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Small molecule drugs are a mainstay of modern medicine, however their suboptimal 

delivery to a therapeutic target can undermine their value and utility. In this body of work, we 

explore the adoption of polymer prodrugs (“drugamers”) to facilitate the delivery and controlled 

release of small molecule drugs to multiple important therapeutic settings. First, we explain why 

drugamers synthesized by Reversible Addition Fragmentation-chain Transfer (RAFT) are ideal 

small molecule drug delivery vehicles (Chapter 1). We then show that antibiotic drugamers, 

originally designed to treat intracellular pulmonary infections, significantly improve survival 

against extracellular Klebsiella pneumoniae infections due to enhanced targeting to local alveolar 

macrophage reservoirs (Chapter 2).  

A major innovation of the work described herein is the demonstration that drugamers can 

be combined with and can enhance protein and cellular immune therapeutics. A radiant star 
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drugamer adjuvant was designed for effective loading within self-assembling protein nanoparticles 

as an alternative approach to vaccination (Chapter 3). Sustained release of the TLR7/8 agonist 

from the encapsulated drugamer facilitated potent immunization in vivo while mitigating toxicity 

associated with parent adjuvant. In Chapter 4, we demonstrate arming of immune cell therapeutics 

with drugamers. Fluorescein-tagged drugamers containing phosphoinositide-3-kinase (PI3K) 

inhibitors direct stable noncovalent binding to Genetically Engineered Macrophages (GEMs) via 

a bioorthogonal anti-fluorescein surface receptor. We conclude with an outlook of future directions 

to build upon drugamer therapeutics, specifically highlighting the potential for combination with 

biologic-secreting GEMs (Chapter 5).  
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Chapter 1. SMALL MOLECULE DRUG DELIVERY VIA RAFT-
BASED POLYMER PRODRUGS (‘DRUGAMERS’) 
 
Ciana L López  

 

ABSTRACT 
  

 Small molecule (SM) drugs have had major impact on humanity’s ability to fight disease. 

However, the lack of targeted delivery reduces their therapeutic efficacy and contributes to off-

target toxicities. Synthetic nanomaterials can reformulate SM drugs by incorporation into 

macromolecules that improve their circulation, targeting, and prevent premature metabolism. 

Biological materials also have potential to deliver small molecule drugs not only to improve their 

targeting, but to synergize with emerging biologic therapeutic mechanisms. Unfortunately, multi-

step synthetic procedures and batch-to-batch variability has prevented widespread adoption and 

translation. We present the case for using polymer prodrugs (“drugamers”) synthesized by RAFT 

polymerization to improve SM drug solubility, targeting, circulation, and coordination with 

biologics. Prodrug monomers are co-polymerized with other functional monomers at pre-

determined ratios to yield drugamers with statistical and reproducible monomer incorporation 

yielding polymer products with dispersities, Đ, less than 1.1. RAFT drugamers are ideal for clinical 

translation due their synthetic versatility and simplicity using one-pot polymerization schemes that 

are scalable. Furthermore, precisely tuned release of SM drug cargos can be designed to optimize 

a drug’s mechanism of action for a particular disease application and to maximize their use in 

combination with emerging biologic therapeutics.  
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1.1 THE GLOBAL IMPACT OF SMALL MOLECULE DRUGS 
 

Small molecule (SM) drugs are a mainstay of modern medicine. Characterized as synthetic 

low molecular weight organic compounds (< 1000 Da) and typically comprised of 20 – 100 atoms, 

small molecule drugs hold the greatest portion of clinically approved drugs globally.[1] One of the 

first examples is acetylsalicylic acid, commonly known as aspirin (Figure 1.1A). First available in 

1899, it is a synthetic derivative of a well-known and ancient herbal remedy derived from the bark 

of a willow tree.[2] To this day, it is used worldwide to provide pain and fever relief. Penicillin is 

an antibiotic naturally produced by fungi. Following its isolation from mold it was able to heal 

wound infections during World War II. Since then, it and other antibiotics have saved millions of 

people from infectious death and extended the human life span by 23 years.[3] Another significant 

