW-Dual and (F) THP1-Dual cells (n=3). (G) SPIN-H1-10% size distribution 

determined by dynamic light scattering. (H) H-151 release from SPIN-H1-10% in pH 7.4 PBS at 

37°C. (I) Dose-response curves IFN-I production induced by co-treatment with SPIN-H1-10% and 

1µg/mL HT DNA in RAW-Dual and (J) THP1-Dual cells (n=3).  Dose-response data is 

represented as mean ± SEM, fit using inhibitor vs response (four-parameter fit) nonlinear fit in 

GraphPad Prism. 
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 The release rates of the inhibitors is likely affected by many variables, including 

hydrophobicity of the inhibitor, ability to hydrogen bond and pi-pi stack, and potential interactions 

with the PVA stabilizer.  RU.521 is slightly more hydrophilic than H-151, so it may diffuse more 

readily from the PLGA NPs, contributing to the faster release rate.  Additionally, because of how 

quickly RU.521 is released, we suspect that RU.521 may associate with the PVA at the surface of 

the NPs.   

 The inclusion of HPMA-Bz polymer slowed the release of both RU.521 and H-151 from 

SPINs, as demonstrated by the release profiles (Figure 2.4) and the release constants indicating 

anomalous transport (Table 2.2); however, this effect was likely amplified with H-151, as this 

inhibitor was slower to release at baseline, and likely experienced greater pi-pi interactions with 

HPMA-Bz compared to RU.521.   

 

SPINs inhibit cGAS/STING signaling in primary macrophages to prevent a STING-driven 

M1-like phenotype 

 We screened excipient-containing NPs in primary cells, with a focus on SPIN-R10% and SPIN-

H5%, as this formulation demonstrated both increased drug loading and a moderate release profile.  

BMDMs were co-treated with 1µg/mL HT DNA and 25 µM RU.521 in SPIN-R10%, 2 µM H-151 

in SPIN-H5%, free inhibitor, dose-matched empty NPs, or vehicle.  After 6 h and 24 h, supernatants 

were collected for IFN-β ELISA and cells were lysed for RNA isolation and RT-qPCR analysis.  

The excipient-containing SPINs significantly decreased IFN-β secretion compared to HT DNA 

alone after 6 h (Figure 2.5A) and 24 h (Figure 2.5B) of treatment, demonstrating that the SPINs 

are able to inhibit cGAS/STING signaling to a similar capacity as free drug in primary 

macrophages.  Additionally, SPIN-R10%, SPIN-H5%, and decreased Cxcl10 (Figure 2.5C) and Ifnb1 
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(Figure 2.5D) expression compared to HT DNA treatment alone.  Interestingly, Tmem173 (the 

gene encoding the STING protein) expression was significantly lower with SPIN-R10% or free drug 

treatment, but not with SPIN-H5% treatment (Figure 2.5E).   

 STING pathway activation in macrophages can promote polarization towards a pro-

inflammatory M1-like phenotype125, 126 with potential to drive disease pathology. For example, in 

inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis, macrophages in 

patient mucosa predominantly shift to an M1 phenotype; these highly-present macrophages are 

thought to drive intestinal inflammation and are associated with patient nonresponse to IBD 

treatment127-129. Therefore, to test if SPINs could inhibit this M1-like polarization, we co-treated 

BMDMs with SPIN-RU10%, free RU.521, or empty NP and HT DNA.  After 24 h, surface 

expression of CD80 and CD86 were measured via flow cytometry.  Treatment with either SPIN-

RU10% or free RU.521 significantly decreased CD80 (Figure 2.5F) and CD86 (Figure 2.5G) 

expression compared to HT DNA treatment alone, and these cells were not significantly different 

from unstimulated BMDMs.  Additionally, in BMDMs co-treated with SPIN-H5%, free H-151, or 

empty NP and HT DNA,  only SPIN-H5% treatment resulted in significantly lower CD80 

expression on the surface of HT-DNA stimulated BMDMs (Figure 2.5H), while both SPIN-H5%  

and free H-151 decreased CD86 expression compared to HT DNA alone (Figure 2.5I).  Both CD80 

and CD86 are costimulatory molecules that are highly expressed on activated pro-inflammatory 

M1 macrophages.  Taken together with the ELISA and RT-qPCR data above, this implies that 

SPINs may decrease macrophage activation, which could be important to have a therapeutic effect 

in many STING-driven inflammatory diseases. 
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Figure 2.5: PLGA SPINs with P(HPMA-Bz) inhibit cGAS/STING signaling in BMDMs. (A) 

IFN-β ELISA of supernatants from BMDMs co-treated with the designated SPIN or control and 

HT DNA after 6 hours (B) and 24 hours (n=3-4).  (C) Gene expression of Cxcl10, (D) Ifnb1, and 

(E) Tmem173 in BMDMs co-treated with the designated SPIN or control and HT DNA for 6 hours 

(n=3-4).  (F) Surface expression of CD80 and (G) CD86 in BMDMs co-treated with SPIN-RU10%, 

free RU.521, or empty NP and HT DNA for 24 hours (n=2-4).  (H) Surface expression of CD80 

and (I) CD86 in BMDMs co-treated with SPIN-H5%, free H-151, or empty NP and HT DNA for 

24 hours (n=3).  Data is represented as mean ± SEM. *P≤0.05, **P≤0.01, ***P≤0.001, 

****P≤0.0001 compared to Vehicle + HT DNA by one-way ANOVA. 

 

. 
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2.4 Conclusions 

In this work, we demonstrated the capacity of SPINs to inhibit cGAS/STING signaling in 

mouse and human macrophages and monocytes, thus reducing inflammation and inhibiting their 

polarization towards an M1-like phenotype.   All nanoparticle formulations were as potent or more 

potent in inhibiting cGAS/STING signaling compared to dose-matched free drug in both human 

and murine macrophages, and treating BMDMs with SPINs decreased M1-like cell surface 

markers after stimulation with a cGAS agonist.  Chronic, aberrant overactivation of the 

cGAS/STING has been implicated in a variety of inflammatory conditions, and the targeted 

delivery and sustained release of STING pathway inhibitors may help resolve inflammation and 

improve patient outcomes in STING-associated autoimmune and inflammatory diseases.  This 

work offers a modular platform for enhancing and sustaining inhibition of cGAS/STING signaling 

in inflammatory cell populations and establishes a proof-of-concept for the development of other 

STING-inhibiting nanoparticles formulations, which can ultimately be tailored to specific 

diseases, cellular targets, and/or route of administration.   

 This technology may be particularly useful in situations in which cGAS/STING inhibition 

in a specific tissue is desired, and future work should be conducted to assess the therapeutic 

potential of SPINs in appropriate STING-driven inflammatory disease models.  For example, 

SPINs may show promise as an i.v. therapy in cases of acute organ injury, such as in cases of 

acetaminophen-induced liver injury or sepsis-induced liver and kidney injury.  In the case of acute 

or ischemic lung injury or AGS-induced lung injury, SPINs may be assessed as an intranasal 

therapy.  SPINs may also have utility in neuroinflammatory conditions when delivered 

intrathecally, or in colitis when modified for oral or rectal delivery routes.  With this system, we 

lay the groundwork for next-generating SPINs, which can be further designed with changes to size, 
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geometry, targeting elements, etc. depending on the specific route of administration and desired 

release kinetics for assessment in a wide variety of STING-driven inflammatory conditions. 

2.5 Materials and Methods 

RU.521 Synthesis 

Synthesis of 2,3-dichloro-6-nitroaniline 

In a heavy wall reaction vessel was added 1,2,3-trichloro-4-nitrobenzene (10 gr, 0.044 mol) 

followed by ammonia in methanol (7M, 100 mL). The reaction vessel was closed and heated at 

100 ºC for overnight. The solvent was removed in vacuum using rotary evaporator to give yellow 

solid that was used into the next step without purification. Yield 9 gr (99%).  1H-NMR (d6-DMSO, 

400 MHz) δ 8.10 (d, 1H, J= 12Hz), 6.89 (d, 1H, J= 12Hz); MS (ESI): mass calcd. for 

C6H4Cl2N2O2, 207.1; m/z found, 208.1 [M + H]+ , Rf = 1.03 

 

Synthesis of 3,4-dichlorobenzene-1,2-diamine 

2,3-Dichloro-6-nitroaniline (9 gr, 0.044 mol) was dissolved in methanol (200 ml). Added 

ammonium formate (3.04 gr, 0.048 mol, dissolved in 10 ml of water) and slowly Zn (14.3 gr, 0.22 

mol, 5eq).  The reaction mixture was stirred at RT for 2h. The solid was filtered of and the solvent 

was removed in vacuum. The solid was purified by Combi-flash , 0-100% hexane-ethyl acetate. 

Obtained 6 gr (78%).  1H-NMR (d6-DMSO, 400 MHz) δ 6.81 (d, 1H, J= 12Hz), 6.58 (d, 1H, J= 

12Hz), 3.90 (br s, 2H), 3.42 (br s, 2H); MS (ESI): mass calcd. for C6H6Cl2N2, 177.3; m/z found, 

178.3 [M + H]+ , Rf = 0.85 

 

Synthesis of 4,5-dichloro-1,3-dihydro-2H-benzo[d]imidazol-2-one 
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3,4-Dichlorobenzene-1,2-diamine (6 gr, 0.034 mol) was dissolved in anhydrous THF (100 mL). 

Added pyridine (5.5 mL, 0.068 mol, 2 eq.,) followed by dropwise addition of CDI (11 gr , 0.068 

mol, 2 eq., dissolved in anhydrous DCM, 50 mL). The reaction mixture was stirred at RT for 

overnight. The reaction mixture was concentrated down to get a solid that was washed with 

hexane-ethyl acetate (10:1). Used in the next step without purification. Yield quantitative.  1H-

NMR (d6-DMSO, 400 MHz) δ 6.81 (d, 1H, J= 12Hz), 6.58 (d, 1H, J= 12Hz), 3.90 (br s, 2H), 3.42 

(br s, 2H); MS (ESI): mass calcd. for C7H4Cl2N2O, 203.1; m/z found, 204.1 [M + H]+, Rf = 0.95 

 

Synthesis of 2,6,7-trichloro-1H-benzo[d]imidazole 

4,5-Dichloro-1,3-dihydro-2H-benzo[d]imidazol-2-one (5.95 gr, 0.029 mol) was placed in a heavy 

wall vessel. Added POCl3 (100 mL) and the vessel was closed. Heated at 120 ºC for overnight. 

The POCl3 was removed in vacuum and the residue was suspended in ice water. The solid was 

filtered off and washed with water to give white solid. Yield quantitative.  1H-NMR (d6-DMSO, 

400 MHz) δ 7.62-7.49 (m, 1H), 7.43-7.45 (m, 1H); MS (ESI): mass calcd. for C7H3Cl3N2, 221.9; 

m/z found, 223.2 [M + H]+ , Rf = 1.2 

 

Synthesis of 6,7-dichloro-2-hydrazineyl-1H-benzo[d]imidazole 

2,6,7-Trichloro-1H-benzo[d]imidazole was added (5 gr, 0.023 mol) to a flask, followed by 

hydrazine hydrate (120 mL). The reaction mixture was heated at 100 ºC for overnight. The reaction 

mixture was cooled down and water (50 mL) was added. The solid was filtered off and washed 

with water.  Obtained 4 gr (80%).  1H-NMR (d6-DMSO, 400 MHz) δ 8.28 (s, 1H), 7.18 (brs, 1H), 

7.06 (d, 1H, J= 8Hz), 7.00 (d, 1H, J= 8Hz), 4.70 (s, 2H); MS (ESI): mass calcd. for C7H6Cl2N4, 

217.0; m/z found, 219.0 [M + H]+, Rf = 0.85 
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Synthesis of ethyl 3-oxo-2-(3-oxo-1,3-dihydroisobenzofuran-1-yl)butanoate. This compound was 

synthesized as previously described. (Potential GABAB Receptor Antagonists. III. Folded 

Baclofen Analogs Based on Phthalide. Donati C , Prager RH Weber B (1989) Australian Journal 

of Chemistry 42, 787-79) 

 

Synthesis of 3-(1-(6,7-dichloro-1H-benzo[d]imidazol-2-yl)-5-hydroxy-3-methyl-1H-pyrazol-4-

yl)isobenzofuran-1(3H)-one. 

In a dry flask, a suspension of 6,7-dichloro-2-hydrazineyl-1H-benzo[d]imidazole (1.74 gr, 0.0081 

mol) and 3-oxo-2-(3-oxo-1,3-dihydroisobenzofuran-1-yl)butanoate (2.33 gr, 0.0089 mol) in 

glacial acetic acid ( 40 mL) was heated at 45 ºC for overnight.  The reaction mixture was poured 

into water and extracted with ethyl acetate (3x50 mL). The organic layers were washed with brine, 

dried with anhydrous MgSO4 and filtered of. Purified by Combi-flash Reverse Phase Column, 0-

100% water (0.1 % TFA)- acetonitrile. The appropriate fractions were combined, and solvent was 

concentrated in vacuum.  The solid was filtered off and washed with water/methanol to give pure 

product as a mixture of enantiomers. Yield 2.83 gr (85%). 1H-NMR (d6-DMSO, 400 MHz) δ 7.88 

(d, 1H, J = 8Hz), 7.77-7.74 (m, 1H), 7.62-7.57 (m, 2H), 7.44-4.42 (m, 1H), 7.35-732 (m, 1H), 6.61 

(s, 1H), 2.19 (br s, 3H); MS (ESI): mass calcd. for C19H12Cl2N4O3, 414.3; m/z found, 415.3 [M 

+ H]+ , Rf = 0.99 

 

H-151 Synthesis  

In a dry flask, 3-isocyanato-1H-indole (1 gr, 0.0063 mol) and 4-ethylaniline (0.78 mL, 1 eq., 

0.0063 mol) were dissolved in anhydrous DMF (10 mL). The reaction mixture was stirred for 2h 

at RT. The reaction mixture was poured into water and extracted with ethyl acetate (3x50 mL). 
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The organic layers were washed with brine, dried with anhydrous MgSO4 and filtered of. Purified 

by Combi-flash , 0-100% hexane-ethyl acetate. Obtained 1.5 gr (85%) of white powder. 1H-NMR 

(d6-DMSO, 400 MHz) δ 10.68 (s, 1H), 8.46 (s, 1H), 8.37 (s, 1H), 7.50 (m, 2H), 7.48-7.31 (m, 3H), 

7.10-7.06 (m, 3H), 7.01-6.97 (m, 1H), 2.55 (q, 2H, J= 8 Hz), 1.14 (tr, 3H, J = 8 Hz); MS (ESI): 

mass calcd. for C17H17N3O, 279.3; m/z found, 280.3 [M + H]+, Rf = 0.98 

 

Benzoyloxypropyl Methacrylamide (HPMA-Bz) Monomer Synthesis 

 

 

N-(2-hydroxypropyl)methacrylamide (HPMA)- A solution of 1-aminopropan-2-ol (3.25 mL, 42 

mmol, 1.1 eq), triethyl amine (6.4 mL, 46 mmol, 1.2eq) in 25 mL of dichloromethane was 

maintained at 0 °C under nitrogen atmosphere. A solution of methacryloyl chloride (3.74 mL, 38 

mmol, 1.0 eq) in 15 mL dichloromethane was added dropwise to the reaction mixture with 

continuous stirring under inert atmosphere. The reaction mixture was stirred at room temperature 

overnight. After consumption of starting material, as judged by TLC analysis, the reaction mixture 

was filtered through celite and the solvent was evaporated to get the crude product which was 

purified by silica gel column chromatography using mixture of ethyl acetate/hexane as an eluent 

(10 to 50% EtOAc) to get the desired product HPMA as white waxy solid (2.4 g, 16.7 mmol, yield 

44%). 
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A solution of HPMA (2.4 g, 16.7 mmol, 1.0eq), triethyl amine (2.8 mL, 20 mmol, 1.2 eq) in 20 

mL of dichloromethane was maintained at 0 °C under nitrogen atmosphere. A solution of benzoyl 

chloride (1.95 mL, 16.7 mmol, 1.0 eq) in 10 mL dichloromethane was added dropwise to the 

reaction mixture with continuous stirring under inert atmosphere. The reaction mixture was stirred 

at room temperature overnight. After consumption of starting material, as judged by TLC analysis, 

the reaction mixture was filtered through celite and the solvent was evaporated to get the crude 

product which was purified by silica gel column chromatography using mixture of ethyl 

acetate/hexane as an eluent (0 to 20% EtOAc) to get the desired product HPMA-Bz as white waxy 

solid (2.4 g, 9.7 mmol, yield 58%). 1H NMR: (CDCl3, 400 MHz), δ (ppm): 8.05 – 8.02 (m, 2H), 

7.60 – 7.56 (m, 1H), 7.48 – 7.43 (m, 2H), 6.25 (bs, 1H), 5.66 (brs, 1H), 5.34 – 5.26 (m, 2H), 3.66 

(ddd, J1= 14.4 Hz, J2= 5.5 Hz, J3= 3.5 Hz, 1H), 3.56 (partially merged ddd, J1= 14.4 Hz, J2= 8.4 

Hz, J3= 5.5 Hz, 1H), 1.93 (bs, 3H) , 1.41 (d, J = 6.5 Hz, 3H). 

 

Poly(benzoyloxypropyl methacrylamide) (P(HPMA-Bz)) synthesis 

RAFT polymerization of poly(benzoyloxypropyl methacrylamide) (pHPMA-Bz) was conducted 

under a nitrogen atmosphere in toluene (40 wt% monomer) at 70°C for 20 h with 4-Cyano-4-

(ethylsulfanylthiocarbonyl) sulfanylvpentanoic acid (ECT)  and 2,2'-azobisisobutyronitrile 

(AIBN) as the RAFT chain transfer agent and initiator, respectively, and the CTA to initiator ratio 

was 10:1. The reaction mixture solidified during the reaction, and the polymer was solubilized in 

acetonitrile and 3x precipitated inti cold diethyl ether.  The purified polymer was then dried in 

vacuo for 48h.  The polymer was then analyzed by gel permeation chromatography (GPC) to 

determine its molecular weight and polydispersity (Mw/Mn, PDI) using an EcoSEC Elite GPC 
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System (Tosoh) equipped with a TSKgel Alpha-M column.  HPLC-grade DMF containing 0.1 

wt% LiBr at 25°C was used as the mobile phase at a flow rate of 0.6 mL/min. The molecular the 

polymer was determined using light scattering based on dn/dc value (0.0105).   

 

Particle synthesis 

 PLGA nanoparticles were formulated using an oil-in-water emulsion method.  100mg of PLGA 

Resomer 503 (Sigma), 0-10mg of P(HPMA-Bz), and 0-10mg RU.521 or H-151 were dissolved in 

1mL ethyl acetate.  Then, the full volume of polymer and drug solution was added dropwise to 

2mL of 4.5% PVA in DI water.  The solution was then sonicated using a Sonic Dismembrator 

(Fisher Scientific™ Model 120) at 40% amplitude in three 10s increments over ice to keep the 

solution cold during emulsification. The emulsion was transferred to a round bottom flask, using 

2mL DI to aid transfer.  Ethyl acetate was evaporated using a rotary evaporator at 100 torr for 45 

minutes to harden the particles.  After removing the organic solvent, the solution of particles was 

washed four times in DI water using 100 kDA centrifugal filters.  Washed samples were transferred 

to 50mL conical tubes, flash frozen using liquid nitrogen, and lyophilized to obtain dry 

nanoparticles.  Lyophilized particles were stored at -20°C for future use. 

 

Characterization of nanoparticle size and drug loading 

The size of the particles was determined by resuspending dry particles in PBS and performing 

dynamic light scattering with a Malvern Mastersizer 2000.  Drug loading within the particles was 

determined using HPLC analysis using a Waters® e2695 Separations Module (Waters 

Corporation, Milford, MA) and a Symmetry C18 Column, 100 Å, with 3.5 µm particle size and 3 

mm x 150 mm column size.  The mobile phase was 50% methanol and 50% 10 mM ammonium 



 40 

acetate in water, and the flow rate was 1.0 mL/min. Absorbance chromatographs were extracted 

at 252 nm for H-151 and 310 nm for RU.521.  

 

In vitro drug release 

The in vitro drug release of the NP formulations at 37°C in PBS was determined using Slide-A-

Lyzer MINI dialysis devices. To achieve this, a nanoparticle solution containing 300 µg/mL drug 

was pipetted into the dialysis cup and placed in a 50 mL conical tube containing a PBS sink.  These 

tubes were agitated on an orbital shaker at 37°C, and 50 µL samples were collected at designated 

timepoints.  The PBS sink was replaced after 4 hours, and again every 24 hours.  Each collected 

sample was lyophilized and processed using the HPLC analysis method described above to 

determine the amount of released RU.521 or H-151 at each timepoint. 

 

Fitting drug release data to models 

We fit drug release data to the first order (Equation 1), Baker-Lonsdale119 (Equation 2), and 

Korsmeyer-Peppas (Equation 3), and models of drug release, shown below. 

                                                    Ln(𝑀𝑡) =  Ln(𝑀0) + 𝑘𝑡                                                (1) 

                                                
3

2
[1 − (1 −
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𝑀∞
)

2
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] −  

𝑀𝑡

𝑀∞
= 𝑘𝑡                                           (2) 

                                                           
𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛                                                            (3) 

In the above equations, M0 is the initial amount of drug released at time 0, Mt is the amount released 

at time t, M and Mt is the amount of released at time t, M∞ is the total amount of drug in the system, 

k is a kinetic constant for the particular drug/polymer system, and n is a release exponent 

characteristic of the mechanism of drug release. 
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Cell culture 

 RAW-Dual, THP1-Dual, and THP1-Dual KO-TREX1 cells were purchased from InvivoGen. All 

cell lines were cultured according to manufacturer’s specifications. Bone marrow-derrived 

macrophages (BMDMs) were isolated from 6-8-week-old female C57BL/6 mice and cultured as 

previously described.130 Briefly, bone barrow was flushed from the femurs and tibias of mice using 

complete BMDM culture medium (RPMI 640 medium supplemented with 10% heat-inactivated 

FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM l-glutamine, 10 mM HEPES, 1 mM 

sodium pyruvate, 1× non-essential amino acids, and 50 μM β-mercaptoethanol), and the marrow 

was passed through a 70 μM cell strainer.  Cells were centrifuged at 1500 rpm for 5 minutes, 

resuspended in ACK lysis buffer (ThermoFisher), and washed with cold PBS.  Then, cells were 

seeded in 100 × 15 mm Petri dishes (Corning Inc.) in complete medium supplemented with 20 

ng/mL macrophage colony-stimulating factor (M-CSF).  Cells were maintained in a 37°C 

incubator supplemented with 5% CO2, and culture medium containing M-CSF was replaced on 

days 3, 5, and 7.  On day 8, cells were confirmed to be > 90% BMDMs (CD11b+F4/80+) by flow 

cytometry. 

   

Evaluation of inhibitory activity in ISG reporter cell lines  

RAW-Dual and THP1-Dual cells were plated in white wall clear bottom 96-well plates at a density 

of 50,000 cells per well and incubated for 24 hours.  Then cells were co-treated with varying doses 

of SPINs or relevant control and herring testes (HT DNA) complexed to the commonly used 

transfection agent Lipofectamine 2000 (L2k). Supernatant was collected 24h after treatment and a 

Quanti-LucTM (Invivogen) assay was used to determine the amount of secreted luciferase 

following manufacturer’s instructions. Luminescence was quantified using a plate reader (Synergy 
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H1 Multi-Mode Microplate Reader; Biotek) using white, opaque-bottom 96-well plates (Greiner 

Bio-One). The signal for each sample concentration was determined using 3 biological replicates. 

All reporter cell measurements were normalized by subtracting the average value of a PBS-treated 

control group. The IC50 values were calculated for each of the dose responses using curve fitting 

analysis in the GraphPad Prism software.   

 

Cell viability 

30 µL Cell Titer Glo solution (Promega) was added to each well of treated cells, and the mixture 

was incubated for 45 minutes at 37°C per manufacturer’s instruction.  The lysate was then 

transferred to a white, opaque 96-well plate, and luminescence was read using a plate reader 

(Synergy H1 Multi-Mode Microplate Reader; Biotek) to determine cell viability after treatment. 

 

Gene expression in BMDMs 

500,000 BMDMs were seeded in 12-well plate and treated with with HT DNA and SPINs or 

relevant control for 6h or 24h. Total RNA was isolated using a RNeasy Mini kit (Qiagen, 

Germantown, MD). Total RNA (1 μg) was reverse transcribed using an iScript cDNA synthesis 

kit (Bio-Rad) and qPCR was performed using a TaqMan Mastermix kit (Thermo Fisher Scientific) 

as per manufacturer’s instructions. Primers used included: mouse Hmbs (Mm01143545_m1), 

mouse Cxcl10 (Mm00445235_m1), mouse Ifnb1 (Mm00439552_s1), and mouse Tmem173 

(Mm01158117_m1). 
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IFN-β secretion in BMDMs  

After 6 or 24 h treatment of BMDMs, the secreted IFN-β concentration in the supernatant was 

measured with the LumiKine Xpress mIFN-β 2.0 ELISA kit (InvivoGen) according to the 

manufacturer’s instructions. 

 

Evaluation of BMDM activation  

BMDM activation was evaluated by flow cytometric analysis of surface CD80, CD86, and CD206 

expression. Briefly, 1 x106 BMDMs/well were seeded in a 12-well plate and treated with HT DNA 

and SPINs or relevant control for 24h. The cells were collected and washed with 1% BSA in PBS 

and then stained with KIRAVIA Blue 520-anti-F4/80 (1:100), APC-anti-CD11b (1:100), PE-anti-

CD86 (1:100), PE-Cy5-anti-CD80 (1:100) (Biolegend) antibodies. Dead cells were excluded from 

analysis using DAPI (live/dead) stain (1:20,000). Cells were analyzed using a CellStream flow 

cytometer. 

 

Supporting information 

Additional data can be found in Appendix A, including the viability of cells from experiments 

represented in Figures 1-3, dose-response curves of cell lines co-treated with empty nanoparticles 

and HT DNA, SPIN-H efficacy in BMDMs, NP uptake as determined by flow cytometry, and 

GPC of P(HPMA-Bz) used to make higher-loading SPINs. 
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CHAPTER 3 

ROS-Quenching STING Pathway Inhibiting Nanoparticles for Colitis 

3.1 Abstract 

Overactivation of the cGAS/STING pathway has been implicated in the development and 

progression of ulcerative colitis (UC), and the cGAS/STING pathway is a promising yet largely 

unexplored therapeutic target to treat intestinal inflammation. Through flow cytometric analysis, 

we found that administration of the STING agonist ADU-S100 increased myeloid infiltration and 

expression of inflammatory markers in the lamina propria of mice with colitis.  Additionally, daily 

administration of the cGAS inhibitor RU.521 or the STING inhibitor H-151 into the intraperitoneal 

space decreased colon shortening of mice with DSS-induced colitis, indicating that these inhibitors 

decreased colon inflammation and fibrosis in mice with colitis compared to control mice.  

Next, we formulated reactive oxygen species (ROS)-quenching poly(propylene sulfide) 

(PPS) nanoparticles which enhance the survival of cells exposed to H2O2, and we loaded these 

particles with either RU.521 or H-151 to form our STING pathway inhibiting nanoparticles 

(SPINs). Our SPINs inhibited cGAS/STING signaling in mouse macrophages and human 

monocytes.   Additionally, formulating these SPINs with a benzylated excipient polymer resulted 

in increased drug loading with modestly extended drug release, while maintaining the inhibitory 

capacity of the SPINs.  Additionally, treatment with these higher-loading SPINs decreased M1-

like cell surface markers in BMDMs after stimulation with a cGAS agonist.   

We then evaluated the SPINs in a DSS-induced colitis model.  When administered every-

other-day either orally or rectally, we observed a trending (though not statistically significant) 

decrease in STING-driven inflammatory signaling.  When we increased administration to daily 

and included an empty PPS control, we again observed trending decreases in STING-driven 
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inflammatory signaling. However, daily administration of an empty PPS NP decreased 

inflammatory signaling to a greater extent, and significantly decreased Nos2 expression in the 

colon.  Taken together, this data indicates that cGAS/STING appears to be a promising therapeutic 

target, and ROS-responsive materials may be beneficial for therapeutic outcomes. 

3.2 Introduction 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) characterized by 

continuous inflammation and ulceration of the innermost lining of the colon and rectum.131, 132 In 

addition to experiencing symptoms like diarrhea mixed with blood and mucus, abdominal pain, 

and tenesmus, UC patients are at much higher risk of developing colon cancer. UC can be treated 

with aminosalicylates, corticosteroids, and immunotherapeutics (e.g. anti-TNF monoclonal 

antibodies, anti-IL-12 and IL-23 monoclonal antibodies, JAK inhibitors), but many patients 

experience primary non-response or loss of response, motivating the need for new therapeutics.133 

Activation of the cGAS/STING pathway has recently been implicated as a potentially 

critical mediator of UC.37-41  cGAS recognizes cytosolic double stranded DNA (dsDNA), typically 

a sign of infection or cell stress/damage.  Upon recognizing dsDNA, cGAS catalyzes the 

production of cGAMP, which binds STING to trigger a multifaceted innate immune response 

characterized by production of type-I interferons (IFN-I) via Interferon Regulatory Factor 3 (IRF3) 

signaling.  The expression of IFN-I and other cytokines promotes an inflammatory environment 

that damages the colonic epithelium. Notably, Fitzgerald and colleagues recently reported that 

STING accumulated in the inflamed colons of colitis patients, as well as in the colons of mice with 

dysbiosis-induced colitis, T-cell induced colitis, and DSS-induced colitis.38  They found that this 

was a result of STING ubiquitination in myeloid cells, resulting in an inflammatory milieu that led 

to Th1 cell recruitment, creating an inflammatory positive feedback loop that is postulated to be a 
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driver of IBD. These findings are also consistent with the work of Martin et al. who demonstrated 

that administration of a STING agonist increased the severity of DSS-induced colitis40 and Aden 

et al. who found that IFN-I signaling triggered by STING activation resulted in an increased TNF 

and interferon-stimulated genes response in an intestinal organoid model, leading to widespread 

inflammation and necroptotic death of epithelial cells.37 Importantly, it has also been previously 

shown using genetic models that that cGAS and STING disruption or knockout decreases the 

severity of DSS-induced colitis in mice compared to WT controls. For example, Ahn et al. showed 

that colons of mice deficient in cGAS expressed fewer inflammatory markers in response to DSS 

and that knockout of STING similarly ameliorated disease severity due to the decreased production 

of inflammatory cytokines by monocyte-derived cell populations.41  Taken together, these findings 

suggest a detrimental role of cGAS/STING overactivation in the onset and progression of UC (and 

IBD in general) and motivate the development of therapeutics to inhibit cGAS and/or STING, 

particularly in macrophages. 

 The importance of cGAS and STING in the onset and progression of a myriad of 

inflammatory and autoimmune diseases (e.g., colitis, NASH, AGS) has recently sparked interest 

in the development of pharmacological agents to block cGAS and STING activation, including 

small molecule competitive inhibitors44 and covalent inhibitors,58 proteolysis-targeting chimeras 

(PROTACs),134-136 and siRNA therapeutics. Amongst the most promising agents reported to date 

are RU.521 – a selective and potent cGAS inhibitor that occupies the active site of cGAS, 

decreasing its affinity for ATP without affecting dsDNA binding44 – and H-151, a covalent STING 

inhibitor that blocks STING palmitoylation and subsequent interaction with TBK1, which is 

critical to STING signaling.58  These agents have been used in preclinical rodent models of an 

expanding diversity of diseases, including Aicardi–Goutières syndrome,44 acute kidney injury 
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(AKI),27 amyotrophic lateral sclerosis (ALS),34 sepsis-induced organ injury,66, 67 psoriasis,76 

ischemia-reperfusion injury in the intestine77 and lung,71 hypertensive heart injury,70 myocardial 

infarction,78 and, importantly, UC.39  For example, mice with DSS-induced colitis that received 

daily intraperitoneal (i.p.) injections of RU.521 experienced less weight loss, had longer and less 

fibrotic colons, and had reduced inflammation in the colon relative to untreated counterparts.   

Hence, inhibitors of cGAS and STING hold significant promise as therapeutics for treating UC.  

However, several pharmacological barriers inhibit the translation of RU.521 and H-151 

(and cGAS/STING inhibitors more generally). First, previous studies leveraging these agents have 

used frequent, high-dose intraperitoneal injections, which is necessitated by the chemical 

properties of these molecules. Not only would such frequent parenteral administration limit 

feasibility and translatability, but systemic inhibition of the cGAS/STING pathway may leave 

patients vulnerable to infection or cancer given its importance in antiviral defense and tumor 

immune surveillance. Thus, it would be ideal to preferentially release the inhibitors in the inflamed 

colon and/or within key cell populations. However, the agents have not yet been formulated to 

allow for efficient delivery to the inflamed colonic epithelium and/or to colonic macrophages, 

which have been implicated as the primary cellular mediators of cGAS/STING-induced 

inflammation in mouse models of UC. Therefore, our long-term goal is to develop a technology 

that enables oral or rectal delivery of small molecule cGAS/STING inhibitors (e.g., RU.521 and 

H-151) to sites of intestinal inflammation and to advance and optimize this approach as a new 

therapeutic modality for UC. In colitis, the mucus barrier is lost and tight junctions in the 

epithelium become defective, allowing for small particles to breach the gut barrier and enter the 

immune-rich lamina propria.137 Further, nanoparticles can be engineered to release cargo 

specifically at sites of inflammation, further increasing local drug concentration at UC lesions 



 48 

while avoiding systemic effects.138 Thus, nanoparticles may be an effective drug delivery vehicle 

in the inflamed colon.   

Oral or rectal administration is preferred for the treatment of UC as it provides a non-

invasive and convenient way of delivering drugs to the inflamed colon. However, the efficacy of 

orally administered drugs can be limited by low bioavailability and rapid systemic clearance. To 

address this need, we have designed and tested poly(propylene sulfide) (PPS) nanoparticles (NPs) 

to facilitate the delivery of STING pathway inhibitors to colonic macrophages, thus largely 

avoiding broad off-target effects of systemically delivered inhibitors. These PPS-based STING 

pathway inhibiting nanoparticles (SPINs) have inherent anti-inflammatory properties due to their 

ability to act as a “sponge” for ROS; this antioxidant activity may contribute to the therapeutic 

efficacy of our SPINs, as other ROS-quenching molecules and materials have demonstrated to 

decrease disease severity in murine models of UC.  For example, 5-aminosalicylic acid, a common 

first-line UC medication, works primarily through an antioxidant mechanism,139 and other groups 

have described the use of ROS-quenching and antioxidant nanoparticles to elicit a therapeutic 

response in DSS-induced colitis.93, 95, 96, 98, 99, 140, 141  Additionally, we postulate that the ability of 

PPS to quench ROS will work in concert with cGAS/STING blockade to abrogate UC. As ROS 

production and oxidative stress damages mitochondria, mitochondrial DNA (mtDNA) can leak 

into the cytosol where it is detected by cGAS, initiating STING pathway signaling.142  Conversely, 

STING pathway activation may lead to further oxidative stress, as STING activation has been 

shown to increase ER stress, which is associated with ROS production.142, 143 Hence, our ROS-

responsive SPINs may facilitate a local decrease in oxidative damage and local increase in drug 

concentration at sites of inflammation while reducing systemic drug exposure, thus combatting 

inflammation in the diseased colon from two sources, as depicted in Figure 3.1.   
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Figure 3.1: PPS SPINs in colitis.  ROS-quenching, cGAS/STING inhibiting nanoparticles are 

delivered orally or rectally to decrease ROS present in the tissue, inflammatory cytokine 

production, and immune cell recruitment in the colons of mice with DSS-induced colitis.  Graphic 

created with BioRender.com.  

 

To test these PPS SPINs, we chose to employ the dextran sodium sulfate (DSS)-induced 

model of colitis as it is one of the most widely used mouse models of colitis due to its ability to 

mimic the innate immune aspects of human colitis.144, 145  In this model, DSS is dissolved in the 

drinking water of mice, which is given ad libitum, leading to the loss of the mucus barrier in the 

colon.  DSS-induced colitis results in epithelial barrier disruption through both epithelial cell 

toxicity and disruption of the mucus layer, resulting in microbial translocation into the lamina 

propria.146-148  This triggers an immune response in the colon, as macrophages, dendritic cells, and 

other immune cells recognize microbial molecules through pattern recognition receptors (PRRs) 

including cGAS/STING, leading to the production of pro-inflammatory cytokines and chemokines 
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that recruit T cells to the site of injury.38, 149 Additionally, DSS-induced colitis also induces ROS 

generation and oxidative stress,150 leading to further tissue damage. The cumulative effect of 

immune activation, inflammatory cytokine production, oxidative stress, and epithelial cell death 

results in significant tissue damage, ulceration, and the characteristic symptoms of colitis, such as 

bloody diarrhea, weight loss, and reduced colonic function.  Thus, this model provides a relevant 

and reproducible test bed for our ROS-quenching SPINs. 

3.3 Results and Discussion 

Characterization of immune populations in DSS-induced colitis 

 Mice were given 3% DSS in their drinking water for 7 days, resulting in the development 

of innate-immune mediated colitis (Figure 3.2A).  One cohort also received an intraperitoneal 

injection of 50µg ADU-S100, a potent STING agonist, on days 0, 3, and 6 (Figure 3.2B). Weights 

were monitored throughout the study (Figure 3.2C), and on day 7, the colons were collected, 

measured (Figure 3.2D), and immune cells were isolated from the lamina propria, stained, and 

analyzed via flow cytometry.  The mice that received ADU-S100 lost slightly more weight than 

the untreated DSS-mice, and there was no difference in colon lengths.  Additionally, all mice with 

DSS-induced colitis had increased lymphocyte infiltration compared to healthy controls (Figure 

3.2E).  Increased dendritic cell and neutrophil, but not macrophage and monocyte, populations 

were observed (Figures 3.2F-H) in the colitis mice as well.  The macrophages and monocytes 

present in the colitis mice, however, showed a marked increase in the proliferation marker Ki67 

and decrease in the M2-associated marker CD206 (Figure 3.2I and 3.2J, respectively); these 

changes were exacerbated by ADU-S100 administration.   
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Figure 3.2: Colitis shifts the innate immune population in the lamina propria of mice.  

(A) Schematic depicting colitis development after DSS administration.  (B) Timeline of treatment 
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for mice enrolled in study. (C) Weight change of mice enrolled in study. (D) Colon lengths on day 

7 before processing for flow cytometry. Percent of (E) lymphocytes, (F) dendritic cells, (G) 

neutrophils, and (E) macrophages and monocytes in healthy mice and mice with DSS-induced 

colitis. (H) Ki67 and (I) CD206 expression in the macrophages and monocytes of healthy and 

colitis mice. (J) Example contour plots of Ly6C vs MHCII expression in healthy and colitis mice.  