SM drug is hormonal birth control pills (e.g., Enovid), which have allowed women to control their 

fertility reliably and reversibly since the 1960s, and today are used by more than 150 million 

women globally.[4, 5]  

SM drugs are derived from natural products or rationally designed based on knowledge of 

a biological target. Due to their small size, they can act against both intracellular and extracellular 

drug targets. Compared to macromolecules, they diffuse more readily through tissues (a property 

referred to as a high volume of distribution, VD). The most common targets are proteins (e.g., 

enzymes, receptors, ion channels, transcription factors, etc.), some lipids, and increasingly nucleic 

acids.[6] In the last decade, the top therapy area for U.S. drug approval was oncology (25%), 

infection (15%), and central nervous system disorders (11%), but the breadth of disease 

applications for SM drugs is extensive and continuously expanding with advances in genomics 

and proteomics.[7-9] Drugs act as inhibitors, activators, agonists, and by allosteric binding, and 

have predictable and titratable mechanisms, which enable their use as chemical probes to 
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understand disease biology. [4, 10] Further, in recent years drug development has shifted from 

broad spectrum mechanisms (e.g., cytotoxic chemotherapeutics like doxorubicin) to highly 

pathway specific (e.g., PARP kinase inhibitors like olaparib to treat BRCA-mutated cancers) 

(Figure 1.1A).[11, 12]  

 

 
Figure 1.1 Small molecule drugs in the body (A) Chemical structures of prominent small-

molecule drugs and most common route of administration (B) the pharmacological 
parameters that impact their therapeutic efficacy, and (C) typical pharmacokinetic 
curve from a single oral drug dose. Figure B was adapted from Thomas Fester [13] 
under the terms of the Creative Commons Attribution (CC BY 4.0) License and 
created with BioRender.com; Figure C was adapted from Wolff 2015 [14] with 
permission from the publisher, Springer Nature). 
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SM drugs are widely accessible and relatively affordable. SM drug production is well-

established and involves large scale, continuous chemical synthesis following good manufacturing 

practice (GMP) and with generally low Cost of Goods Sold (COGS).[7] Their relatively simple 

chemical composition allows for high reproducibility and straightforward characterization.[15] 

SM drugs are generally available as off-the-shelf products with good stability at a range of 

environmental temperatures and humidities without degradation compared to biologics which 

required cold-chain storage.[16, 17]  

SM drugs are undeniably impactful to human existence and have several therapeutic 

advantages that continue to reinforce their value and use as standard of care therapeutics.[15] 

However, there are a few key shortcomings of SM drugs that prevent achievement of their full 

potential for impact and translation which will be discussed in section 1.2. Astonishingly, it is 

estimated that 60% of SM drugs that reach phase II trials fail to meet clinical approval due to poor 

clinical safety and efficacy.[18] While optimization of SM physiochemical properties has been 

investigated to improve such SM drug attrition, addressing these shortcomings likely requires 

adoption of drug delivery vehicles that can modulate the dynamic complexities of biological 

transport to improve options and outcomes for patients. Such an endeavor will also open avenues 

to use SM drugs in new ways (e.g., by modulating and/or synergizing with emerging biological 

therapeutics).[19, 20]  

 

1.2 SHORTCOMINGS OF SMALL MOLECULES THAT PREVENT TRANSLATION 
AND GREATER IMPACT 
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The major shortcoming of SMs is that their delivery (or pharmacokinetics) is directly tied 

to their chemical composition, which impacts bioavailability and ultimate pharmacological 

activity. A SM drug’s physiochemical properties affect its absorption, distribution, metabolism, 

and excretion (ADME; Figure 1.1B). For one, SM drugs commonly have poor solubility and must 

be formulated with excipients. If delivered orally, SM drugs must navigate the harsh acidic 

stomach pH as well as enzymatic digestion in the stomach and small intestine before absorption 

into the bloodstream by enterocytes.[21] Once absorbed, SM drugs pass through the liver where 

redox enzymes metabolize the drug (the “first pass effect”), which may dramatically decrease the 

bioavailability of a SM drug before it even reaches systemic circulation or a disease target. 