(K) Quantification of the percent of macrophages and monocytes in each quadrant of the contour 

plots shown in H. Data is represented as mean ± SEM, n=5. *P≤0.05, **P≤0.01, ***P≤0.001, 

****P≤0.0001 by one-way ANOVA. 

 

 In Figure 3.2K, we plotted Ly6C vs MHCII of the CD11b+CD11c-Ly6G- population, and 

we observed the “monocyte waterfall” characteristic of monocytes in the inflamed colon in 

colitis.151, 152  This waterfall-shaped distribution consists of three distinct monocyte differentiation 

stages (Q1: Ly6ChiMHCII− monocytes; Q2: Ly6ChiMHCII+ monocytes differentiating into 

macrophages; Q3: Ly6CloMHCII+ mature monocyte-derived macrophages) and one population of 

“patrolling monocytes” (Q4:Ly6CloMHCII-) that is more likely to differentiate to an M2 

phenotype.  In the context of colitis, there is an increase in inflammatory monocyte infiltration and 

differentiation, as well as a decrease in patrolling monocytes and the relative proportion of mature 

macrophages.  These macrophages and monocytes shifts are further exacerbated with the systemic 

STING activation with ADU-S100  (Figure 2.3K and 2.3L).  

Thus, mice with DSS-induced colitis show a significant increase in the myeloid cells in the 

lamina propria. In particular, macrophages have increased proliferation and decreased CD206 

expression, and there is an increase in inflammatory monocyte infiltration and differentiation into 

inflamed M1-like macrophages.  With increased STING signaling (via ADU-S100 

administration), these shifts are exacerbated, demonstrating that STING activation drives a highly 

proliferative pro-inflammatory phenotype in macrophages in the lamina propria of mice with 

colitis.  Since inflamed macrophages demonstrate increased phagocytosis, nanoparticles may be 

an appropriate delivery vehicle for STING inhibitors in colitis. 
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Intraperitoneal administration of cGAS/STING inhibitors in DSS-induced colitis 

 To confirm that RU.521 and H-151 are appropriate molecules for use in DSS colitis, the 

therapeutic efficacy of these inhibitors was assessed in this model. 8-week-old male mice were 

given 3% DSS in their drinking water for 7 days, and they were administered daily intraperitoneal 

injections of 10mg/kg RU.521 or 750nmol/mouse H-151 in corn oil starting one day before 

initiation of DSS (Figure 3.3A), matching previously reported dosing for these inhibitors.44, 58  

Weights were monitored daily (Figure 3.3B).  After 7 days on DSS, the mice were euthanized, and 

their colons were excised and measured (Figure 3.3C). 

While the healthy mice gained weight over time, all mice that received DSS lost weight by 

the end of the study; however, this weight loss was not as great as typically associated with the 

DSS model, likely due to the corn oil that the mice received daily as the vehicle for the inhibitors.  

Although there was no significant change observed in weight loss, mice that received RU.521 or 

H-151 had significantly longer colons than the mice on DSS that only received the corn oil vehicle 

control.  Since colon length is a common metric of colitis severity where shorter colons imply 

increased fibrosis and disease severity, this indicates that daily administration of either RU.521 or 

H-151 decreased colitis severity in these mice.   

 
Figure 3.3: Systemic STING-pathway inhibitors decrease colitis severity. (A) Treatment 

timeline of mice. (B) Weight change of mice treated with RU.521, H-151, or vehicle (corn oil).  

(C) Lengths of colons excised from mice after 7 days on DSS. Data is represented as mean ± SEM, 

n=8. **P≤0.01, ****P≤0.0001 by one-way ANOVA. 
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We then repeated this study in female mice, but this time we only administered RU.521.  

Once again, 8-week-old mice were given 3% DSS in their drinking water for 7 days, and they were 

administered daily intraperitoneal injections of 10mg/kg RU.521 in corn oil starting one day before 

initiation of DSS (Figure 3.4A).  Weights were monitored daily (Figure 3.4B), and colons were 

excised and measured on day 7 (Figure 3.4C).  While there were minimal differences in weight 

loss, we once again observed a significant decrease in colon shortening, indicating a decrease in 

disease severity and fibrosis in the colon. 

After measuring colon lengths, small pieces of tissue were excised from the distal colon 

for RNA and protein-level analysis.  After extracting RNA from this tissue, cDNA was generated 

from the RNA, and RT-qPCR was performed to determine gene expression in the inflamed distal 

colon. We observed a statistically significant decrease in Cxcl10 expression in mice treated with 

RU.521 compared to the untreated colitis controls (Figure 3.4D), as well as a trending decrease in 

Tnf expression (Figure 3.8H).  However, RU.521 treatment did not affect Ifnb1 (Figure 3.4E), 

Tmem173 (Figure 3.4F), or Nos2 (Figure 3.4G) expression.  

Additionally, we extracted protein from the distal colons of the mice and performed 

western blot analysis to determine the relative amount of cGAS and STING present (Figure 3.4I).  

Treatment with RU.521 resulted in a trending decrease in cGAS (Figure 3.4J) compared to DSS 

alone, as well as a statistically significant decrease in STING (Figure 3.4K). Taken together, this 

data indicates that treatment with RU.521 decreased STING-driven inflammation in the colon.  

Thus, RU.521 and H-151 appear to be appropriate for use in this colitis model, so SPINs 

incorporating these inhibitors were designed, fabricated, and tested. 
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Figure 3.4: Systemic STING-pathway inhibitors decrease colitis severity. (A) Treatment 

timeline of mice. (B) Weight change of mice treated with RU.521, H-151, or vehicle (corn oil).  

(C) Lengths of colons excised from mice after 7 days on DSS. Gene expression of (D) Cxcl10, (E) 

Ifnb1, (F) Tmem173, (G) Nos2, and (H) Tnf in the distal colons of mice after euthanasia on day 7. 

(I) Representative western blots for cGAS, STING, and actin. (J) Quantification of cGAS 

extracted from distal colon, normalized to actin. (K) Quantification of STING extracted from distal 

colon, normalized to actin.  Data is represented as mean ± SEM, n=8. *P≤0.05, **P≤0.01, 

***P≤0.001, ****P≤0.0001 by one-way ANOVA. 
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PPS nanoparticles quench ROS and enhance cell survival in an oxidative environment 

 Poly(propylene sulfide) (PPS) was synthesized using thioacyl group transfer polymerization, 

resulting in polymers with molecular weight of ~10kDa and PDI of 1.12 (Supplemental Figure 

B.S2).  This polymer was selected because it is ROS-responsive, as the sulfides in the polymer 

react with ROS to form sulfones (Figure 3.5A); thus, PPS can act as a ROS “sponge”, quenching 

ROS to reduce local oxidative damage. To fabricate SPINs, we used an oil-in-water emulsion 

method (Figure 3.5B) to encapsulate RU.521 and H-151 into PPS nanoparticles. Briefly, PPS and 

the inhibitor of interest were dissolved in ethyl acetate and added dropwise to a solution of 4.5% 

PVA in DI water.  The mixture was sonicated to form an emulsion, and ethyl acetate was 

evaporated on a rotary evaporator to harden the particles.  The particles were then washed in DI 

water, flash frozen, and lyophilized to yield a dry stock that could be stored at -20°C.  Upon 

exposure to ROS, the PPS matrix that comprises SPINs is oxidized from a hydrophobic polysulfide 

to a hydrophilic polysulfone, resulting in the erosion and eventual dissolution of the particles over 

time as the PPS quenches ROS in solution (Figure 3.5C).  To demonstrate this effect, empty PPS 

NPs were incubated with 0.5M H2O2 in 37°C for up to 24 hours.  As the PPS oxidized, the NPs 

decreased in size over time (Supplemental Figure B.S3) and the solution became clearer and less 

turbid (Figure 3.5D). Additionally, when RAW-Dual cells were incubated with varying 

concentrations of H2O2, treatment with PPS NPs enhanced the survival of these cells in a dose-

dependent manner (Figure 3.5E).  This indicates that PPS NPs can scavenge ROS, preventing 

oxidative damage in vitro. 

 



 57 

 
Figure 3.5: PPS NPs quench ROS and enhance cell survival in an oxidative environment.  

(A) Structure of PPS before and after oxidation by ROS. (B) Schematic depicting the oil-in-water 

fabrication method to produce SPINs. (C) Schematic depicting dissolution of PPS particles upon 

oxidation of sulfides. (D) PPS nanoparticles after 3h or 24h in 0M, 0.5M, or 8M H2O2 in PBS at 

37°C.  (E) Viability of RAW-Dual cells co-treated with H2O2 and either 30μg/mL (lo) or 75µg/mL 

(hi) PPS NPs or PBS (n=3-4). Data is represented as mean ± SEM, *P≤0.05, **P≤0.01, 

***P≤0.001 , ****P≤0.0001 by one-way ANOVA at each H2O2 concentration. 

 

PPS SPIN formulation, characterization, and in vitro testing 

 Next, PPS NPs were loaded with either RU.521 (Figure 3.6A) or H-151 (Figure 3.6B).  

RU.521-loaded SPINs (SPIN-R) were 208.9 nm in diameter (Figure 3.6C) and contained 1.80% 

RU.521 by mass (Table 3.1), and H-151-loaded SPINs (SPIN-H) were 243.6 nm in diameter 

(Figure 3.6C) and contained 1.81% H-151 by mass (Table 3.1).  

 We evaluated RU.521 and H-151 release from these particles in PBS (pH 7.4) at 37°C under 

constant orbital shaking and found that both SPIN-R and SPIN-H fully released their cargo within 

24 hours (Figure 3.6D).  We then fit the release data to the first-order (Equation 1), Baker-Lonsdale 

(Equation 2), and Korsmeyer-Peppas (Equation 3) models of drug release.  For first order kinetics, 

release is dependent only the concentration of soluble agents in a porous matrix, and it is often 
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used to describe release from a wide variety of drug delivery systems. The Baker-Lonsdale model 

is a modified version of the Higuchi model of drug release used for drug dispersed in matrices of 

spherical rather than planar geometries119.  Finally, the Korsmeyer-Peppas model is a semi-

empirical model that was developed specifically for drug release from polymeric systems of 

varying geometries, where the release exponent n provides information about mechanism of 

release. For spherical polymeric geometries, n = 0.43 for systems in which drug release is 

dominated by Fickian diffusion.  However, n < 0.43 implies quasi-Fickian or hindered Fickian 

diffusion, while 0.43 < n < 0.85 is indicative of anomalous transport in which release is determined 

by other factors (such as polymer swelling or degradation) in addition to Fickian diffusion120.  As 

shown in Table 3.2, the Korsmeyer-Peppas model provides the best fit for SPIN-R, while all three 

models provide relatively good fits for SPIN-H.  Additionally, the release exponents n = 0.413 and 

n = 0.372 for RU.521 and H-151 respectively indicate a quasi-Fickian release mechanism. 

 

Table 3.1: PPS SPIN formulation, drug loading, size, and PDI. 

Formulation Inhibitor 
P(HPMA-Bz) 

Excipient 

Drug 

loading 

Z-average 

(nm) 
PDI 

SPIN-R RU.521 none 1.80% 208.9 0.3194 

SPIN-R10% RU.521 10wt% 8.43% 187.9 0.3442 

SPIN-H H-151 none 1.81% 243.6 0.4206 

SPIN-H10% H-151 10wt% 1.90% 202.1 0.2267 

  

Table 3.2: PPS SPIN release kinetics parameters. 

Formulation First-order Baker-Lonsdale Korsmeyer-Peppas 

k R2 k R2 k R2 n 

SPIN-R 0.262 0.782 0.0231 0.673 0.312 0.786 0.413 

SPIN-R10% 0.132 0.881 0.0155 0.895 0.255 0.913 0.450 

SPIN-H 0.187 0.938 0.0190 0.917 0.329 0.870 0.372 

SPIN-H10% 0.0133 0.910 0.00153 0.950 0.103 0.941 0.426 
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 We next tested the activity of SPIN-R in vitro using RAW-Dual murine macrophage and 

THP1-Dual human monocyte reporter cell lines.  Both cell lines stably express a Lucia luciferase 

gene that reports the activation of interferon regulatory factors, including IRF3.  Thus, type-I 

interferon (IFN-I) production via IRF3 induction due to cGAS/STING activation can be monitored 

by measuring secreted Lucia luciferase activity on a luminescence plate reader.  To stimulate the 

cGAS/STING pathway in these cells, we used double-stranded DNA isolated from herring testes 

(HT DNA), which is a commonly employed cGAS agonist that – when delivered cytosolically 

with a transfection agent such as Lipofectamine 2000 – mimics a disease-relevant scenario of self-

DNA sensing.  SPIN-R or free RU.521 was co-delivered with 1 µg/mL HT DNA to both RAW-

Dual murine macrophages and THP1-Dual human monocytes, and cGAS/STING activation was 

monitored 24 h later via supernatant luminescence (Figure 3.6E).  In RAW-Dual cells, SPIN-R 

and SPIN-H more potently blocked cGAS/STING signaling compared to dose-matched free 

inhibitor, as demonstrated by the lower NP IC50 compared to free drug (Figure 3.6F).  The IC50s 

of free RU.521 and SPIN-R were 1.504 µM and 2.456 µM respectively, and the IC50s of free H-

151 and SPIN-H were 53.53 nM and 7.821 nM in RAW-Dual cells.  In THP1-Dual cells, however, 

SPINs demonstrated similar inhibitory capacity as dose matched inhibitor (Figure 3.6G); the IC50s 

were 6.141 µM and 5.068 µM for RU.521 and SPIN-R respectively and were 1.147 µM and 2.040 

µM for H-151 and SPIN-H respectively in THP1-Dual cells.  Macrophages are more phagocytic 

than monocytes, which may contribute to the SPINs outcompeting free drug in RAW-Dual cells 

but not THP1-Dual cells.  Furthermore, both of H-151 and RU.521 are more potent in mouse cells 

than human cells44, 58, which may also contribute to this observed effect.  Cell viability was high 

(> ~70%) over the range of concentrations tested (Supplemental Figure B.S4). Additionally, dose-
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matched empty PPS NPs (up to ~1.6 mg/mL) did not inhibit IFN-I response or affect viability in 

either of the cell lines tested (Figure B.S5). 

 
Figure 3.6: PPS SPIN characterization and efficacy in cell lines. (A) Structure of the cGAS 

inhibitor RU.521 and (B) the STING inhibitor H-151. (C) SPIN-R and SPIN-H size distribution 

determined by dynamic light scattering. (D) RU.521 and H-151 release from SPINs in pH 7.4 PBS 

at 37°C. (E) Treatment timeline of reporter cells.  (F) Dose-response curves of IFN-I production 

induced by co-treatment with SPIN-R or RU.521 and 1µg/mL HT DNA in RAW-Dual and (G) 

THP1-Dual cells (n=3). Dose-response data is represented as mean ± SEM, fit using inhibitor vs 

response (four-parameter fit) nonlinear fit in GraphPad Prism. 

 

A benzylated excipient polymer increases drug loading and extends drug release 

 Although SPINs were able to affectively inhibit the cGAS/STING pathway to a similar or 

greater capacity as respective free drug, both SPIN-R and SPIN-H nonetheless suffered from low 

drug loading (<2 wt%) and a relatively fast release profile that may limit applications and efficacy.  

We therefore explored the use of the same excipient polymer used in Chapter 2 to increase drug 

loading in our NPs.  Inspired by the work of Ford et al.124, we decided to blend in 

poly(benzoyloxypropyl methacrylamide) (P(HPMA-Bz)) to take advantage of pi-pi interactions 

between the excipient polymer and the inhibitors (Figure 3.7A).  We synthesized P(HPMA-Bz) as 
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shown in Figure 3.7B with a molecular weight of ~20 kDa and a PDI of 1.05 (Supplemental Figure 

B.S6).  Then, to fabricate these 2nd-generation SPINs, we again used the same oil-in-water 

emulsion method, but included 10 wt% P(HPMA-Bz) in the organic phase.  RU.521-loaded PPS 

nanoparticles containing 10 wt% P(HPMA-Bz) (SPIN-R10%) had an average diameter of 187.9 nm 

(Figure 3.7C), and drug loading increased more than 4-fold compared to SPIN-R (Table 3.1).  

Meanwhile H-151-loaded PPS nanoparticles containing 10 wt% P(HPMA-Bz) (SPIN-H10%) had 

an average diameter of 202.1 nm (Figure 3.7C), and a similar drug loading as SPIN-H. While the 

addition of P(HPMA-Bz) improved loading of RU.521, drug release was not significantly affected 

as, like SPIN-R, SPIN-R10% exhibited complete release of RU.521 within 24 hours in 37°C PBS 

(Figure 3.7D).  SPIN-H10%, however, exhibited extended drug release, where H-151 was released 

over the course of 4 days instead of 24 hours like with SPIN-H.  For both SPIN-R10% and SPIN-

H10%, all three drug release models fit the experimental data well.  Their release exponents in the 

Korsmeyer-Peppas fit were n = 0.450 and n = 0.426, respectively.  Thus, the mechanism of RU.521 

release appears to be anomalous transport consisting of a mixture of Fickian diffusion and polymer 

swelling. The mechanism of release for H-151, however, appears to be dominated by Fickian 

diffusion (n ≈ 0.43).  

Additionally, SPIN-R10% and SPIN-H10% inhibited cGAS/STING signaling in RAW-Dual 

(Figure 3.7E) and THP1-Dual (Figure 3.7F) cells.  In RAW-Dual cells, the particles had IC50s of 

2.439 µM and 17.42 nM respectively, and in THP1-Dual cells their IC50s were 9.79 µM and 

0.6363 µM respectively.  Thus, adding P(HPMA-Bz) to our PPS SPIN formulations increased 

drug loading and extended drug release without significantly changing the size or inhibitory 

capacity of the SPINs. 
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Figure 3.7: Including P(HPMA-Bz) in SPINs increases drug loading or extends release.  

(A) Schematic of increased inhibitor loading with inclusion of benzylated excipient polymer in 

SPINs. (B) P(HPMA-Bz) synthesis scheme.  (C) SPIN-R10% and SPIN-H10% size distribution 

determined by dynamic light scattering. (D) RU.521 and H-151 release from SPIN-R10% and SPIN-

H10% in pH 7.4 PBS at 37°C. (E) Dose-response curves of IFN-I production induced by co-

treatment with SPIN-R10% or SPIN-H10% and 1µg/mL HT DNA in RAW-Dual and (F) THP1-Dual 

cells (n=3). Dose-response data is represented as mean ± SEM, fit using inhibitor vs response 

(four-parameter fit) nonlinear fit in GraphPad Prism. 

 

PPS SPINs inhibit cGAS/STING signaling in primary murine macrophages, preventing a 

STING-driven M1-like phenotype 

 We screened excipient-containing NPs in primary cells, with a focus on SPIN-R10% and SPIN-

H10%.  BMDMs were co-treated with 1µg/mL HT DNA and 25 µM RU.521 in SPIN-R10%, 2 µM 

H-151 in SPIN-H5%, free inhibitor, dose-matched empty PPS NPs, or vehicle.  After 6 h and 24 h, 

supernatants were collected for IFN-β ELISA and cells were lysed for RNA isolation and RT-

qPCR analysis.  The excipient-containing SPINs significantly decreased IFN-β secretion 

compared to HT DNA alone after 6 h (Figure 3.8A) and 24 h (Figure 3.8B) of treatment, 

demonstrating that the SPINs can inhibit cGAS/STING signaling to a similar capacity as free drug 
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in primary macrophages.  Additionally, SPIN-R10%, SPIN-H10%, and free inhibitor decreased 

Cxcl10 (Figure 3.8C) and Ifnb1 (Figure 3.8D) expression compared to HT DNA treatment alone.  

Interestingly, Tmem173 (the gene encoding the STING protein) expression was significantly lower 

with SPIN-R10% or RU.521, but not with SPIN-H10% or treatment with free H-151 (Figure 3.8E).   