Absorption through topical, pulmonary, nasal, sublingual, or other routes can be convenient as 

more localized delivery strategies but also have their own physical and metabolic barriers.[22-25]  

While the small size of SMs improves absorption and distribution, it also results in a short 

plasma half-life (t1/2) with rapid clearance from circulation by metabolism and excretion (Figure 

1.1C). The disadvantage of a short t1/2 is that a patient must take drugs more frequently to achieve 

an effective area under the concentration curve (AUC), a pharmacokinetic parameter that indicates 

the amount of drug exposure needed to produce a desired therapeutic effect. Unfortunately, these 

aspects and lack of precision targeting to diseases niches can lead to off-site toxicities. 

Accordingly, many FDA-approved drugs receive a black box warning, which indicates serious or 

life-threatening side effects. For drugs approved between 2010 and 2019, 30% of oncology, 14% 

of infection, and 28% of central nervous system drugs came with black box warnings.[7]  

 

1.3 OVERCOMING BARRIERS TO EXPAND TRANSLATION AND THERAPEUTIC 
IMPACT OF SMALL MOLECULES 
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The main barriers to maximizing the therapeutic efficacy and impact of SM drugs are their 

1) solubility, 2) poor targeting, and 3) suboptimal pharmacokinetic properties. Towards improving 

these measures, the following section will provide an overview of some of the key advances in 

synthetic and biological drug delivery vehicles, which provide solutions to these shortcomings. 

We will discuss the ways in which such materials have incorporated SMs and describe their 

potential for functional SM combination yet to be realized. We have limited the scope of materials 

covered here to organic materials, and specifically those that have shown success in or promise for 

clinical translation. For more extensive reviews of organic and inorganic nanomaterials and 

biologics, we direct you to other excellent resources.[26-29]  

 

1.3.1 Synthetic nanomaterials 
 

Synthetic nanomaterials for drug delivery have been a major technological advance in the 

last 50 years. They are characterized by a size between 10 - 999 nm, though most are less than 200 

nm, which is the width of microcapillaries.[30] They are used to improve circulation, prevent 

systemic toxicity, and enhance therapeutic efficacy by targeted and controlled release of SM drugs. 

We will introduce prominent nanomaterials in development today, the majority of which are for 

cancer applications and describe how SM drugs are incorporated, the benefits, and some areas for 

improvement. 

 

Polymer-drug conjugates 

 

The idea of conjugating water-soluble polymers to drugs to improve their circulation and 

avoid premature metabolism has an extensive history.[31-33] Perhaps the most well-known and 
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clinically successful examples, “PEGylation”, involves conjugation of polyethylene glycol (PEG, 

Figure S1.1) to drugs to increase their size and prevent premature excretion (e.g., >10 nm for 

kidney filtration).[34, 35] Due to its neutral hydrophilic and flexible nature, PEG also endows 

“stealth” properties to prevent recognition and drug clearance by the immune system.[36] Initially 

described in 1977, Abuchowski et al. demonstrated that covalent attachment of PEG 

macromolecular chains (PEG1900 and PEG5000) to amino groups of bovine liver catalase 

provided a 4-fold extension in circulation time compared to unconjugated catalase while 

maintaining enzymatic activity.[37] Since then, PEGylation has been applied to both SM drugs 

and other therapeutics and resulted in over 30 clinical products.[35]  

Around the same time, Kopeček et al. showed demonstrated incorporation of doxorubicin  

into hydrophilic N-(2-Hydroxypropyl)methacrylamide (HPMA, Figure S1.1) polymers, resulting 

in a 28-fold improvement in plasma t1/2 compared to parent drug.[38, 39] The polymer-drug 

conjugate design allowed for release of the active form of the SM drug by a lysosomally degradable 

peptide linker constituting a first example of a polymer prodrug. It was shown that the enhanced 

circulation of such polymer-drug conjugates allowed for passive delivery to tumors via leaky 

tumor vasculature based on what is called the enhanced permeability and retention (EPR) effect 

and resulting in tumor growth inhibition.[40] Since then, many polymer drug conjugates have been 

investigated to improve targeting and pharmacokinetic properties of SM drugs.  