  STING pathway activation in macrophages can promote polarization towards a pro-

inflammatory M1-like phenotype125, 126 with potential to drive disease pathology. For example, in 

inflammatory bowel diseases such as Crohn’s disease and ulcerative colitis, macrophages in 

patient mucosa predominantly shift to an M1 phenotype; these abundantly present macrophages 

are thought to drive intestinal inflammation and are associated with patient nonresponse to IBD 

treatment127-129. Therefore, to test if SPINs could inhibit this M1-like polarization, we co-treated 

BMDMs with SPINs, free inhibitor, or empty PPS NP and HT DNA.  After 24 h, surface 

expression of CD80 and CD86, two costimulatory molecules that are expressed on activated pro-

inflammatory M1 macrophages, were measured via flow cytometry.  Treatment with either of the 

SPINs or corresponding free inhibitor significantly decreased CD80 (Figure 3.8F) and CD86 

(Figure 3.8G) expression compared to HT DNA treatment alone, and these cells were not 

significantly different from unstimulated BMDMs.  Interestingly, treatment with empty PPS also 

decreased CD80 and CD86 expression. 
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Figure 3.8: PPS SPINs with P(HPMA-Bz) inhibit cGAS/STING signaling in BMDMs. (A) 

IFN-β ELISA of supernatants from BMDMs co-treated with the designated SPIN or control and 

HT DNA after 6 hours (B) and 24 hours (n=3-4).  (C) Gene expression of Cxcl10, (D) Ifnb1, and 

(E) Tmem173 in BMDMs co-treated with the designated SPIN or control and HT DNA for 6 hours 

(n=3-4).  (F) Surface expression of CD80 and (G) CD86 in BMDMs co-treated with SPINs, free 

inhibitor, or empty NP and HT DNA for 24 hours (n=2-4).  (H) Surface expression of CD80 and 

(I) CD86 in BMDMs co-treated with LPS and empty PPS NPs for 24 hours (n=4).  Data is 

represented as mean ± SEM. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001 compared to 

Vehicle + HT DNA or Vehicle + LPS by one-way ANOVA. 

  

  In colitis, there is loss of the mucus barrier, resulting in microbial translocation of gut 

microbiota and their components into the lamina propria. This microbial invasion triggers an 

immune response through activation of multiple PRRs, including TLR4.  To mimic this immune 
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activation in vitro, BMDMs were treated with 100ng/mL LPS, and they were co-treated with 

empty PPS NPs.  Interestingly, treatment with these PPS NPs resulted in a dose-dependent 

decrease in expression of CD80 (Figure 3.8H) and CD86 (Figure 3.8I), demonstrating that the 

ROS-quenching material itself may have an inherently anti-inflammatory affect in this context. 

Taken together with the ELISA and RT-qPCR data above, this implies that SPINs may decrease 

macrophage activation, which could be important to have a therapeutic effect in many STING-

driven inflammatory diseases, including colitis. 

 

Testing SPIN-R10% in DSS-induced colitis 

Next, we assessed our SPINs in DSS-induced colitis.  Because RU.521 has been used in a 

colitis model before39, and because systemic RU.521 was more efficacious than systemic H-151 

in the study described in Figure 3.3, we decided to use SPIN-R10% in the following studies.  

Additionally, PPS NPs are stable in simulated gastric for at least 4 hours (Supplemental Figure 

B.S8), indicating that this formulation may be suitable for oral administration. 

Mice were given 3% DSS in their drinking water for 7 days, followed by a 3-day recovery 

period of regular water.  Mice were given SPIN-R10%, 5ASA (mesalamine, a common first-line 

aminosalicylate used to treat mild-to-moderate UC), or PBS orally every-other-day, starting on 

day 1. On day 10, mice were euthanized, and their colons were collected for further analysis 

(Figure 3.9A). All mice that were give DSS in their drinking water lost weight throughout the 

study.  There was no significant difference between groups, and all groups receiving DSS lost 10-

15% of their initial body weight by day 10 (Figure 3.9B).  Additionally, these groups also had 

significantly shorter colons than the healthy control group, indicating that they all had inflamed, 

fibrotic colons (Figure 3.9C).  After measuring colon lengths, tissue was collected from the distal 
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section of the colons, and RNA was extracted from this tissue.  Then, cDNA was generated from 

the RNA, and RT-qPCR was performed to determine gene expression in the inflamed distal colon. 

By day 10, there were trending decreases in Cxcl10 (Figure 3.9D), Tmem173 (Figure 3.9F), Nos2 

(Figure 3.9G), and Tnf (Figure 3.9H) expression in mice treated with SPIN-R10% compared to 

colitis mice that received PBS, indicating that SPIN-R10% may decrease the expression of STING-

associated genes in the colon, as well as decrease general oxidative and inflammatory signaling. 

 

Figure 3.9: Orally administered SPIN-R10% in colitis.  (A) Timeline of DSS administration and 

treatment with SPINs or controls. (B) Weight change in mice; the dotted line on day 7 indicates 

when mice were switched from 3% DSS to regular drinking water. (C) Lengths of colons collected 

on day 10.  Gene expression of (D) Cxcl10, (E) Ifnb1, (F) Tmem173, (G) Nos2, and (H) Tnf in the 

distal colons of mice after euthanasia on day 10.  Data is represented as mean ± SEM, 

****P≤0.0001 by one-way ANOVA, n=8. 

 

Next, we assessed the therapeutic efficacy of rectally-administered SPIN-R10%. As with the 

previous study, 8-week-old female mice were given 3% DSS in their drinking water for 7 days, 
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followed by a 3-day recovery period of regular water.  Mice were given SPIN-R10% or PBS rectally 

every-other-day, starting on day 1. On day 10, mice were euthanized, and their colons were 

collected for further analysis (Figure 3.10A). All mice that were given DSS in their drinking water 

lost weight throughout the study.  However, mice that received SPIN-R10% lost slightly less weight 

than mice that received PBS, as demonstrated by the sight separation of these groups by day 10 

(Figure 3.10B).  Additionally, both groups that received DSS had significantly shorter colons than 

the healthy control group, though there was slightly less separation between the healthy mice and 

the colitis mice receiving SPIN-R10% than between the healthy mice and the colitis mice receiving 

PBS (Figure 3.10C).  Once again, RNA was isolated from tissue samples collected from the distal 

colons after measuring colon lengths, and RT-qPCR was performed to determine gene expression 

in the inflamed distal colon. By day 10, there were trending decreases in the STING-associated 

genes Cxcl10 (Figure 3.10D), Ifnb1 (Figure 3.10E), and Tmem173 (Figure 3.10F) in mice treated 

with SPIN-R10% compared to colitis mice that received PBS.  Additionally, there were trending 

decreases in both Nos2 (Figure 3.10G), and Tnf (Figure 3.10H), indicating that rectally 

administered SPIN-R10% may decrease the expression of genes that are associated with oxidative 

and inflammatory signaling. 

With the previous two experiments, we observed trending decreases in the inflammatory 

signaling in the colons of mice with colitis that received SPIN-R10% every-other-day.  Since daily 

systemic administration of RU.521 improved disease outcomes (Figure 3.3 and 3.4), we suspected 

that every-other-day dosing was too infrequent to observe a therapeutic effect.  So, we next 

investigated the therapeutic potential of SPIN-R10% with daily administration.  
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Figure 3.10: Rectally administered SPINs in colitis. (A) Timeline of DSS administration and 

treatment with SPINs or controls. (B) Weight change in mice; the dotted line on day 7 indicates 

when mice were switched from 3% DSS to regular drinking water. (C) Lengths of colons collected 

on day 10.  Gene expression of (D) Cxcl10, (E) Ifnb1, (F) Tmem173, (G) Nos2, and (H) Tnf in the 

distal colons of mice after euthanasia on day 10.  Data is represented as mean ± SEM, 

****P≤0.0001 by one-way ANOVA, n=8. 

 

In this final study, mice were once again given 3% DSS in their drinking water for 7 days, 

followed by a 3-day recovery period of regular water.  Mice were administered SPIN-R10%, dose-

matched empty PPS NPs, or PBS daily via oral gavage, starting on day 0. On day 10, mice were 

euthanized, and their colons were collected for further analysis (Figure 3.11A). All mice that were 

given DSS in their drinking water lost weight throughout the study (Figure 3.11B).  Additionally, 

all groups that received DSS had significantly shorter colons than the healthy control group (Figure 

3.11C).  Once again, RNA was isolated from tissue samples collected from the distal colons after 

measuring colon lengths, and RT-qPCR was performed to determine gene expression in the 
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inflamed distal colon. By day 10, there were trending decreases in the STING-associated genes 

Cxcl10 (Figure 3.11D), Ifnb1 (Figure 3.11E), and Tmem173 (Figure 3.11F) in mice treated with 

SPIN-R10% compared to colitis mice that received PBS.  Additionally, there were trending 

decreases in both Nos2 (Figure 3.11G), and Tnf (Figure 3.11H), indicating that rectally 

administered SPIN-R10% may decrease the expression of genes that are associated with oxidative 

and inflammatory signaling.  However, an even greater decrease in inflammatory signaling was 

observed in mice treated with empty PPS NPs (Figure 3.11D-H), including a statistically 

significant decrease in Nos2 compared to colitis mice receiving only PBS. 

 

 

Figure 3.11: Daily oral administration of SPIN-R10% or empty PPS NPs in colitis.  

(A) Timeline of DSS administration and treatment with SPINs or controls. (B) Weight change in 

mice; the dotted line on day 7 indicates when mice were switched from 3% DSS to regular drinking 

water. (C) Lengths of colons collected on day 10.  Gene expression of (D) Cxcl10, (E) Ifnb1, (F) 

Tmem173, (G) Nos2, and (H) Tnf in the distal colons of mice after euthanasia on day 10.  Data is 

represented as mean ± SEM, ****P≤0.0001 by one-way ANOVA, n=10. 
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3.4 Conclusion 

In this chapter, we evaluated cGAS and STING inhibitors in a DSS-induced murine model of 

colitis, designed and tested ROS-quenching SPINs, and evaluated these SPINs in a murine model 

of colitis.  We first investigated the shift in the immune population in the lamina propria of mice 

with DSS-induced colitis.  We observed that mice with colitis had increased lymphocyte 

infiltration, as well as an increase in the overall myeloid population.  In particular, there was a 

notable increase in the dendritic cells and neutrophil populations.  Additionally, macrophages and 

monocytes demonstrated decreased CD206 expression, indicating a shift away from a tolerogenic 

M2-like phenotype.  Instead, they exhibited increased MHCII, Ly6C, and KI67 expression, 

indicating that these cells were highly proliferative, and they were polarized towards a pro-

inflammatory phenotype.  These changes in the monocyte and macrophage populations were 

further exacerbated by systemic STING activation with ADU-S100. 

Next, we evaluated the effect of daily administration of RU.521 or H-151 in corn oil into the 

intraperitoneal space in a DSS-induced model of colitis.  We found that daily administration of 

either inhibitor did not affect weight loss compared to corn oil-treated colitis controls, but inhibitor 

treatment did decrease colon shortening.  This indicated that cGAS and STING inhibitors were 

able to decrease colon inflammation and fibrosis in mice with colitis compared to corn-oil treated 

controls.  

Thus, we decided to formulate these inhibitors into a nanoparticle formulation for delivery to 

the inflamed colon while avoiding systemic effects.  We first synthesized PPS and used this ROS-

responsive polymer to make PVA-stabilized nanoparticles via an oil-in-water emulsion method.  

These particles decreased in size over time when incubated with H2O2, indicating that the particles 

eroded away as the sulfide groups in the polymer were oxidized to hydrophilic sulfones.  
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Additionally, these ROS-quenching NPs enhanced the survival of RAW-Dual cells exposed to 

H2O2, indicating that they may have a protective effect in oxidative environments. 

Next, we loaded RU.521 and H-151 into PPS nanoparticles to make SPINs that inhibited 

cGAS/STING signaling in mouse and human macrophages and monocytes. Additionally, 

formulating these SPINs with a benzylated excipient polymer resulted in increased drug loading 

and slightly extended drug release, while maintaining the inhibitory capacity of the SPINs in both 

human monocytes and murine macrophages.  Additionally, the SPINs decreased M1-like cell 

surface markers in BMDMs after stimulation with a cGAS agonist.   

We then evaluated the SPINs in a DSS-induced colitis model.  When administered every-other-

day either orally or rectally, we observed a trending (though not statistically significant) decrease 

in STING-driven inflammatory signaling.  When we increased administration to daily and included 

an empty PPS control, we again observed trending decreases in STING-driven inflammatory 

signaling. However, daily administration of an empty PPS NP decreased inflammatory signaling 

to greater extent, and significantly decreased Nos2 expression in the colon.  Taken together, this 

data indicates that cGAS/STING appears to be a promising therapeutic target, and ROS-responsive 

materials may be beneficial for therapeutic outcomes.  Our SPINs may benefit from further 

development to improve uptake in the colon, such as surface coatings to promote mucoadhesion 

and/or uptake by myeloid cells. 

3.5 Materials and Methods 

RU.521 Synthesis 

Synthesis of 2,3-dichloro-6-nitroaniline 

In a heavy wall reaction vessel was added 1,2,3-trichloro-4-nitrobenzene (10 gr, 0.044 mol) 

followed by ammonia in methanol (7M, 100 mL). The reaction vessel was closed and heated at 
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100 ºC for overnight. The solvent was removed in vacuum using rotary evaporator to give yellow 

solid that was used into the next step without purification. Yield 9 gr (99%).  1H-NMR (d6-DMSO, 

400 MHz) δ 8.10 (d, 1H, J= 12Hz), 6.89 (d, 1H, J= 12Hz); MS (ESI): mass calcd. for 

C6H4Cl2N2O2, 207.1; m/z found, 208.1 [M + H]+ , Rf = 1.03 

 

Synthesis of 3,4-dichlorobenzene-1,2-diamine 

2,3-Dichloro-6-nitroaniline (9 gr, 0.044 mol) was dissolved in methanol (200 ml). Added 

ammonium formate (3.04 gr, 0.048 mol, dissolved in 10 ml of water) and slowly Zn (14.3 gr, 0.22 

mol, 5eq).  The reaction mixture was stirred at RT for 2h. The solid was filtered of and the solvent 

was removed in vacuum. The solid was purified by Combi-flash , 0-100% hexane-ethyl acetate. 

Obtained 6 gr (78%).  1H-NMR (d6-DMSO, 400 MHz) δ 6.81 (d, 1H, J= 12Hz), 6.58 (d, 1H, J= 

12Hz), 3.90 (br s, 2H), 3.42 (br s, 2H); MS (ESI): mass calcd. for C6H6Cl2N2, 177.3; m/z found, 

178.3 [M + H]+ , Rf = 0.85 

 

Synthesis of 4,5-dichloro-1,3-dihydro-2H-benzo[d]imidazol-2-one 

3,4-Dichlorobenzene-1,2-diamine (6 gr, 0.034 mol) was dissolved in anhydrous THF (100 mL). 

Added pyridine (5.5 mL, 0.068 mol, 2 eq.,) followed by dropwise addition of CDI (11 gr , 0.068 

mol, 2 eq., dissolved in anhydrous DCM, 50 mL). The reaction mixture was stirred at RT for 

overnight. The reaction mixture was concentrated down to get a solid that was washed with 

hexane-ethyl acetate (10:1). Used in the next step without purification. Yield quantitative.  1H-

NMR (d6-DMSO, 400 MHz) δ 6.81 (d, 1H, J= 12Hz), 6.58 (d, 1H, J= 12Hz), 3.90 (br s, 2H), 3.42 

(br s, 2H); MS (ESI): mass calcd. for C7H4Cl2N2O, 203.1; m/z found, 204.1 [M + H]+, Rf = 0.95 
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Synthesis of 2,6,7-trichloro-1H-benzo[d]imidazole 

4,5-Dichloro-1,3-dihydro-2H-benzo[d]imidazol-2-one (5.95 gr, 0.029 mol) was placed in a heavy 

wall vessel. Added POCl3 (100 mL) and the vessel was closed. Heated at 120 ºC for overnight. 

The POCl3 was removed in vacuum and the residue was suspended in ice water. The solid was 

filtered off and washed with water to give white solid. Yield quantitative.  1H-NMR (d6-DMSO, 

400 MHz) δ 7.62-7.49 (m, 1H), 7.43-7.45 (m, 1H); MS (ESI): mass calcd. for C7H3Cl3N2, 221.9; 

m/z found, 223.2 [M + H]+ , Rf = 1.2 

 

Synthesis of 6,7-dichloro-2-hydrazineyl-1H-benzo[d]imidazole 

2,6,7-Trichloro-1H-benzo[d]imidazole was added (5 gr, 0.023 mol) to a flask, followed by 

hydrazine hydrate (120 mL). The reaction mixture was heated at 100 ºC for overnight. The reaction 

mixture was cooled down and water (50 mL) was added. The solid was filtered off and washed 

with water.  Obtained 4 gr (80%).  1H-NMR (d6-DMSO, 400 MHz) δ 8.28 (s, 1H), 7.18 (brs, 1H), 

7.06 (d, 1H, J= 8Hz), 7.00 (d, 1H, J= 8Hz), 4.70 (s, 2H); MS (ESI): mass calcd. for C7H6Cl2N4, 

217.0; m/z found, 219.0 [M + H]+, Rf = 0.85 

Synthesis of ethyl 3-oxo-2-(3-oxo-1,3-dihydroisobenzofuran-1-yl)butanoate. This compound was 

synthesized as previously described. (Potential GABAB Receptor Antagonists. III. Folded 

Baclofen Analogs Based on Phthalide. Donati C , Prager RH Weber B (1989) Australian Journal 

of Chemistry 42, 787-79) 

 

Synthesis of 3-(1-(6,7-dichloro-1H-benzo[d]imidazol-2-yl)-5-hydroxy-3-methyl-1H-pyrazol-4-

yl)isobenzofuran-1(3H)-one. 
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In a dry flask, a suspension of 6,7-dichloro-2-hydrazineyl-1H-benzo[d]imidazole (1.74 gr, 0.0081 

mol) and 3-oxo-2-(3-oxo-1,3-dihydroisobenzofuran-1-yl)butanoate (2.33 gr, 0.0089 mol) in 

glacial acetic acid ( 40 mL) was heated at 45 ºC for overnight.  The reaction mixture was poured 

into water and extracted with ethyl acetate (3x50 mL). The organic layers were washed with brine, 

dried with anhydrous MgSO4 and filtered of. Purified by Combi-flash Reverse Phase Column, 0-

100% water (0.1 % TFA)- acetonitrile. The appropriate fractions were combined, and solvent was 

concentrated in vacuum.  The solid was filtered off and washed with water/methanol to give pure 

product as a mixture of enantiomers. Yield 2.83 gr (85%). 1H-NMR (d6-DMSO, 400 MHz) δ 7.88 

(d, 1H, J = 8Hz), 7.77-7.74 (m, 1H), 7.62-7.57 (m, 2H), 7.44-4.42 (m, 1H), 7.35-732 (m, 1H), 6.61 

(s, 1H), 2.19 (br s, 3H); MS (ESI): mass calcd. for C19H12Cl2N4O3, 414.3; m/z found, 415.3 [M 

+ H]+ , Rf = 0.99 

 

H-151 Synthesis  

In a dry flask, 3-isocyanato-1H-indole (1 gr, 0.0063 mol) and 4-ethylaniline (0.78 mL, 1 eq., 

0.0063 mol) were dissolved in anhydrous DMF (10 mL). The reaction mixture was stirred for 2h 

at RT. The reaction mixture was poured into water and extracted with ethyl acetate (3x50 mL). 