Post-polymerization pendant conjugation of hydrophobic drugs the hydrophilic polymer 

backbones is a common approach that can be achieved by amine conjugation, carbodiimide 

coupling, maleimide coupling, click chemistry, and more.[41, 42] However, such approaches 

require multi-step syntheses that suffer from low and variable conjugation efficiency, providing 

limited control over the site and degree of drug loading and expensive reaction materials are 
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wasted. Discussed in more detail in section 1.4, the use of polymerizable drug monomers is a 

superior and straightforward approach to achieve polymers with predetermined drug incorporation 

ratios using one-pot synthetic schemes with greater amenability to clinical translation and scale-

up.[43]  

 

Degradable polymer matrices 

 

The use of degradable polymeric matrices has been explored to enable the sustained release 

of SM drug cargos with improved pharmacokinetic properties. Hydrophobic poly(esters) such as 

poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly-	𝜖-caprolactone (PCL), and combinations 

thereof (e.g., PLGA) can be formulated into continuous polymeric networks that physically entrap 

SM drugs (Figure S1.1).[44, 45] SM drug release occurs by 1) surface or bulk matrix cleavage of 

polymer bonds, 2) surface erosion of the polymer matrix, and 3) diffusion of the drug from the 

matrix.[46]  

Such materials are attractive for translation due to their ability to be eliminated following 

delivery of cargo and have been incorporated into many FDA-approved materials. However, a 

weakness of such materials is their limited functionality for chemical conjugation with SM drugs 

or targeting molecules.[47] Their clinical translation for SM drug delivery is limited by 

physicochemical heterogeneity, variable drug loading and leakage, and polydisperse products. 

While degradable polymeric materials alone are not sufficient to improve targeted delivery of SM 

drugs, there are important opportunities for their incorporation into future generations of SM 

delivery materials to allow for soluble, backbone degradable macromolecules with enhanced 

clearance properties.   



 9 

 

Lipid-based nanoparticles  

 

Colloidal drug delivery systems (CDDS) have also been widely explored to extend the 

circulation of drugs. The spherical shape of many nanoparticles allows for drugs to be packed 

within a core surrounded by a hydrated corona. A prominent class of CDDS, liposomes are 

artificial vesicles composed of one or more lipid bilayers and surrounding an internal aqueous 

compartment.[26] Their structures allow for loading with SM drugs of various lipophilicities 

within the aqueous or lipid compartments to improve drug formulation and alter biodistribution. 

Doxil®, a PEG-functionalized liposomal formulation of doxorubicin, was the first nanoparticle to 

be FDA approved in 1995 for the treatment of ovarian cancer based on its decreased cardiotoxicity 

and improved injectability.[48] Unfortunately, its therapeutic impact has been limited over the 

standard of care parent formulation due to its low drug loading capacity, leaky drug release 

properties, and difficult to reproduce synthetic schemes with low shelf stability. 

 

Polymeric Micelles  

 

Polymeric micelles are another CDDS which are self-assembled from synthetic 

amphiphilic block copolymers. Compared to lipid-based nanoparticles, they have improved 

control over particle characteristics and improved ease of surface modification.[26] Hydrophobic 

drugs can physically entrapped in micellar cores or conjugated to water-soluble polymers such as 

PEG.[49-51] Micelle assembly is based on a critical micelle concentration (CMC) below which 

they will be a dispersion of linear polymers and above with they will form self-assembled 
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micelles.[52] Pioneered in parallel by Kataoka et al. and Kabanov et al., modification of polymer 

chemistries allows modulation of the CMC, which can be influenced by other environmental 

factors (e.g., pH, temperature, ionic strength) and enables the design of “smart” and stimuli 

responsive materials with site-specific drug release properties.[53-56] Despite the incredible 

functional and dynamic nature of these materials, their multistep and variable synthesis has 

prevented wide clinical adoption. 

 

Dendrimers 

 

Dendrimers are water-soluble highly ordered polymers characterized by their number of 

branched generations and typically with size on the order of 1-10 nm. Poly(amidoamine) 

(PAMAM) dendrimers are well-known for their ability penetrate cell barriers due to their positive 

charge and have been explored for drug delivery by end-group conjugation with drugs, by physical 

encapsulation within micelles, or by complexation with genes based on electrostatic 

interactions.[57] In one example, Han et al. showed  that end-group conjugation of hyaluronic acid 

to PAMAM dendrimers could be used to target CD44 receptors overexpressed on tumor and cancer 

stem cells.[58] Dendrimers can theoretically achieve multivalent targeting by conjugation of 

targeting moieties to abundant functional end-groups. However, conjugation efficiency is typically 

low, limiting their full potential for enhanced targeting. 
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Figure 1.2 Small molecule drug delivery strategies to improve solubility, targeting, and 
pharmacokinetic properties by both noncovalent and covalent drug conjugation to 
synthetic nanomaterials and biologics. Created with BioRender.com. 

 

1.3.2 Biologics 
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Biological (“Biologic”) drugs are therapeutics composed of proteins, carbohydrates, 

nucleic acids, cells, and combinations thereof. In some cases, cell-based therapeutics are 

considered their own pilar of medicine, but for the purpose of this review, they are included.[59] 

Biologics have hit the pharmaceutical industry by storm in recent years due to their high efficacy 

and targeting specificity and for the first time ever in 2022, FDA approval of biologics surpassed 

that of SM drugs.[60] They have ushered in the era of immunoengineering, whereby therapeutic 

materials are design to elicit a desired host immune response, rather than be inert.[7, 61, 62]  

Biologics are commonly used concurrently with small molecule drugs for a few important 

reasons. For one, biologics are commonly delivered via parenteral routes because of 

bioavailability, stability, and diffusion barriers that SM drugs do not possess.[63] Additionally, 

because of their complex compositions, biologics are typically grown and purified from large-

scale batches of bacteria, yeast, plant, or animal cell cultures, making production and scale-up slow 

and expensive (though an active area of progress).[17, 64-66]  Further, because of their complex 

composition, complete characterization of biologics is difficult and regulatory agencies have 

established special guidelines for generic versions, including “biosimilars”, which unfortunately 

can have decrease therapeutic efficacy, and represents a major equity issue.[67]  

There are ongoing efforts to improve these barriers, and we foresee that significant progress 

will be made to harmonize production methodologies and improve accessibility in the coming 

years. Because of their incredible specificity, in some cases, biologics will surpass SM drugs to 

become the standard of care (e.g., for chronic inflammatory and autoimmune disease, cancer). In 

other settings there is likely more rationale for SM drugs (e.g., for acute infectious disease). 

Importantly, many have explored opportunities to combine these therapeutic modalities to increase 

precision and targeting, which will be discussed in this section.  
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Antibody-drug and peptide-drug conjugates 

 

While the idea of immunoengineering was limited to vaccines until the 2000s, the use of 

biologics to improve targeting of toxic SM drugs has been around for a while. In 1958, Mathé et 

al. conjugated the chemotherapeutic methotrexate to immunoglobins to treat hamsters with 

leukemia.[68] Since then, antibody-drug conjugates (ADCs) have enabled site-specific delivery of 

SM cargos, while improving drug circulation and preventing systemic toxicity.[69] As of June 

2023, eleven ADCs have been FDA approved for the treatment of hematological and solid tumor 

cancers.[70] Shorter peptide targeting moieties are also being explored (“peptide-drug 

conjugates”, PDCs) in clinical trials currently. 