The organic layers were washed with brine, dried with anhydrous MgSO4 and filtered of. Purified 

by Combi-flash , 0-100% hexane-ethyl acetate. Obtained 1.5 gr (85%) of white powder. 1H-NMR 

(d6-DMSO, 400 MHz) δ 10.68 (s, 1H), 8.46 (s, 1H), 8.37 (s, 1H), 7.50 (m, 2H), 7.48-7.31 (m, 3H), 

7.10-7.06 (m, 3H), 7.01-6.97 (m, 1H), 2.55 (q, 2H, J= 8 Hz), 1.14 (tr, 3H, J = 8 Hz); MS (ESI): 

mass calcd. for C17H17N3O, 279.3; m/z found, 280.3 [M + H]+, Rf = 0.98 
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Poly(Propylene Sulfide) Synthesis  

Poly(Propylene Sulfide was synthesized via TAGT, as described previously.153, 154 Briefly, 

propylene sulfide (TCI Chemicals)  was distilled to remove its stabilizer.  Then, propylene sulfide 

(3.17 mL, 40.19 mmol), ECT (18.4 mg, 0.07 mmol), TPPCl (tetraphenylphosphonium chloride, 

5.24 mg, 0.014 mmol), and dry NMP (N-methyl pyrolidone) (10 mL) were placed in a dry pear-

shaped flask containing a magnetic stirring bar, and the solution was degassed by bubbling 

nitrogen through the reaction mixture for 20 minutes. Then, the reaction mixture was stirred at 

60°C for 20 hours.  The reaction was terminated by bubbling air through the reaction mixture, and 

the resulting polymer was purified by precipitation into cold methanol and dried at 60°C under 

vacuum to yield a yellow polymer oil. The polymer was then analyzed by gel permeation 

chromatography (GPC) to determine its molecular weight and polydispersity (Mw/Mn, PDI) using 

an EcoSEC Elite GPC System (Tosoh) equipped with a TSKgel Alpha-M column.  HPLC-grade 

DMF containing 0.1 wt% LiBr at 25°C was used as the mobile phase at a flow rate of 0.6 mL/min. 

The molecular weight of the polymer was determined using light scattering based on dn/dc value 

(0.112).   

 

Benzoyloxypropyl Methacrylamide (HPMA-Bz) Monomer Synthesis 

 

N-(2-hydroxypropyl)methacrylamide (HPMA)- A solution of 1-aminopropan-2-ol (3.25 mL, 42 

mmol, 1.1 eq), triethyl amine (6.4 mL, 46 mmol, 1.2eq) in 25 mL of dichloromethane was 

maintained at 0 °C under nitrogen atmosphere. A solution of methacryloyl chloride (3.74 mL, 38 

mmol, 1.0 eq) in 15 mL dichloromethane was added dropwise to the reaction mixture with 
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continuous stirring under inert atmosphere. The reaction mixture was stirred at room temperature 

overnight. After consumption of starting material, as judged by TLC analysis, the reaction mixture 

was filtered through celite and the solvent was evaporated to get the crude product which was 

purified by silica gel column chromatography using mixture of ethyl acetate/hexane as an eluent 

(10 to 50% EtOAc) to get the desired product HPMA as white waxy solid (2.4 g, 16.7 mmol, yield 

44%). 

 

 

 

A solution of HPMA (2.4 g, 16.7 mmol, 1.0eq), triethyl amine (2.8 mL, 20 mmol, 1.2 eq) in 20 

mL of dichloromethane was maintained at 0 °C under nitrogen atmosphere. A solution of benzoyl 

chloride (1.95 mL, 16.7 mmol, 1.0 eq) in 10 mL dichloromethane was added dropwise to the 

reaction mixture with continuous stirring under inert atmosphere. The reaction mixture was stirred 

at room temperature overnight. After consumption of starting material, as judged by TLC analysis, 

the reaction mixture was filtered through celite and the solvent was evaporated to get the crude 

product which was purified by silica gel column chromatography using mixture of ethyl 

acetate/hexane as an eluent (0 to 20% EtOAc) to get the desired product HPMA-Bz as white waxy 

solid (2.4 g, 9.7 mmol, yield 58%). 1H NMR: (CDCl3, 400 MHz), δ (ppm): 8.05 – 8.02 (m, 2H), 

7.60 – 7.56 (m, 1H), 7.48 – 7.43 (m, 2H), 6.25 (bs, 1H), 5.66 (brs, 1H), 5.34 – 5.26 (m, 2H), 3.66 

(ddd, J1= 14.4 Hz, J2= 5.5 Hz, J3= 3.5 Hz, 1H), 3.56 (partially merged ddd, J1= 14.4 Hz, J2= 8.4 

Hz, J3= 5.5 Hz, 1H), 1.93 (bs, 3H) , 1.41 (d, J = 6.5 Hz, 3H). 
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Poly(benzoyloxypropyl methacrylamide) (P(HPMA-Bz)) synthesis 

RAFT polymerization of poly(benzoyloxypropyl methacrylamide) (pHPMA-Bz) was conducted 

under a nitrogen atmosphere in toluene (40 wt% monomer) at 70°C for 20 h with 4-Cyano-4-

(ethylsulfanylthiocarbonyl) sulfanylvpentanoic acid (ECT)  and 2,2'-azobisisobutyronitrile 

(AIBN) as the RAFT chain transfer agent and initiator, respectively, and the CTA to initiator ratio 

was 10:1. The reaction mixture solidified during the reaction, and the polymer was solubilized in 

acetonitrile and 3x precipitated inti cold diethyl ether.  The purified polymer was then dried in 

vacuo for 48h.  The polymer was then analyzed by gel permeation chromatography (GPC) to 

determine its molecular weight and polydispersity (Mw/Mn, PDI) using an EcoSEC Elite GPC 

System (Tosoh) equipped with a TSKgel Alpha-M column.  HPLC-grade DMF containing 0.1 

wt% LiBr at 25°C was used as the mobile phase at a flow rate of 0.6 mL/min. The molecular the 

polymer was determined using light scattering based on dn/dc value (0.0105).   

 

Particle synthesis 

 PPS nanoparticles were formulated using an oil-in-water emulsion method.  100mg of PPS, 0-

10mg of P(HPMA-Bz), and 0-10mg RU.521 or H-151 were dissolved in 1mL ethyl acetate.  Then, 

the full volume of polymer and drug solution was added dropwise to 2mL of 4.5% PVA in DI 

water.  The solution was then sonicated using a Sonic Dismembrator (Fisher Scientific™ Model 

120) at 40% amplitude in three 10s increments over ice to keep the solution cold during 

emulsification. The emulsion was transferred to a round bottom flask, using 2mL DI to aid transfer.  

Ethyl acetate was evaporated using a rotary evaporator at 100 torr for 45 minutes to harden the 

particles.  After removing the organic solvent, the solution of particles was washed four times in 

DI water using 100 kDA centrifugal filters.  Washed samples were transferred to 50mL conical 
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tubes, flash frozen using liquid nitrogen, and lyophilized to obtain dry nanoparticles.  Lyophilized 

particles were stored at -20°C for future use. 

 

Characterization of nanoparticle size and drug loading 

The size of the particles was determined by resuspending dry particles in PBS and performing 

dynamic light scattering with a Malvern Mastersizer 2000.  Drug loading within the particles was 

determined using HPLC analysis using a Waters® e2695 Separations Module (Waters 

Corporation, Milford, MA) and a Symmetry C18 Column, 100 Å, with 3.5 µm particle size and 3 

mm x 150 mm column size.  The mobile phase was 50% methanol and 50% 10 mM ammonium 

acetate in water, and the flow rate was 1.0 mL/min. Absorbance chromatographs were extracted 

at 252 nm for H-151 and 310 nm for RU.521.  

 

In vitro drug release 

The in vitro drug release of the NP formulations at 37°C in PBS was determined using Slide-A-

Lyzer MINI dialysis devices. To achieve this, a nanoparticle solution containing 300 µg/mL drug 

was pipetted into the dialysis cup and placed in a 50 mL conical tube containing a PBS sink.  These 

tubes were agitated on an orbital shaker at 37°C, and 50 µL samples were collected at designated 

timepoints.  The PBS sink was replaced after 4 hours, and again every 24 hours.  Each collected 

sample was lyophilized and processed using the HPLC analysis method described above to 

determine the amount of released RU.521 or H-151 at each timepoint. 
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Fitting drug release data to models 

We fit drug release data to the first order (Equation 1), Baker-Lonsdale119 (Equation 2), and 

Korsmeyer-Peppas (Equation 3), and models of drug release, shown below. 

                                                    Ln(𝑀𝑡) =  Ln(𝑀0) + 𝑘𝑡                                                (1) 

                                                
3

2
[1 − (1 −

𝑀𝑡

𝑀∞
)

2

3
] −  

𝑀𝑡

𝑀∞
= 𝑘𝑡                                           (2) 

                                                           
𝑀𝑡

𝑀∞
= 𝑘𝑡𝑛                                                            (3) 

In the above equations, M0 is the initial amount of drug released at time 0, Mt is the amount released 

at time t, M and Mt is the amount of released at time t, M∞ is the total amount of drug in the system, 

k is a kinetic constant for the particular drug/polymer system, and n is a release exponent 

characteristic of the mechanism of drug release. 

 

Cell culture 

 RAW-Dual, THP1-Dual, and THP1-Dual KO-TREX1 cells were purchased from InvivoGen. All 

cell lines were cultured according to manufacturer’s specifications. Bone marrow-derrived 

macrophages (BMDMs) were isolated from 6-8-week-old female C57BL/6 mice and cultured as 

previously described.130 Briefly, bone barrow was flushed from the femurs and tibias of mice using 

complete BMDM culture medium (RPMI 640 medium supplemented with 10% heat-inactivated 

FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM l-glutamine, 10 mM HEPES, 1 mM 

sodium pyruvate, 1× non-essential amino acids, and 50 μM β-mercaptoethanol), and the marrow 

was passed through a 70 μM cell strainer.  Cells were centrifuged at 1500 rpm for 5 minutes, 

resuspended in ACK lysis buffer (ThermoFisher), and washed with cold PBS.  Then, cells were 

seeded in 100 × 15 mm Petri dishes (Corning Inc.) in complete medium supplemented with 20 
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ng/mL macrophage colony-stimulating factor (M-CSF).  Cells were maintained in a 37°C 

incubator supplemented with 5% CO2, and culture medium containing M-CSF was replaced on 

days 3, 5, and 7.  On day 8, cells were confirmed to be > 90% BMDMs (CD11b+F4/80+) by flow 

cytometry. 

   

Evaluation of inhibitory activity in ISG reporter cell lines  

RAW-Dual and THP1-Dual cells were plated in white wall clear bottom 96-well plates at a density 

of 50,000 cells per well and incubated for 24 hours.  Then cells were co-treated with varying doses 

of SPINs or relevant control and herring testes (HT DNA) complexed to the commonly used 

transfection agent Lipofectamine 2000 (L2k). Supernatant was collected 24h after treatment and a 

Quanti-LucTM (Invivogen) assay was used to determine the amount of secreted luciferase 

following manufacturer’s instructions. Luminescence was quantified using a plate reader (Synergy 

H1 Multi-Mode Microplate Reader; Biotek) using white, opaque-bottom 96-well plates (Greiner 

Bio-One). The signal for each sample concentration was determined using 3 biological replicates. 

All reporter cell measurements were normalized by subtracting the average value of a PBS-treated 

control group. The IC50 values were calculated for each of the dose responses using curve fitting 

analysis in the GraphPad Prism software.   

 

Cell viability 

30 µL Cell Titer Glo solution (Promega) was added to each well of treated cells, and the mixture 

was incubated for 45 minutes at 37°C per manufacturer’s instruction.  The lysate was then 

transferred to a white, opaque 96-well plate, and luminescence was read using a plate reader 

(Synergy H1 Multi-Mode Microplate Reader; Biotek) to determine cell viability after treatment. 
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Gene expression in BMDMs 

500,000 BMDMs were seeded in 12-well plate and treated with with HT DNA and SPINs or 

relevant control for 6h or 24h. Total RNA was isolated using a RNeasy Mini kit (Qiagen, 

Germantown, MD). Total RNA (1 μg) was reverse transcribed using an iScript cDNA synthesis 

kit (Bio-Rad) and qPCR was performed using a TaqMan Mastermix kit (Thermo Fisher Scientific) 

as per manufacturer’s instructions. Primers used included: mouse Hmbs (Mm01143545_m1), 

mouse Cxcl10 (Mm00445235_m1), mouse Ifnb1 (Mm00439552_s1), and mouse Tmem173 

(Mm01158117_m1). 

 

IFN-β secretion in BMDMs  

After 6 or 24 h treatment of BMDMs, the secreted IFN-β concentration in the supernatant was 

measured with the LumiKine Xpress mIFN-β 2.0 ELISA kit (InvivoGen) according to the 

manufacturer’s instructions. 

 

Evaluation of BMDM activation  

BMDM activation was evaluated by flow cytometric analysis of surface CD80, CD86, and CD206 

expression. Briefly, 1 x106 BMDMs/well were seeded in a 12-well plate and treated with HT DNA 

and SPINs or relevant control for 24h. The cells were collected and washed with 1% BSA in PBS 

and then stained with KIRAVIA Blue 520-anti-F4/80 (1:100), APC-anti-CD11b (1:100), PE-anti-

CD86 (1:100), PE-Cy5-anti-CD80 (1:100) (Biolegend) antibodies. Dead cells were excluded from 

analysis using DAPI (live/dead) stain (1:20,000). Cells were analyzed using a CellStream flow 

cytometer. 
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Animal ethics statement 

Studies using mice were conducted under an Animal Care Protocol approved by the Vanderbilt 

University Institutional Animal Care and Use Committee (VU IACUC). Health assessments of 

animals were completed using standard operating procedures approved by the VU IACUC.  

 

DSS model of colitis 

Mice were allowed to acclimate for 7 days upon arrival before being manipulated.  Then, 8-week-

old C57BL/6 mice were given 3% DSS (MP Biomedical) in their drinking water ad libitum for 7 

days, followed by 0-3 recovery days of regular water.  Healthy controls received regular water for 

the duration of the study. Mice treated according to the timeline indicated in each study (generally, 

10 mg/kg RU.521 or 750nmmol/mouse H-151 for each formulation and route of adminsitration), 

and they were weighed daily and observed for development of the clinical symptoms of colitis.  

Mice were sacrificed on day 7 or 10, and their colons were collected for measurement and 

processing. 

 

Gene expression in colons 

Mice were euthanized and colons were harvested and washed in PBS. Small pieces (< 30 mg) were 

taken from the distal colon and placed in 350-600 µl RLT lysis buffer (Qiagen), and the tissue was 

homogenized using a bead mill tissue homogenizer (TissueLyser II; Qiagen). Total RNA was 

isolated from the lysate using a RNeasy Mini kit (Qiagen, Germantown, MD), and 1 μg was reverse 

transcribed using an iScript cDNA synthesis kit (Bio-Rad).  qPCR was performed using a TaqMan 

Mastermix kit (Thermo Fisher Scientific) as per manufacturer’s instructions. Primers used 
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included: mouse Hmbs (Mm01143545_m1), mouse Cxcl10 (Mm00445235_m1), mouse Ifnb1 

(Mm00439552_s1), and mouse Tmem173 (Mm01158117_m1). 

 

Western blot of colon tissue 

Mice were euthanized and colons were harvested and washed in PBS. Then, small pieces (< 30 

mg) were taken from the distal colon and placed in 300 µl RIPA buffer (Sigma) supplemented 

with phosphatase inhibitors (Roche). Tissue was homogenized using a bead mill tissue 

homogenizer (TissueLyser II; Qiagen) and kept the on ice for 30 min. Protein concentration was 

measured using a BCA assay kit.  Then, the samples were diluted RIPA to a standard 

concentration, and boiled with 4x loading buffer for 10min at 95°C. Then, the samples were run 

on an SDS-PAGE gel and transferred onto nitrocellulose membranes via a semi-dry transfer (Bio-

Rad). After transfer, membranes were stained with each respective primary antibody (anti-cGAS, 

anti-STING, and anti-β-actin) overnight at 4°C. Then, the membranes were stained with a 

fluorescent secondary antibody detectable at 800nm.  Images of immunoblots were obtained using 

a LI-COR Odyssey Imaging System 

 

Flow cytometry of colons 

Colons were thoroughly rinsed with PBS and digested using a lamina propria dissociation kit and 

an OctoMACS dissociater (Miltenyi Biotech) to achieve a single cell suspension.  Then, cells were 

resuspended in flow buffer (1x PBS supplemented with 2% FBS), counted, and stained with Fc-

block (aCD16/32, 2.4G2, Tonbo) for 15min at 4 ºC, and then stained with the appropriate 

antibodies for 1hr at 4 ºC (Supplementary Table B.1). After staining, cells were then washed again 

with flow buffer, fixed with 2% paraformaldehyde for 10min, and analyzed on a Cytek Aurora 
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flow cytometer. All flow cytometry data were analyzed using FlowJo software 

(https://www.flowjo.com/solutions/flowjo). Representative flow cytometry plots and gating 

schemes are shown in Supplementary Figure B.1. 

 

Supporting information 

Additional data can be found in Appendix B, including the viability of cells from experiments 

represented in Figures 3.6 and 3.7, dose-response curves of cell lines co-treated with empty 

nanoparticles and HT DNA, SPIN stability in H2O2 and simulated gastric fluid, flow cytometry 

gating strategy and panel, and GPC of PPS P(HPMA-Bz) used to make higher-loading SPINs. 
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CHAPTER 4 

Albumin Hitchhiking as a Tool for Drug Delivery in Colitis 

4.1 Abstract 

In patients with ulcerative colitis, low serum albumin is associated with more severe 

disease, as well as increased usage of corticosteroids, primary non-response to 

immunotherapeutics, and even eventual colectomy. With significant inflammation, such as in the 

colons of colitis patients, there is increased vascular permeability.  This permeability allows serum 

proteins, including albumin, to leak from the bloodstream into the highly vascularized colon, 

leading to systemic hypoalbuminemia associated with severe colitis. We postulate that the 

phenomenon of albumin uptake in the colon in the context of colitis can inform the design of 

albumin-dependent drug delivery systems. Hence, albumin may be an appropriate candidate for 

use as a carrier for therapeutic agents, exploiting the increased permeability in the inflamed colon 

to enhance drug delivery to the site of inflammation. 

In this chapter, we explore the potential to use albumin hitchhiking as a viable method of 

drug delivery in DSS-induced colitis. We demonstrate that three different albumin-binders 

accumulate in the inflamed colon in the context of colitis: the albumin-binding dye Evans Blue, a 

Cy7-labeled albumin-binding nanobody, and a Cy5-labelled albumin-binding lipid-conjugated 

siRNA. To further investigate the possibility of exploiting albumin hitchhiking for drug delivery 

in colitis, we attempted to deliver three different siRNAs, including newly identified cGAS and 

STING siRNAs, to the inflamed colon.  These studies provide a proof-of-concept for the use of 

albumin hitchhiking as a viable drug delivery technique for the treatment of colitis. 
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4.2 Introduction 

Ulcerative colitis (UC) is a chronic inflammatory bowel disease (IBD) characterized by 

continuous inflammation and ulceration of the innermost lining of the colon and rectum. In 

addition to experiencing symptoms like diarrhea mixed with blood and mucus, abdominal pain, 

and tenesmus, UC patients are at much higher risk of developing colon cancer. In patients with 

UC, low serum albumin is associated with more severe disease,100-102 as well as increased usage 

of corticosteroids,103 primary non-response to immunotherapeutics,104 and even eventual 

colectomy.100   

This resultant hypoalbuminemia is likely due to a combination of inflammation in the 

colon, as well as malabsorption of protein.  With significant inflammation, such as in the colons 

of colitis patients, there is increased vascular permeability, which allows serum proteins, including 

albumin, to leak from the bloodstream into the highly vascularized colon.  From there, the albumin 

may be lost in the stool; this condition is known as protein-losing enteropathy (PLE).  Additionally, 

the inflammation and damage to the intestinal mucosa in colitis can impair nutrient absorption, 

including protein absorption, further contributing to decreased serum albumin levels.105  

As in human colitis, albumin leakage from circulation and accumulation in the colon has 

been observed in rodent models of DSS-induced colitis.155, 156  Although not explicitly stated or 

thoroughly explored, Yang et al likely took advantage of this phenomenon when they administered 

a reductively modified albumin to mice with DSS-induced colitis; this modified albumin 

accumulated in the colon, decreasing the oxidative stress, inflammation, and resultant tissue injury 

in the treated colitis mice157.  To our knowledge, this is the only example in which albumin uptake 

in colitis was likely exploited to illicit a therapeutic response.  We suspect that the phenomenon of 

albumin uptake in the colon in the context of colitis can inform the design of albumin-dependent 

drug delivery systems. Hence, albumin may be an appropriate candidate for use as a carrier for 
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therapeutic agents, exploiting the increased permeability in the inflamed colon to enhance drug 

delivery to the site of inflammation.  