Importantly, sophisticated drug linker chemistries for ADC/PDCs have been (and continue 

to be) developed for stability in circulation with efficient payload release at target sites by acid-, 

protease-, hydrolysis-, or endolysosomal- cleavage mechanisms.[71-73] One remaining challenge 

is achievement of reproducible and high drug conjugation efficiency.[74] Because of their 

relatively simple design (antibody/peptide + linker + drug), the conjugation of drug is limited to 

sites that do not interfere with binding activity which limits the amount of drug that may be 

conjugated. Conjugation processes are inefficient and 2 – 8 drugs per antibody is typical for 

ADCs.[73]  

 

Synthetic protein nanocages 
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 Protein nanocages are a budding class of biologic materials with great potential to 

efficiently localize to a target tissue, engage with target cells, and deliver therapeutic cargos. 

Inspired by endogenous viral and protein-capsids, nanocages can be designed from protein 

subunits to stably self-assemble into their lowest free energy state.[75, 76] Technologies such as 

machine learning and in vivo library selection have enabled rapid and precise design of protein 

cages with atomic level control.[77, 78] These materials are ideal for delivery of multiple classes 

of materials, especially those like nucleic acids that need protection from degradation.[79] They 

have also been investigated for delivery of SM drugs, especially to avoid off-target toxicity.[80, 

81] Cargo loading is commonly achieved by passive diffusion through nanocage pores and 

absorption to inner lumenal surface. New strategies are needed to direct reproducible loading and 

controlled release.  

 

Cell-based therapies 

 

Adoptive cell immunotherapy (ACT) is rapidly emerging as a highly effective treatment 

modality that has been primarily studied in the cancer field. For example, FDA-approved chimeric 

antigen receptor (CAR) T cell products have been developed to cure 25-50% of previously 

incurable patients with B-cell malignancies by engineering cells with antigen-specific receptors 

that when engages activate cancer cell killing.[82, 83] ACT involves isolation and then reinfusion 

of a patient’s own immune cells after genetic engineering (to enhance disease-fighting 

capabilities), activation, and expansion. A coordinated and progressive scientific effort since the 

1980s has vastly improved the effective design and diversity of ACT products, with more on the 

horizon (e.g., natural killer cells, tumor-infiltrating lymphocytes, macrophages).[84-88]  
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While CAR T cells have been the star prodigy of ACT, their limitations have been 

recognized upon application to solid tumors, where they face stromal delivery, trafficking (e.g., 

caused by “cold” tumors), and persistence (e.g., caused by T cell exhaustion) barriers.[89-91] 

Towards improving their viability post-transfusion, Irvine et al. showed that T cells could be 

decorated with SM drug loaded liposomes by endogenous cell receptors.[92, 93] Alternatively, 

macrophages have been engineered to express CARs and therapeutic proteins, given their unique 

ability to traffic to solid tumors and other disease niches where they become tissue resident.[87, 

94, 95] Efforts to load macrophages with SM drugs via phagocytosis or degradable “backpacks” 

have enabled co-delivery of SM drugs, especially to modulate a pro- or anti- inflammatory 

macrophage phenotype.[96-98] An exciting direction, ‘user-operated’ circuits utilizing SM drugs 

to activate or deactivate transgene expression or cell therapeutic activity are being developed with 

advanced precision.[19, 99] A challenge remains in improving co-delivery of SM drugs with 

controlled release profiles to realize such technologies.  

 

1.4 DRUGAMERS: PULLING FROM PREVIOUS ADVANCES TO DELIVER SMALL 
MOLECULES 
 

An effective nanocarrier for SM drug delivery should be (1) targeted, (2) have controlled 

release of the active SM drug cargo, (3) be eliminated from the body, have (4) uniform size, and 

(5) scalable synthesis.[52] Reversible Addition Fragmentation-chain Transfer (RAFT)-based 

polymer prodrugs “drugamers” are a versatile synthetic platform to achieve these requirements 

with superior control using one-pot reaction schemes and exciting potential for translation. [100] 

The idea of polymerizable prodrugs has grown over the last twenty years alongside 

advancements in controlled polymerization techniques to enable controlled release of covalently 
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attached SM drugs.[101-107]. An early example, Smith et al. demonstrated the synthetic versatility 

of RAFT-based drugamers by independently and reproducibly controlling polymer degree of 

polymerization (DP) and drug loading to identify a lead drugamer for improved cell uptake and 

antiviral activity.[108] Since then, RAFT-based drugamers have been studied in multiple 

preclinical disease contexts to deliver a variety of small molecule drug classes with incredible 

versatility and modularity. Given their therapeutic impact in diverse preclinical disease models 

and their empirical design centered on clinical impact, we foresee their prompt translation.  

Drugamers are commonly synthesized by RAFT due to the high degree of control over 

macromolecular structure including molecular weight, dispersity, chemical composition, and 

architecture. RAFT is a living radical polymerization technique that was developed in 1998 by 

Chiefari et al.[109, 110] It is “radical” because chains are initiated by formation of radicals that 

allow for chain propagation by sequential addition of monomers until termination occurs by 

combination or disproportionation. It is “living” because chains are initiated at the beginning, grow 

at the same rate, and do not have premature termination. To achieve “living”-ness, reversible 

deactivation radical polymerization (RDRP) ensures that the majority of chains are maintained in 

a dormant form to prevent premature and irreversible termination. Rapid equilibration between 

active and dormant chains ensures that all chains have equal probability of growth at any given 

time. What makes RAFT special is the use of a thiocarbonylthio chain transfer agent (CTA, 

(ZC(=S)SR)), which is responsible for the rapid reversible deactivation (full RAFT mechanism 

shown in Figure 1.3A).  The result is that all chains grow at a similar linear rate and when compared 

to conventional polymerization reactions (i.e., step-growth), living radical polymerizations like 

RAFT are characterized by narrow size dispersities, Đ, less than or equal to 1.1 (Figure 1.3B). The 

degree of polymerization (and thus the molecular weight) can be easily modulated by tuning the 
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ratio of monomer to CTA, as shown in Figure 1.3C with a poly(methyl methyacryate) (PMMA) 

RAFT polymerization. 

 
 

Figure 1.3 RAFT polymerization reactions yield uniform size polymer products with precise 
control over chain length (A) RAFT polymerization mechanism (B) Dispersity 
improvements using RAFT reaction of styrene (right peak) compared to 
conventional polymerization as shown by gel permeation chromatography traces. 
(C) (PMMA) chain length is precisely dictated by amount of RAFT CTA added to 
the reaction holding all else the same. Figures reprinted from Moad et al [109] 
under the terms of the Creative Commons Attribution (CC BY-NC-ND) License.  

 

Other than RAFT, other living radical polymerization techniques exist, including atom 

transfer radical polymerization (ATRP) and nitroxide-mediated polymerization (NMP).[111, 112] 

However, the range of compatible monomer classes and solvents available limits their versatility 

and RAFT remains the gold standard for controlled living polymerization.[113] The 

polymerization reaction is relatively simple and inexpensive to implement and can be applied to a 

wide variety of monomers, including (meth)acrylates, (meth)acrylamides, stryrenes, butadienes, 
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pyridines, acetates and more and for monomers with a wide variety of functional groups (e.g., OH, 

COOH, NR2, CONR2).[109] The reaction can be conducted in both organic to aqueous solvents, 

though if there are hydrolytic esters in the monomers organic solvent is preferrable to prevent 

premature degradation.[114] Chapman et al. showed that reactions could be conducted without 

nitrogen purging, representing a major innovation for reducing cost of production.[115]  RAFT 

reactions can be initiated by temperature, light, redox, electrochemically, mechanically, and 

sonochemically and in diverse conditions (solution, emulsion, suspension).[116-118] Importantly, 

RAFT polymers can be manufactured at large scales in continuous flow reactors without 

sacrificing product quality.[119, 120] All of these factors make it a viable and impactful approach 

to clinical translation of drugamers with versatile applications in multiple disease contexts. 