In this chapter, we explored the potential to use albumin hitchhiking as a viable method of 

drug delivery in DSS-induced colitis. First, we investigate vascular permeability in the inflamed 

colon by intravenously injecting Evans Blue, a fluorescent dye that binds serum albumin, into mice 

with established colitis.  In these mice, more severe disease (and increased weight loss) was 

associated with increased albumin accumulation.  Next, we investigated the colonic accumulation 

of a Cy7-labeled albumin-binding nanobody158, 159 injected retro-orbitally into mice with 

established colitis.  In this case, there was significantly more nanobody present in the colons of 

mice with colitis compared to healthy controls.  Similarly, we found that a Cy5-labelled albumin-

binding divalent lipid-conjugated siRNA160, 161 preferentially accumulated in the colons of mice 

with established colitis compared with the colons of healthy control mice.  Additionally, this 

siRNA appeared to localize primarily in the lamina propria, a highly vascularized layer of 

connective tissue that is relatively rich in immune cells compared to the rest of the colonic mucosa. 

Thus, we demonstrate that three different albumin-binders accumulate in the inflamed colon in the 

context of colitis.  To further investigate the possibility of exploiting albumin hitchhiking for drug 

delivery in colitis, we attempted to deliver siRNAs, including newly identified cGAS and STING 

siRNAs, to the inflamed colon; with these studies, we lay the groundwork for the use of albumin 

hitchhiking as a viable drug delivery technique for the treatment of colitis. 

4.3 Results and Discussion 

Evans blue accumulation in the colons of mice with DSS-induced colitis 

 To assess albumin leakage from circulation into the inflamed colon, we first used an Evans 

blue dye extravasation assay.  Evans blue is an albumin-binding dye that is often used to assess 
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changes in vascular permeability in inflamed tissue.  In this initial study, mice were given 3% DSS 

in their drinking water for 7 days, followed by 0-2 days of regular drinking water.  7,0 + EB, 7,1 

+ EB, and 7,2 + EB indicate mice that were given 0, 1, and 2 recovery days of regular drinking 

water respectively (Supplemental Figure C.S1).  Then, mice were intravenously injected with 2% 

Evans blue in PBS. After 30 minutes, the mice were euthanized, their colons were collected for 

measurement and Evans blue extraction (Figure 4.1A).  

 
Figure 4.1: Evans blue accumulation in the colons of mice with DSS-induced colitis. (A) 

Timeline of DSS administration, Evans blue injection, and euthanasia of mice. (B) Weight loss of 

mice enrolled in the study. (C) Colons excised 30 minutes after injection with Evans Blue or PBS. 

(D) Lengths of colons from mice enrolled in the study. (E) Amount of Evans blue extracted from 

colons after 24 hours in room temperature DMF. Data is represented as mean ± SEM, *P≤0.05, 

**P≤0.01, ***P≤0.001, ****P≤0.0001 by one-way ANOVA, n=3. 

  

As expected, the mice with more recovery days experienced increased weight loss and 

more severe disease (Figure 4.1B).  Upon removal of the colons, it was visually apparent that the 

colons of the mice with colitis were shorter and contained more Evans blue than the healthy mice 
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that received the same dose of Evans blue (Figure 4.1C).  This was confirmed by quantifying colon 

length (Figure 4.1D) and by quantifying the amount of Evans blue extracted from these colons 

(Figure 4.1E). Thus, this assay demonstrates that there is increased albumin accumulation in the 

inflamed colons of mice with colitis compared to the colons of healthy mice. 

Albumin-binding nanobody accumulation in the colons of mice with DSS-induced colitis 

 Next, we investigated the colonic accumulation of a Cy7-labeled albumin-binding 

nanobody, synthesized as previously described.158, 159  We recombinantly expressed the albumin-

binding nanobody domain (Alb1), and we cloned the C-terminal of the nanobody to present a 

selective ligation tag (LPETGGHHHHHHEPEA) that acts as a substrate for an engineered 

pentamutant of sortase A designed to selectively ligate primary amine-containing small molecules 

to the C-terminal of a protein.162  Using this approach, we ligated an amino-PEG3-azide linker, 

which conferred a single azide functional handle on the nanobody and can be used for the ligation 

of diverse cargo.  We then used copper-free click chemistry to install a single DBCO-

functionalized sulfo-Cy7 dye onto the nanobody (Figure 4.2A). This conjugation was confirmed 

by electrospray ionization mass spectrometry (ESI-MS) and sodium dodecyl sulfate 

polyacrylamide electrophoresis (SDS-PAGE).   

Mice were given 3% DSS in their drinking water for 7 days, followed by 2 days of regular 

drinking water.  On day 8, the Cy7-labeled albumin-binding nanobody was injected retro-orbitally 

into mice with established colitis, as well as healthy controls (Figure 4.2B).  Mice given DSS 

exhibited weight loss (Figure 4.2C) and had significantly shorter colons on day 9 (Figure 4.2D) as 

expected, indicating that these mice developed colitis.  After measuring colon length, the colons 

were rinsed and thoroughly flushed with PBS, and the fluorescence was detected using an IVIS 

(Figure 4.2E). As quantified in Figure 4.2F, there was significantly more Cy7-labeled albumin-
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binding nanobody present in the colons of mice with colitis compared to healthy controls.  Notably, 

there are clear regions of intense fluorescence (i.e., “bright spots”) in the inflamed colon, 

corresponding to high accumulation in the distal colon, which correlates to where most severe 

colitis is induced in the DSS model.163  Thus, a second albumin-binder preferentially traffics to the 

inflamed colon in colitis.  

 

 

Figure 4.2: Accumulation of an albumin-binding nanobody in the colons of mice with colitis. 

(A) Reaction scheme for generating molecularly homogeneous albumin-binding nanobody 

conjugates (Alb1-Cy7) through site-selective enzymatic ligation of an amine-PEG3-azide 

followed by conjugation of Cy7 through copper-free click chemistry addition. (B) Timeline of 

DSS administration, nanobody injection, and euthanasia of mice. (C) Weight loss of mice enrolled 

in the study. (D) Lengths of colons from mice enrolled in the study. (E) IVIS images depicting 

Cy7 detection in thoroughly flushed colons. (F) Quantification of the average radiant efficiency of 

colons depicted in (E). Data is represented as mean ± SEM, **P≤0.01, ***P≤0.001, ****P≤0.0001 

by one-way ANOVA, n=4-5. 



 91 

Albumin-binding siRNA-lipid conjugate accumulation in the colons of mice with DSS-

induced colitis 

 Next, we investigated the accumulation of a Cy5-labeled albumin-binding divalent lipid-

conjugated siRNA, synthesized as previously described.160, 161 All siRNAs synthesized were 

stabilized using a “zipper” pattern of alternating 2’F and 2’OMe modifications and terminal 

phosphorothioate linkages to confer endonuclease and exonuclease resistance (Figure 4.3A).160, 164 

The zipper siRNAs were end-modified with bivalent C18 lipids intended to promote binding of 

the siRNA to albumin (Figure 4.3B).  For this study, a siRNA sequence against luciferase was 

modified as described above and labeled with Cy5 (Luc-L2-Cy5).   

Mice were given 3% DSS in their drinking water for 7 days, followed by 2 days of regular 

drinking water.  On day 8, the Cy5-labeled siRNA conjugate was injected retro-orbitally into mice 

with established colitis, as well as healthy controls (Figure 4.3C).  Mice given DSS exhibited 

weight loss (Figure 4.3CD) and had significantly shorter colons on day 9 (Figure 4.3E) as expected, 

indicating that these mice developed colitis.  After measuring colon length, the colons were rinsed 

and thoroughly flushed with PBS, and the fluorescence was detected using an IVIS (Figure 4.2F). 

As demonstrated in Figure 4.2G, there was significantly more Cy7-labeled albumin-binding 

nanobody present in the colons of mice with colitis compared to healthy controls.  Thus, as with 

the previous two albumin-binders, the siRNA preferentially accumulated in the colons of mice 

with established colitis compared with the colons of healthy control mice.   
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Figure 4.3: Accumulation of an albumin-binding siRNA-lipid conjugate in the colons of mice 

with DSS-induced colitis. (A) Schematic structural representations of the siRNA and lipid 

components and linker EG repeats. (B) Structure of the siRNA-lipid conjugates. Panels A and B 

adapted from Hoogenboezem et al.160 (C) Timeline of DSS administration, siRNA injection, and 

euthanasia of mice. (D) Weight loss of mice enrolled in the study. (E) Lengths of colons from mice 

enrolled in the study. (F) IVIS images depicting Cy7 detection in thoroughly flushed colons. (G) 

Quantification of the average radiant efficiency of colons depicted in (E). Data is represented as 

mean ± SEM, ***P≤0.001, ****P≤0.0001 by one-way ANOVA, n=4-5. 

 

This experiment was then repeated, but instead of IVIS imaging the rinsed colons, they 

were instead cut open, Swiss-rolled, and snap frozen in OCT solution.  Then the tissue samples 

were stained for DAPI to visualize siRNA localization (Figure 4.4). The siRNA appeared to 

localize primarily in the lamina propria, a highly vascularized layer of connective tissue that is 

relatively rich in immune cells compared to the rest of the colonic mucosa. 
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Figure 4.4: L2-Luc-Cy5 accumulation in the lamina propria of mice with DSS-induced 

colitis. Cy5-labeled siRNA (green) accumulates in the lamina propria, not the epithelium. Red 

indicates a nuclear stain. Tissue was Swiss-rolled and flash-frozen in OCT medium. 

 

Screening siRNA against Mb21d1 and Tmem173 

 Sets of 4 ON-TARGETplus siRNAs against Mb21d1 (the gene encoding cGAS) and 

Tmem173 (the gene encoding STING) were purchased from Dharmacon.  All siRNA sequences 

tested can be found in Supplementary Table C.S1.  siRNAs were complexed with Lipofectamine 

RNAiMAX,, and MC38 cells were treated with 5nM or 25nM of these complexes for 24h (Figure 

4.5A and B). Sequences 2-4 against Mb21d1 performed similarly well (with sequence 2 slightly 

leading), whereas sequence 4 against Tmem173 clearly provided the strongest knockdown. 

The lead sequences against each gene (sequences 2-4 for Mb21d1 and sequence 4 for 

Tmem173) were then screened in RAW264.7 cells.  As with the screen in MC38 cells, RAW264.7 

were treated with 25 nM siRNA complexed to Lipofectamine RNAiMAX.  After 24 h, cells were 

lysed, RNA was extracted, and RT-qPCR was performed on the resultant cDNA to determine gene 
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knockdown.  As before, sequence 2 slightly out-performed sequences 3 and 4 in knockdown of 

Mb21d1, and ~50% knockdown was achieved (Figure 4.5C).  Tmem173 sequence 4 performed 

even better, achieving ~60% gene silencing after a 24 h incubation (Figure 4.5D). 

 

 
Figure 4.5: Screening siRNA against Mb21d1 and Tmem173. (A) Mb21d1 and (B) Tmem173 

knockdown in MC38 cells treated with siRNA complexed to Lipofectamine RNAiMAX. (C) 

Mb21d1 and (D) Tmem173 knockdown in RAW264.7 cells treated with 25nM lead siRNAs 

complexed to Lipofectamine RNAiMAX.  (E) M21d1 and (F) Tmem173 knockdown in MC38 

cells treated with 1µM albumin-binding siRNA-lipid conjugates for 48h. Data is represented as 

mean ± SEM, *P≤0.05, **P≤0.01,  ***P≤0.001, ****P≤0.0001 by one-way ANOVA, n=3-4. 
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 Next, we synthesized our lead sequences with the stabilizing “zipper” pattern and 

conjugated these siRNAs to albumin-binding lipid tails, as depicted in Figure 4.3B.  These “carrier-

free” siRNA-lipid conjugates were then tested in MC38 cells.  Briefly, cells were treated with 1 

µM siRNA in Opti-MEM for 48 hours; fresh media was added after 24 h of treatment.  Then, cells 

were lysed, RNA was isolated, and RT-qPCR was performed to assess changes in the expression 

of Mb21d1 and Tmem173.  Treatment with the Mb21d1-EG18 conjugate resulted in >70% 

knockdown of the target gene, and Tmem173-EG18 did not affect Mb21d1 expression. (Figure 

4.5E).  Conversely, treatment with the Tmem173-EG18 conjugate resulted in nearly 60% 

knockdown of the target gene, while Mb21d1-EG18 did not affect Tmem173 expression. (Figure 

4.5F).  Hence, these lead siRNA sequences effectively knocked down their corresponding genes 

in both MC38 and RAW264.7 cells, and modifying the siRNAs with the stabilizing zipper pattern 

and lipid tail did not negate their ability to silencing their respective gene targets in vitro. 

 

Evaluation of lead siRNA conjugates in DSS-induced colitis 

Having identified promising siRNAs against Mb21d1 and Tmem173 that offered good 

silencing in vitro, we next decided to test these conjugates in vivo.  Mice were given 3% DSS in 

their drinking water for 7 days, and then they were allowed 3 recovery days of regular water.  15 

mg/kg of the siRNA conjugates were injected retro-orbitally in 100uL on days 4 and 7.  Then, on 

day 10, the mice were euthanized, and their colons were collected for processing (Figure 4.5A). 
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Figure 4.6: Evaluation of lead siRNA conjugates in DSS-induced colitis. (A) Timeline of DSS 

administration and treatment with siRNA conjugates or PBS. (B) Weight change in mice; the 

dotted line on day 7 indicates when mice were switched from 3% DSS to regular drinking water. 

(C) Lengths of colons collected on day 10.  Gene expression of (D) Mb21d1, (E) Tmem173, (F) 

Nos2, and (G) Tnf in the distal colons of mice after euthanasia on day 10.  (H) Example western 
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blots of cGAS and actin. (I) Quantification of cGAS normalized to actin. (J) Example western 

blots of STING and actin. (K) Quantification of STING normalized to actin. Data is represented 

as mean ± SEM, *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001 by one-way ANOVA, n=10. 

 

All mice that were given DSS in their drinking water lost weight throughout the study 

(Figure 4.6B).  Additionally, all groups that received DSS had significantly shorter colons than the 

healthy control group (Figure 4.6C).  RNA was isolated from tissue samples collected from the 

distal colons after measuring colon lengths, and RT-qPCR was performed to determine gene 

expression in the inflamed distal colon. By day 10, neither Mb21d1-EG18 or Tmem173-EG18 

decreased the expression of Mb21d1 (Figure 4.6D), Tmem173 (Figure 4.6E), Nos2 (Figure 4.6F), 

or Tnf (Figure 4.6G) compared to colitis mice that received PBS.  This indicates that there was not 

good gene silencing in the colons of siRNA-treated mice, nor was there a decrease in inflammatory 

signaling.  This could be due to several factors, including evaluation in a model that represented 

an overly aggressive form of disease, rapid cell turnover or infiltration that diluted gene silencing 

effects, too late or infrequent dosing, or gene rebounding. Additionally, protein was isolated from 

tissue samples collected from the same distal colons, and western blots were performed to 

determine protein expression in the inflamed distal colon. Treatment with cGAS siRNA resulted 

in ~35% knockdown of cGAS compared to DSS alone (Figure 4.6H and 4.6I), indicating that we 

were able to successfully achieve some silencing at the protein level even if gene transcription had 

“rebounded” to match DSS treatment.  However, treatment with STING siRNA did not 

significantly reduce the level of STING protein in the distal colon (Figure 4.6J and 4.6K). 

 

Evaluation of Ppib knockdown with frequent siRNA conjugate dosing 

 We suspected that the lack of gene knockdown after treatment with the siRNA conjugates 

in the previous study was due to too late and infrequent dosing.  To address this possibility, we 
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next investigated the accumulation of these conjugates in the colon at early timepoints (Figure 

4.7).  Mice were administered 3% DSS in their drinking water for 1-5 days, and after designated 

times on DSS, the mice were injected with 2 mg/kg Luc-L2-Cy5.  After 24 hours, the colons and 

clearance organs were collected, and the Cy5 signal was detected via IVIS imaging.  There was 

significantly more siRNA-lipid conjugate detected in the colons of mice that had been 

administered DSS for 3 or more days compared to the healthy controls that received the same dose 

of conjugate (Figure 4.7B). 

 

 
Figure 4.7: Accumulation of siRNA conjugates in colons after 0-5 days of DSS 

administration. (A) IVIS images of the colons of mice that were injected with 2 mg/kg Luc-L2-

Cy5 after 0-5 days of ad libitum access to 3% DSS in their drinking water. (B) Quantification of 

average radient efficiency of colons pictured in A. Data is represented as mean ± SEM, *P≤0.05, 

****P≤0.0001 by t-test compared to Healthy + EG18-Cy5, n=3-4. 

 

Based on this conclusion, we then altered the dosing strategy used in the previous study.  

Once again, mice were given 3% DSS in their drinking water for 7 days, ad libitum.  However, 

instead of two 15 mg/kg doses on day 4 and day 7, we instead administered 4 daily R.O. injections 

starting on day 3.  Then, on day 7, mice were euthanized, and their colons were collected for further 

analysis (Figure 4.8A). 
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Figure 4.8: Evaluation of Ppib siRNA conjugate in colitis. (A) Timeline of DSS administration 

and treatment with siRNA conjugates or PBS. (B) Weight change in mice; arrows indicate R.O. 

administration of indicated treatments. (C) Lengths of colons collected on day 7. (D) Gene 

expression of Ppib in the distal colons of mice after euthanasia on day 7.  Data is represented as 

mean ± SEM, **P≤0.01, ***P≤0.001, by one-way ANOVA, n=8. 

 

 Surprisingly, the mice that received Ppib-EG18 experienced greater weight loss than mice 

that received either a non-coding control conjugate or an equivalent volume of PBS (Figure 4.8B).  

This indicates that Ppib, which was selected as an irrelevant “housekeeping” gene may in fact play 

a greater role in colitis pathology.  However, there was no significant differences in the colon 

lengths among the treatment groups (Figure 4.8C).  Even more surprisingly, the mice that received 

Ppib-EG18 had greater expression of Ppib than the other treatment groups (Figure 4.8D). 

4.4 Conclusion 

Albumin hitchhiking is a promising, yet hitherto unexplored tool that can be exploited for 

drug delivery in colitis. In this chapter, we explored the potential to use albumin hitchhiking as a 

viable method of drug delivery in DSS-induced colitis. We demonstrated that three different 

albumin-binders accumulate in the inflamed colon in the context of colitis: the albumin-binding 

dye Evans Blue, a Cy7-labeled albumin-binding nanobody, and a Cy5-labelled albumin-binding 

lipid-conjugated siRNA. While we were unable to achieve gene knockdown in these initial studies, 
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they provide a proof-of-concept for the use of albumin hitchhiking as a viable drug delivery 

technique for the treatment of colitis.  

4.5 Materials and Methods 

Animal ethics statement 

Studies using mice were conducted under an Animal Care Protocol approved by the Vanderbilt 

University Institutional Animal Care and Use Committee (VU IACUC). Health assessments of 

animals were completed using standard operating procedures approved by the VU IACUC.  

 

DSS model of colitis 

Mice were allowed to acclimate for 7 days upon arrival before being manipulated.  Then, female 

8-week-old C57BL/6 mice were given 3% DSS (MP Biomedical) in their drinking water ad libitum 

for 7 days, followed by 0-2 recovery days of regular water.  Healthy controls received regular 

water for the duration of the study. Mice treated according to the timeline indicated in each study, 

and they were weighed daily and observed for development of the clinical symptoms of colitis.  

Mice were sacrificed on day 7 or 9, and their colons were collected for measurement.  Then, colons 

were thoroughly washed and imaged via IVIS. 

 

Evans blue accumulation in colons 

Mice were given 3% DSS in their drinking water for 7 days, followed by 0-2 days of regular 

drinking water.  7,0 + EB, 7,1 + EB, and 7,2 + EB indicate mice that were given 0, 1, and 2 

recovery days of regular drinking water respectively (Supplemental Figure C.S1).  Then, mice 

were intravenously injected with 2% Evans blue in PBS. After 30 minutes, the mice were 

euthanized, and their colons were collected for measurement.  The colons were thoroughly rinsed 
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and cleared of all feces. Then, the colons were soaked in DMF for 24h to extract the Evans Blue 

from the colons.  Then, the absorbance of each sample at 620nm was quantified using a plate 

reader; these values were fit to a standard curve to determine the amount of Evans blue extracted 

from each colon. 

 

Cloning of proteins 

Gene cassette was purchased from IDT in the form of a gene block, with cloning restriction sites 

placed on both flanking regions (BsaI – GGTCTC). In the case of a fusion protein, a genetic 

sequence was placed between the two domains (XTEN – SGSETPGTSESA). For sortase mediated 

bioconjugation of nanobodies, a C-terminal sequence was incorporated 

(LPETGGHHHHHHEPEA). The gene fragment was digested with BsaI-HF v2 in a golden gate 

master mix (New England Biolabs) and ligated into a pET28-b(+) plasmid. We transformed the 

construct into chemically competent DH5 α (New England Biolabs) E. coli and plated on LB agar 

with Kanamycin. We transformed the sequence-verified pET28b plasmid into T7 Shuffle Express 

(New England Biolabs) E. coli as the expression strain. Glycerol stocks were maintained at −80 

°C of every successfully transformed bacterial strain. 

 

Engineered Sortase A (eSrtA) Sequence (No Start Codon): eSrtA – HisTag 

QAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATREQLNRGVSFAEENESLDDQNISIAGH

TFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTAVEVLDEQKGKDK

QLTLITCDDYNEETGVWETRKIFVATEVKLEHHHHHH 

Formula: C785H1234N220O242S3 

Molecular Weight: 17721.94 Da 
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A280 = 14440 M-1 cm-1 

 

Anti-Albumin (nAlb) Sequence (No Start Codon): nAlb – Ligation Tag  

EVQLVESGGGLVQPGGSLRLSCAASGFTFRSFGMSWVRQAPGKEPEWVSSISGSGSDTL

YADSVKGRFTISRDNAKTTLYLQMNSLKPEDTAVYYCTIGGSLSRSSQGTQVTVSSLPET

GGHH HHHHEPEA 

Formula: C606H939N175O198S4 

Molecular Weight: 13972.42 Da 

A280 = 17085 M-1 cm-1 

 

 

 

Expression and purification of proteins 

5 μL of Kanamycin (stocked at 50 mg/mL) was added to a culture tube containing 5 mL 2xYT 

media and inoculated with a stab of protein (cloned into a NEB T7 Shuffle Express cell line). The 

culture was incubated at 30 °C, with shaking at 250 RPM, for 16 hours. Each culture was 

transferred to a 2 L baffled flask containing 500 mL of autoclaved 2xYT media and 500 μL of 

Kanamycin (25 mg) and shaken at 30 °C in an Innova 42R (New Brunswick Scientific) incubator 

for 4.5–5 hours (until the OD600 reached ~ 0.8). The cultures were then cooled to ~ 16°C and 

induced with IPTG (2.5 mM final concentration). The induced cultures were shaken overnight 

(20–24 hours) at 16 °C. The bacteria were harvested the next day by centrifugation (3900 rpm for 

10 min) and the pellet was reconstituted in 1x PBS with Dnase I and a tablet of protease inhibitor 
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cocktail (EDTA free). The cells were lysed by sonication on an ice bath in 5 second increments 

over 10 minutes. The resulting bacterial lysate was centrifuged (11000 rpm for 20 min) to remove 

cellular debris. The supernatant was added to a 50 mL Kontes Flex column (Kimbal Kontes 

Glassware) containing 3 mL of Nickel-NTA histidine binding resin that was preequilibrated with 

1x PBS buffer. This column was placed on a rotating shaker at room temperature for 1–2 hrs. After 

this period, the supernatant was drained from the column using gravity and the column washed 

with 1x PBS buffer twice. Weakly bound proteins were first washed off the resin using a low 

concentration elution buffer (2× 10 mL, 10 mM imidazole, 1x PBS pH 7.4 @ 25 °C). The bound 

protein was then eluted from the resin using elution buffer (15 mL, 150 mM imidazole, 1x PBS 

pH 7.4 @ 25 °C). The eluate was then concentrated to 0.5 mL in a 15 mL Microcon 10 kDa 

Centrifugal Filter Unit (Millipore) and subsequently purified by size exclusion chromatography 

(SEC) via an Akta FPLC (Cytiva), on a Hi-Load 16/60 Superdex 200 column using 1x PBS, pH 

7.4 as the running buffer at 4 °C. Pure fractions were determined by SDS-PAGE, pooled together 

with buffer exchange to 1x PBS, and stocked at either − 20 °C or 4 °C. 

 

Enzymatic bioconjugation and click chemistry reactions 

Bioconjugation reactions occurred in mild conditions (20 mM HEPES at pH 7.4, 150 mM NaCl, 

and 10 mM CaCl2) between eSrtA (100 μM) and a nanobody containing a C-terminal ligation tag 

(75 μM) using a primary amine containing functional group (20 mM). Reactions occurred with 

mixing by a rotary shaker overnight (16 h) and were quenched by the addition of a 1:1 volume of 

a chelating agent EDTA containing solution (20 mM HEPES at pH 7.4, 300 mM NaCl, and 10 

mM EDTA) under rotation for one hour. After the reaction was stopped, the solution was 

concentrated and buffer exchanged to 1x PBS (without NaCl or MgCl2) three times by centrifugal 
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dialysis. The protein solution was then immobilized to Nickel-NTA histidine binding resin at least 

2 hours, and unbound protein was collected by washing the resin with 1x PBS. For nanobodies 

that contain a histidine in the native sequence, proteins were eluted in mild conditions (10 mM 

Imidazole in 1x PBS). Collected protein was concentrated and buffer exchanged to 1x PBS by 

centrifugal dialysis and verified by ESI-MS and SDS-PAGE. Click chemistry reactions proceeded 

by the addition of 5 eq. (molar) of the complementary handle (e.g. if an azide was placed on the 

nanobody, the click chemistry reaction would proceed with the addition of 5 eq. of DBCO-

containing moiety). For Cy5 conjugations, sulfo-Cy5 was used from Sigma Aldrich, and Cy5 was 

also used from Broadpharm. After 48 hours of reaction between the protein-azide and the DBCO-

moiety under rotation at room temperature, the mixture was purified by centrifugal dialysis four 

times with 1x PBS, and verified for purity by UV-VIS, ESI-MS, and SDS-PAGE. 

 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples were diluted in 1x PBS to 10 μM before analysis. 10 μL of the protein sample was 

mixed with 10 μL of reducing Laemmli buffer. Samples were boiled at 95 °C for 5 minutes, and 

15 μL of each sample was loaded into a 15-well, 4–15% Tris-glycine precast polyacrylamide gel 

(Biorad) and ran at a constant 150 V with 343 mA for 30 minutes. The gel was then either first 

imaged for fluorescence on a UV-transilluminator or directly stained using Coomassie-B-250. 

 

Electrospray ionization liquid chromatography mass spectrometry (ESI-MS). 

Proteins were buffer exchanged into ammonium acetate (pH 5.5) and concentrated to 

approximately 100 μM. ESI-MS data were collected using an Agilent 6210A time-of-flight (TOF) 

mass spectrometer at a range of 50 − 20,000 m/z over a period of two minutes. Data were analyzed 
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with Agilent MassHunter IM-MS Acquisition Data software to reveal m/z data, where files were 

condensed across the two-minute run. These m/z data were deconvoluted using a maximum 

entropy deconvolution calculation using UniDec to give the deconvoluted mass spectra using 

background subtraction between a range of 1,000–5,000 m/z and with an export range of 5,000–

50,000 Da. 

 

siRNA conjugate synthesis, purification, and validation 

siRNA conjugates were sythesized as described previously.160  Oligonucleotides were synthesized 

using 2’-F and 2’-O-Me phosphoramidites with standard protecting groups on a MerMade 12 

Oligonucleotide Synthesizer from Bioautomation (Irving, TX). Amidites were dissolved at 0.1 M 

in anhydrous acetonitrile, and 2’OMe U-CE phosphoramidite used 20% anhydrous 

dimethylformamide as a cosolvent. Stearyl phosphoramidite was dissolved in 3:1 (v:v) 

dichloromethane:acetonitrile. Coupling was performed under standard conditions, and strands 

were grown on controlled pore glass with a universal terminus (1 µmol scale, 1000 Å pore). 

Strands were cleaved and deprotected using 1:1 methylamine:40% ammonium hydroxide 

(25 °C, 2 h). Lipophilic RNAs were purified by reversed-phase high performance liquid 

chromatography (HPLC) using a Clarity Oligo-RP column from Phenomenex (Torrance, CA) 

under a linear gradient [85% mobile phase A (50 mM triethylammonium acetate in water) to 100% 

mobile phase B (methanol) or 95% mobile phase A to 100% mobile phase B (acetonitrile)]. 

Oligonucleotide fractions were dried (Savant SpeedVac SPD 120 Vacuum Concentrator, Thermo 

Fisher), resuspended in nuclease free water, sterile filtered, and lyophilized. 

Amine-terminated oligonucleotides were speed vacuumed to dryness and desalted to 

remove MMT groups.  Oligonucleotides were then lyophilized followed by reconstitution in 0.1 
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sodium tetraborate (pH 8.5) to a concentration of 500 µM. PFP-modified lipid was dissolved into 

a mixture of acetonitrile, DMSO, and triethylamine (70:29:1 by volume) at a concentration of 7 

µM. Aqueous oligonucleotide was added dropwise to the organic solution for a 1:40 molar ratio 

of oligonucleotide-amine:amine-reactive lipid (approximately 25% 0.1M sodium tetraborate, 75% 

organic mixture). The solution was stirred overnight and desalted.  Conjugate molecular weight 

and purity was confirmed using liquid chromatography-mass spectrometry (LC-MS, Thermo 

Fisher LTQ Orbitrap XL Linear Ion Trap Mass Spectrometer). Chromatography was performed 

using a Waters XBridge Oligonucleotide BEH C18 Column under a linear gradient [85% phase A 

(16.3 mM triethylamine–400 mM hexafluoroisopropanol) to 100% phase B (methanol)] at 45 °C. 

Purified oligonucleotide was resuspended in 0.9% sterile NaCl and annealed to its complementary 

strand by heating to 95 °C and cooling at a rate of 1.66 °C/min until 25 °C. Cyanine-5 fluorophore 

was incorporated on the opposite end of the duplex (5’ antisense) as the lipophilic moiety (5’ sense) 

in order to avoid contributing to lipid-driven micellization.  

 

siRNA screen and validation in cell lines 

 

MC38 or RAW264.7 cells were seeded in 24-well plates at a density of 250,000 cells/well.  After 

24 h, cells were treated with siRNA (25 nM and/or 5 nM) using Lipofectamine RNAiMAX 

(Thermo Fisher) in OptiMEM according to the manufacturer’s protocol or treated carrier-free as 

a lipid conjugate (1 µM), adding complete media 24 h post-transfection. At 48 h post-

transfection, cells were lysed with RLT lysis buffer, and RNA was isolated using a RNeasy kit 

from Qiagen. cDNA was synthesized from the RNA using a cDNA synthesis kit (Biorad), and 

gene expression was quantified by RT-qPCR using Taqman assays with Hmbs as a housekeeping 

gene. 
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Gene expression in colons 

Mice were euthanized and colons were harvested and washed in PBS. Small pieces (< 30 mg) were 

taken from the distal colon and placed in 350-600 µl RLT lysis buffer (Qiagen), and the tissue was 

homogenized using a bead mill tissue homogenizer (TissueLyser II; Qiagen). Total RNA was 

isolated from the lysate using a RNeasy Mini kit (Qiagen, Germantown, MD), and 1 μg was reverse 

transcribed using an iScript cDNA synthesis kit (Bio-Rad).  qPCR was performed using a TaqMan 

Mastermix kit (Thermo Fisher Scientific) as per manufacturer’s instructions. Primers used 

included: mouse Hmbs (Mm01143545_m1), mouse Cxcl10 (Mm00445235_m1), mouse Ifnb1 

(Mm00439552_s1), and mouse Tmem173 (Mm01158117_m1). 
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CHAPTER 5 

Future Directions 

5.1 PLGA SPINs in vivo 

In Chapter 2, we described one of the first nanoparticle platforms for the delivery of small 

molecule STING pathway inhibitors. This technology may be particularly useful in situations in 

which cGAS/STING inhibition in a specific tissue is desired, and future work should be conducted 

to assess the therapeutic potential of PLGA SPINs in appropriate STING-driven inflammatory 

disease models.  For example, these SPINs may show promise as an i.v. therapy in cases of acute 

organ injury, such as in cases of acetaminophen-induced liver injury or sepsis-induced liver and 

kidney injury.  In the case of acute or ischemic lung injury or AGS-induced lung injury, SPINs 

may be assessed as an intranasal therapy.  SPINs may also have utility in neuroinflammatory 

conditions when delivered intrathecally, or in colitis when modified for oral or rectal delivery 

routes.  With this system, we lay the groundwork for next-generating SPINs, which can be further 

designed with changes to size, geometry, targeting elements, etc. depending on the specific route 

of administration and desired release kinetics for assessment in a wide variety of STING-driven 

inflammatory conditions. 

5.2 Delivery of STING Inhibitors in Colitis 

The data presented in Chapter 3 suggest that PPS SPINs can inhibit intestinal inflammation 

but not at a level that is sufficient to reduce disease severity as measured by weight loss and colon 

length. This motivates the further optimization of SPINs, and we have devised three interrelated 

strategies for improving SPIN potency and efficacy. First, we have started to use a novel variant 

of PPS that is designed to allow for ultra-high drug loading (PPS-UH, Figure 5.1A) via its ability 



 109 

to pi-pi stack and hydrogen bond with drug cargo. PPS-UH is made up of two monomers: a sulfide 

and benzyl-containing monomer that can pi-pi stack, as well as a sulfide and hydroxyl-containing 

monomer that can hydrogen bond.  Depending on the drug cargo, we can then control the amount 

of each monomer used in PPS-UH to optimize drug loading and release for different small 

molecules, where #-B indicates the percent of the polymer that is made up of the benzylated pi-pi 

stacking monomer by mass.  So, for example, 40-B is made up of 40% of the benzylated monomer 

and 60% of the hydroxylated monomer by mass, whereas 100-B is a homopolymer of the pi-pi 

stacking benzyl-containing monomer. Additionally, since PPS-UH is alkyne-terminated, we can 

attach hydrophilic azide-terminated hydrophilic polymers (such as dimethyl acrylamide, DMA) 

via click chemistry to make micelle-forming triblock copolymers.  To assess the ability of PPS-

UH to load RU.521, we screened a library of DMA3k-b-PPS-UH3.5k-b-DMA3k triblock copolymers 

and found that using PPS-UH made up of at least 80% of the benzyl-containing monomer resulted 

in nanoparticles that contained > 40 wt% RU.521 using a thin film rehydration method (Table 5.1).  

 

 

Figure 5.1: Next-generation SPIN formulation using PPS-UH. (A) Structure of PPS-UH; the 

ratio of pi-pi stacking and hydrogen bonding monomers can be optimized depending on drug 

cargo. (B) Schematic depicting how flash nanoprecipitation (FNP) can be used to fabricate SPINs 

with higher drug loading and optimized surface chemistries. Created with BioRender.com. 
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Table 5.1: RU.521 loading in DMA-b-PPS-UH-b-DMA nanoparticles 

PPS-UH 

Variant 

RU.521 

Loading (%) 

RU.521 Encapsulation 

Efficiency (%) 

Particle 

Size (nm) 

40-B 29.11 41.07 n.d. 

50-B 17.82 21.68 69.37 

60-B 16.44 19.67 52.23 

70-B 38.82 63.46 n.d. 

80-B 42.83 74.91 68.33 

90-B 41.40 70.65 98.21 

100-B 43.46 76.87 62.98 

 

Second, since a wide variety of azide-terminated polymers can easily be clicked onto the 

PPS-UH hydrophobic block, we have the capacity to surface engineer next-generation SPINs.  By 

synthesizing azide-terminated polymers with functional groups that we hypothesize will enhance 

cellular uptake by target cell populations (e.g., mannose for macrophage-targeting) and/or allow 

for improved mucoadhesion to improve retention within the inflamed colon, we can synthesize a 

large library of triblock co-polymers from which we can formulate more efficacious SPINs. For 

example, we synthesized a ~3kDa azide-terminated mannose-co-DMA copolymer, which we then 

clicked to 80-B PPS-UH; when formulated via thin-film hydration, this polymer formed 

nanoparticles with ~30% RU.521 loading by mass (corresponding to ~40% encapsulation 

efficiency).  

Third, we can use flash nanoprecipitation (FNP), an industrially scalable formulation 

process that allows for high drug loading and improved control over nanoparticle properties, to 

formulate even higher-loading next-generation SPINs (Figure 5.1B).  For example, in a pilot study 

using the mannose-functionalized 80B variant of PPS-UH mentioned previously, we found that 

FNP increased the encapsulation efficiency of RU.521 from ~40% to >60%.  Further, FNP allows 

us to fabricate SPINs without the need to chemically link the hydrophobic PPS-UH block to the 
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hydrophilic/functionalized block at the surface of the formed particle. Instead, core-forming PPS-

UH and RU.521 can be co-dissolved in an appropriate water-miscible solvent (e.g. THF or DMF) 

over a range of weight ratios and impinged against an aqueous stream containing a functionalized 

stabilizing polymer, such as lipid-functionalized PEG, mannose, chitosan, or HPMC-AS using a 

confined impingement jet (CIJ) mixer. 

Upon formulating these next-generation SPINs as described above, we will characterize 

their size, drug loading, and release kinetics in PBS and varying concentrations of H2O2.  

Additionally, will can investigate the capacity to inhibit STING signaling in cell lines and primary 

cells in vitro.  From there, we can assess the biodistribution and uptake of our lead carriers upon 

oral or rectal administration in mice with DSS-induced colitis, demonstrating whether the surface 

functionalization of our SPINs achieved the desire effect (e.g. increased macrophage uptake or 

mucoadhesion).  From there, we can investigate the therapeutic efficacy of our lead carriers in 

colitis. 

5.3 Albumin Hitchhiking in Colitis 

The data presented in chapter 4 demonstrates that albumin hitchhiking is indeed a promising 

strategy to achieve delivery of cargo to the inflamed colon; however, we have not yet achieved 

therapeutic efficacy in a colitis model using any of the three albumin hitchhikers investigated. 

While we demonstrated that the albumin-hitchhiking nanobody accumulates in the colon of 

mice with colitis to a greater extent than the colons of healthy mice, we have not explored its use 

as a drug carrier in colitis.  If we wish to deliver a STING pathway inhibitor, we could consider 

using STING-IN-6,56 a STING inhibitor recently patented by GlaxoSmithKline, which is very 

similar in structure to the diABZI STING agonist that was recently attached to the nanobody.159  

Alternatively, we could consider attaching drug cargo that is more established as a therapeutic for 
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colitis.  For example, we could consider using the nanobody to deliver a corticosteroid such as 

prednisone or dexamethasone.  These steroids are very effective at decreasing inflation in the colon 

during a UC flair, but they often lead to undesirable systemic side effects. To ensure the steroid 

cargo is released only at sites of inflammation, it could be linked to the nanobody via a ROS-

responsive (e.g. thioketal) linker. 

In chapter 4, we attempted to knock down cGAS and STING in the colon to elicit a therapeutic 

effect; however, neither siRNA improved disease outcomes.  Instead of targeting cGAS or STING 

via Mb21d1 or Tmem173 respectively, we could instead choose a more established target such as 

Tnf, which has been shown to have therapeutic efficacy in DSS-induced colitis in at least a dozen 

journal articles that have been published in the last 14 years.94, 97, 165-175 Tnf encodes tumor necrosis 

factor alpha (TNF-α), which plays a pivotal role in mediating the inflammatory response in 

inflammatory bowel disease. 

It has previously been shown that STING accumulates in the inflamed colon, but the 

transcription of STING (Tmem173) does not increase.38  Thus, a PROTAC might be an appropriate 

alternative to siRNA for STING knockdown, since its accumulation appears to be due to post-

transcriptionally stabilization, rather than transcriptional/translational upregulation. There have 

been many promising STING-degrading PROTACs published within the last ~2 years,134-136 which 

may hold therapeutic promise in our DSS-induced colitis model, whether in isolation or 

combination with our ROS-quenching PPS NPs. A logical next step is to screen these PROTACs 

for in vitro and in vivo efficacy. 
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CHAPTER 6 

Conclusion 

6.1 Chapter Summaries 

The overall aim of this work was to investigate strategies to inhibit the cGAS/STING 

pathway for the treatment of inflammatory diseases, including colitis. The cGAS/STING pathway 

is of paramount importance in healthy immune function due to its role in antiviral and antitumoral 

immunity.  However, chronic or aberrant overactivation of cGAS/STING can cause tissue damage 

and cell death, leading to serious autoimmune disorders and inflammatory diseases.  Thus, STING 

pathway inhibition in the inflamed tissue may be a viable therapeutic strategy. This work explores 

the use of nanoparticle carries and albumin hitchhiking to block cGAS/STING signaling to elicit 

a therapeutic effect in a murine model of colitis. 

In Chapter 2, we formulated RU.521 and H-151-loaded PLGA nanoparticles, termed 

SPINs, and we demonstrated the capacity of PLGA-based SPINs to inhibit cGAS/STING signaling 

in mouse and human macrophages and monocytes, thus reducing inflammation and inhibiting their 

polarization towards an M1-like phenotype.   All nanoparticle formulations were as potent or more 

potent in inhibiting cGAS/STING signaling compared to dose-matched free drug in both human 

and murine macrophages, and treating BMDMs with SPINs decreased M1-like cell surface 

markers after stimulation with a cGAS agonist.  These SPINS are one of the first nanoparticle 

formulations of STING pathway inhibitors, which hold great promise in a wide variety of STING-

driven inflammatory conditions. This work offers a modular platform for enhancing and sustaining 

inhibition of cGAS/STING signaling in inflammatory cell populations and establishes a proof-of-

concept for the development of other STING-inhibiting nanoparticles formulations, which can 

ultimately be tailored to specific diseases, cellular targets, and/or route of administration.   
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To build upon this work, in Chapter 3 we evaluated the same cGAS and STING inhibitors 

in a DSS-induced murine model of colitis, designed and tested ROS-quenching SPINs, and 

evaluated these PPS SPINs in a murine model of colitis.  We first investigated the shift in the 

immune population in the lamina propria of mice with DSS-induced colitis, observing an increase 

in the dendritic cells and neutrophil populations, as well as a shift towards highly proliferative pro-

inflammatory macrophages and monocytes.  Additionally, we found that daily systemic 

administration of either inhibitor did not affect weight loss compared to corn oil-treated colitis 

controls, but inhibitor treatment did decrease colon shortening, indicating a decrease in colon 

inflammation and fibrosis in inhibitor-treated mice. Thus, we decided to formulate these inhibitors 

into a nanoparticle formulation for delivery to the inflamed colon while avoiding systemic effects.  

We first synthesized PPS, and we used this ROS-responsive polymer to make PVA-stabilized 

nanoparticles via an oil-in-water emulsion method.  These particles decreased in size over time 

when incubated with H2O2, indicating that the particles eroded away as the sulfide groups in the 

polymer were oxidized to hydrophilic sulfones.  Additionally, these ROS-quenching NPs enhanced 

the survival of RAW-Dual cells exposed to H2O2, indicating that they may have a protective effect 

in oxidative environments.  Next, we loaded RU.521 and H-151 into PPS nanoparticles to make 

SPINs that inhibited cGAS/STING signaling in mouse and human macrophages and monocytes.   

Additionally, formulating these SPINs with a benzylated excipient polymer resulted in increased 

drug loading and slightly extended drug release, while maintaining the inhibitory capacity of the 

SPINs in both human monocytes and murine macrophages.  Additionally, the SPINs decreased 

M1-like cell surface markers in BMDMs after stimulation with a cGAS agonist.  We then evaluated 

the SPINs in a DSS-induced colitis model.  When administered every-other-day either orally or 

rectally, we observed a trending (though not statistically significant) decrease in STING-driven 
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inflammatory signaling.  When we increased administration frequency to daily and included an 

empty PPS control, we again observed trending decrease in STING-driven inflammatory signaling. 

However, daily administration of an empty PPS NP decreased inflammatory signaling to greater 

extent, and significantly decreased Nos2 expression in the colon.  Taken together, this data 

indicates that cGAS/STING appears to be a promising therapeutic target, and ROS-responsive 

materials may be beneficial for therapeutic outcomes.  Our SPINs may benefit from further 

development to improve uptake in the colon, such as surface coatings to promote mucoadhesion 

and/or uptake by myeloid cells. 

In Chapter 4, we explored albumin hitchhiking as an alternative drug delivery mechanism 

for colitis, which has not previously been exploited for drug delivery in this disease context. We 

demonstrated that three different albumin-binders accumulate in the inflamed colon in the context 

of DSS-induced colitis: the albumin-binding dye Evans Blue, a Cy7-labeled albumin-binding 

nanobody, and a Cy5-labeled albumin-binding lipid-conjugated siRNA. While we were unable to 

achieve gene knockdown in these initial studies, they provide a proof-of-concept for the use of 

albumin hitchhiking as a viable drug delivery technique for the treatment of colitis; these delivery 

platforms may hold great therapeutic promise if used with alternative anti-inflammatory cargo. 

Overall, the work presented here introduces promising new strategies for STING pathway 

inhibition, which may be relevant for the treatment of many inflammatory diseases, including 

colitis.  Herein, we have developed modular hydrolytic and ROS-quenching platforms to deliver 

small molecule STING pathway inhibitors, tested them in a murine model of colitis, and 

importantly, we have presented albumin hitchhiking as a hitherto unexplored drug delivery 

strategy for colitis.   
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6.2 Limitations 

Our studies to date demonstrate that inhibition of cGAS and STING using RU.521 or H-

151 respectively can abrogate DSS-induced colitis, ROS-quenching SPINs can be engineered for 

delivery of small molecule cGAS and STING inhibitors, and these PPS SPINs attenuate 

inflammatory gene expression in the colon following oral or rectal administration. However, while 

RU.521 and H-151 are promising agents that have recently been used in multiple murine disease 

models, these agents may not ultimately reach the clinic.  That being said, an exciting feature of 

our platform is that it can be optimized for delivery of a rapidly expanding molecular arsenal of 

small molecule cGAS/STING inhibitors that are being developed in academia and industry. 

Additionally, our SPINs are somewhat limited in their utility due to the relatively low drug 

loading, even with the use of a benzylated excipient to increase drug loading.  Further, RU.521, 

which demonstrates more promise for use in colitis, releases relatively quickly from our SPINs 

regardless of formulation.  Thus, we run the risk of the bulk of the drug (> 50%) being released 

from the particles within the ~4h transit time to the colon after oral administration. To address this, 

higher-loading formulations could be developed, and responsive-release may be preferable; for 

example, we could incorporate pH-responsive Eudragit S or L coatings which are often utilized to 

achieve bowel-specific release, as is the case with medications like Asacol (mesalamine) and 

Uceris (budesonide). 

Another limitation of our studies in Chapters 3 and 4 lies with the use of the DSS-induced 

model of colitis.  While this model is widely used for its reproducibility and ease of induction, it 

is documented that results can be difficult to reproduce from institution-to-institution due to the 

microbiome differences in mice housed in different animal facilities.  Additionally, the DSS model 

of colitis is quite acute and driven by innate immune responses; as such it fails to capture much of 
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role of the adaptive immune system in colitis.  Alternative colitis models include the T cell transfer 

model of colitis, as well as various dysbiosis models of colitis. 

6.3 Concluding Remarks 

STING pathway inhibition holds great promise as a therapeutic strategy in many STING-

driven inflammatory conditions, including colitis.  Additionally, advances in drug delivery 

strategies, such as the utilization of “smart” materials or albumin hitchhiking, facilitate on-target 

pathway inhibition while avoiding the potential systemic side effects like an enhanced 

vulnerability to tumorigenesis and/or viral infections.  The work presented here describes two 

promising new nanoparticle platforms that can potently inhibit the cGAS/STING pathway in vitro, 

resulting in decreased inflammatory M1-like signaling in BMDMs.  Additionally, our PPS SPINs 

demonstrate trending decreases in inflammatory signaling in a murine model of colitis.  

Importantly, this work also paves the way for the use of albumin hitchhiking as a drug delivery 

strategy in colitis. Overall, I hope this work provides insights into how STING pathway inhibition 

can be achieved using rationally designed STING-pathway inhibiting nanoparticles or albumin 

hitchhikers, with the goal of STING inhibitors one day providing relief to patients struggling with 

colitis and other STING-driven inflammatory conditions. 
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APPENDIX A 

Supplementary Material for Chapter 2 

 

 

Supplemental Figure A.S1: Uptake of Nanoparticles in RAW-Dual and THP1-Dual cells. 

 (A) Example frequency of Cy7 signal in RAW-Dual cells treated with media (Vehicle) or 

Cyanine7-loaded PLGA NPs, followed by a 6-hour incubation of the treated cells at 4°C or 37°C.  

The median fluorescence intensity of the cells after incubation was quantified. (B) Example 

frequency of Cy7 signal in THP1-Dual cells treated with media (Vehicle) or Cyanine7-loaded 

PLGA NPs, followed by a 6-hour incubation of the treated cells at 4°C or 37°C.  The median 

fluorescence intensity of the cells after incubation was quantified.  Data is represented as mean ± 

SEM, n=5. ****P≤0.0001 by one-way ANOVA. 
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Supplemental Figure A.S2: Viability of cells treated with SPIN-R or free RU.521. (A) 

Viability in RAW-Dual cells, corresponding to data in Figure 1F.  (B) Viability in THP1-Dual 

cells, corresponding to data in Figure 1G. (C) Viability in RAW-Dual cells after pulse-chase 

treatment, corresponding to data in Figure 1I. (D) Viability in differentiated THP1-Dual cells after 

pulse-chase treatment, corresponding to data in Figure 1J. Data is represented as mean ± SEM, 

n=3. Dashed line corresponds to 70% viability threshold.  
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Supplemental Figure A.S3: Empty PLGA effect on HT-stimulated cell interferon production 

and viability. (A) Dose-response curves of IRF3 induced by co-treatment with empty PLGA NPs 

and 1µg/mL HT DNA in RAW-Dual, THP1-Dual, and differentiated THP1-Dual cells.   

(B) Viability of RAW-Dual, THP1-Dual, and differentiated THP1-Dual cells co-treated with 

empty PLGA NPs and 1µg/mL HT DNA. Data is represented as mean ± SEM, n=3.  Dashed line 

corresponds to 70% viability threshold.  
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Supplemental Figure A.S4: Viability of cells treated with SPIN-H or free H-151. (A) Viability 

in RAW-Dual cells, corresponding to data in Figure 2E.  (B) Viability in THP1-Dual cells, 

corresponding to data in Figure 2F. (C) Viability in RAW-Dual cells after pulse-chase treatment, 

corresponding to data in Figure 2H. (D) Viability in differentiated THP1-Dual cells after pulse-

chase treatment, corresponding to data in Figure 2I. Data is represented as mean ± SEM, n=3.  

Dashed line corresponds to 70% viability threshold.  
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Supplemental Figure A.S5: SPIN-H efficacy in BMDMs. A) IFN-β ELISA of supernatants from 

BMDMs co-treated with the designated SPIN-H or control and 1 μg/mL HT DNA after 6 hours 

(B) and 24 hours (n=3).  (C) Gene expression of Cxcl10, (D) Ifnb1, and (E) Tmem173 in BMDMs 

co-treated with the designated SPIN or control and HT DNA for 6 hours (n=3).  Data is represented 

as mean ± SEM. *P≤0.05, **P≤0.01, ***P≤0.001, ****P≤0.0001 by one-way ANOVA. 
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Supplemental Figure A.S6: P(HPMA-Bz) size and PDI, determined by GPC. 
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Supplemental Figure A.S7: Viability of cells treated with SPINs containing H(HPMA-Bz).  

(A) Viability of RAW-Dual cells treated with SPIN-R10%, corresponding to data in Figure 3E.   

(B) Viability of THP1-Dual cells treated with SPIN-R10%, corresponding to data in Figure 3F.  

(C) Viability of RAW-Dual cells treated with SPIN-H1-10% corresponding to data in Figure 3I.  

(D) Viability of THP1-Dual cells treated with SPIN-H1-10% corresponding to data in Figure 3J. 

Data is represented as mean ± SEM, n=3. Dashed line corresponds to 70% viability threshold.  
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APPENDIX B 

Supplementary Material for Chapter 3 

. 

 

Supplemental Figure B.S1: Gating strategy for Figure 3.2. Gating strategy of flow cytometry 

data collected on cells isolated from the lamina propria of mice.  
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Supplemental Table B.S1: Flow cytometry panel used in Figure 3.2. 

Marker Fluorochrome Dilution 

CD45 BV605 250 

CD69 FITC 100 

Ki67 AF 532 100 

CD11b BV750 200 

CD11c Alexa flour 700 100 

Ly6G PERCP 200 

Ly6C BV421 500 

I-A/I-E(MHC II) BV 711 250 

F4/80 APC 200 

Viability Eflour 780 20000 

CD80 BV650 100 
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Supplemental Figure B.S2: PPS size and PDI, determined by GPC. 
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Supplemental Figure B.S3: PPS nanoparticles in H2O2. (A) PPS NPs were incubated with 0M, 

0.5M, or 8M H2O2 in PPS for 3h or (B) 24h. In each panel, an image of the samples is left, and 

size distribution determined by dynamic light scattering is right. 
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Supplemental Figure B.S4: Viability of cells in Figure 3.6. Viability of (A) RAW-Dual and (B) 

THP1-Dual cells treated with SPINs or free inhibitor. Data is represented as mean ± SEM, n=3.  

Dashed line corresponds to 70% viability threshold.  

 

 

 

 

 

 
Supplemental Figure B.S5: Empty PPS NP effect on HT-stimulated cell interferon 

production and viability. (A) Dose-response curves of IRF3 induced by co-treatment with empty 

PPS NPs and 1µg/mL HT DNA in RAW-Dual and THP1-Dual cells.  (B) Viability of RAW-Dual 

and THP1-Dual cells co-treated with empty PPS NPs and 1µg/mL HT DNA. Data is represented 

as mean ± SEM, n=3.  Dashed line corresponds to 70% viability threshold.  
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Supplemental Figure B.S6: P(HPMA-Bz) size and PDI, determined by GPC. 
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Supplemental Figure B.S7: Viability of cells in Figure 3.7. Viability of (A) RAW-Dual and (B) 

THP1-Dual cells treated with PPS SPIN-R10% or SPIN-H10% or dose-matched free inhibitor. Data 

is represented as mean ± SEM, n=3.  Dashed line corresponds to 70% viability threshold. 

 

 

 

 

 

Supplemental Figure B.S8: Stability of SPIN-R10% in gastric fluid.  Size of SPIN-R10% before 

and after 4 hours of incubation in PBS or simulated gastric fluid at 37°C, measured by dynamic 

light scattering. 
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APPENDIX C 

Supplementary Material for Chapter 4 

 

 
Supplemental Figure C.S1: Timelines for study described in Figure 4.1. Treatment timelines 

for (A) 7,0, (B) 7,1, and (C) 7,2 mice. (D) Thoroughly rinsed colons shortly before extraction of 

Evans Blue with DMF. 
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Supplementary Table C.S1: siRNA sequences screened from Dharmacon 

Name Target Sequence (from Dharmacon) 

Mb21d1-1 CUAAGAAGCCGUCCGCGAA 

Mb21d1-2 AGAACUAAUUGACCGAAAA 

Mb21d1-3 GAAUCUAGUUUGACCACGA 

Mb21d1-4 UGUUACACCUACUCCGAUA 

Tmem173-1 UCAAUCAGCUACAUAACAA 

Tmem173-2 GCAUCAAGAAUCGGGUUUA 

Tmem173-3 AACAUUCGAUUCCGAGAUA 

Tmem173-4 CCAACAGCGUCUACGAGAU 

 

 

 

 

 

 

 

 

Supplementary Table C.S2: Zipper sequences for siRNA-lipid conjugates 

 SEQUENCE (5’ TO 3’) 

Luc sense (fC)*(MeA)*(fA)(MeU)(fU)(MeG)(fC)(MeA)(fC)(MeU)(fG)(MeA)(fU)(Me

A)(fA)(MeU)(fG)(MeA)(fA) 

Cy5-labeled 

Luc Antisense 

(Cy5)(MeU)*(fU)*(MeC)(fA)(MeU)(fU)(MeA)(fU)(MeC)(fA)(MeG)(fU)(M

eG)(fC)(MeA)(fA)(MeU)*(fU)*(MeG) 

Mb21d1 sense (MeA)*(fG)*(MeA)(fA)(MeC)(fU)(MeA)(fA)(MeU)(fU)(MeG)(fA)(MeC)(f

C)(MeG)(fA)(MeA)*(fA)*(MeA) 

Mb21d1 

antisense 

(fU)*(MeU)*(fU)(MeU)(fC)(MeG)(fG)(MeU)(fC)(MeA)(fA)(MeU)(fU)(Me

A)(fG)(MeU)(fU)*(MeC)*(fU) 

Tmem173 

sense 

(MeC)*(fC)*(MeA)(fA)(MeC)(fA)(MeG)(fC)(MeG)(fU)(MeC)(fU)(MeA)(f

C)(MeG)(fA)(MeG)*(fA)*(MeU) 

Tmem173 

antisense 

(fA)*(MeU)*(fC)(MeU)(fC)(MeG)(fU)(MeA)(fG)(MeA)(fC)(MeG)(fC)(Me

U)(fG)(MeU)(fU)*(MeG)*(fG) 

PPIB sense (MeU)*(fC)*(MeA)(fC)(MeG)(fA)(MeU)(fG)(MeG)(fA)(MeA)(fU)(MeU)(f

U)(MeG)(fC)(MeU)(fG)*(MeU)*(fU) 

PPIB 

antisense 

(MeA)*(fA)*(MeC)(fA)(MeG)(fC)(MeA)(fA)(MeA)(fU)(MeU)(fC)(MeC)(f

A)(MeU)(fC)(MeG)(fU)*(MeG)*(fA) 
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