 
1.4.1 Tunability 
 

Drugamers are made from multiple functional monomers that represent building blocks 

that can be mixed and matched into copolymers (Figure 1.4). Each monomer unit serves a distinct 

functionality and precisely tuned release of small molecule cargos can be designed to optimize a 

drug’s mechanism of action after targeted delivery to a particular disease niche. By RAFT 

polymerization, monomers are incorporated in a statistical manner allowing for optimized ratios 

of hydrophobic drugs and soluble components with improved targeting, detection, and additional 

physiochemical properties. The longer the polymer chains, the more drug can be incorporated, 

while maintaining solubility. 
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Figure 1.4 Reformulation of small molecules into designable drugamers is possible using a 
functional monomer library. (A) Small molecule drugs are functionalized with (B) 
fine-tuned drug linkers to polymerizeable monomer backbones and copolymerized 
with (C) functional comonomers to yield functional drugamers with (D) diverse 
architectures.  

 

Inspired by ADCs and polymer-drug conjugates, drugamers are made from monomers 

linked to SM drugs with varied lability (e.g., hydrolytic esters, acidic hydrazones, enzyme-

cleavable amides, and combinations thereof (e.g., endolysosomal) (Figure 1.4B, Figure S1.1). 

Sustained SM drug release profiles can be achieved from a single drugamer macromolecules by 

incorporation and subsequent release of multiple SM drug units. SM drug release from the 

polymeric backbone can be fine-tuned over days or months, depending on the disease application 

and is influenced by the macromolecular architecture and steric effects (properties that can be 

tuned as well).[121]  
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Enhanced targeting of drugamers has been achieved by incorporation of glycosylated 

monomers.[122-126] Glycan targeting has been explored extensively for multiple synthetic 

delivery vehicles prior to drugamers due to the facile functionalization of the small molecule.[127, 

128] Mannose is widely used to target macrophages and dendritic cells by engagement of mannose 

receptor (Figure S1.1).[123, 129, 130] N-acetylgalactosamine (GalNAc) is used to target liver 

hepatocytes.[125, 131, 132] Glycans are ideal for drugamer incorporation due to their ease of 

conjugation to methacrylate backbones and similar activity ratios to other functional monomers. 

Such glycan strategies be enhanced by multivalent presentation which mimics innate biological 

mechanism for glycosylated proteins and microorganisms engagement with cellular receptors 

based on avidity interactions. While glycans have proved incredibly successful targeting moieties 

for drugamers, there are opportunities to explore other types of targeting moieties including 

hyaluronic acid (targeting to CD44), folic acid (targeting to folate receptors overexpressed on 

tumor cells), and hormones.[28] Huang et al. even showed that polymerizable protein monomers 

could be incorporated into RAFT polymers, indicating the possibility of enhancing drugamer 

targeting with antibodies, peptides, or single chain variable fragments.[133]  

Lastly, an exciting opportunity to expand the impact of RAFT drugamers involves the 

synthesis of diverse architectures - a design component that can be modulated for a given disease 

application or to enable combination with biologic therapeutics. Not only does RAFT allow of 

precise control over chain length, but the versatility of the platform allows for synthesis of 

macro(CTA)s which can enable the synthesis of block copolymers with pre-determined 

compositions, enabling micelle formation.[109, 121] Brush polymers and co-polymers can be 

synthesized as well as radiant start polymers grown from hyperbranched cores.[134] 
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1.4.2 Success with drugamers 
 
 

Drugamers allow for spatial and temporal control over drug delivery through functional 

monomer moieties that target and tune drug release kinetics.[121, 129] These synthetic polymers 

optimize drug pharmacokinetic and biodistribution profiles and are available for a host of small 

molecules, including antimalarials, antibiotics, chemotherapeutics, HIV antiretrovirals, and kinase 

inhibitors. [100, 121, 123, 125, 135-138]  

Srinivasan et al. showed that antimalarial drugamers containing primaquine and 

tafenoquine were as efficacious as the parent drug in the P. berghei causal prophylaxis model and 

with decreased hemolytic anemia which is critical for patients with G6PD deficiency. GalNAc-

containing drugamers displayed increased targeting to liver hepatocytes where endolysosomal 

uptake and cleavage enabled intracellular release of drug.[125]. In a cancer context, Son et al 

showed that drugamers containing multiple drug classes including the chemotherapeutic 

camptothecin and the kinase inhibitor dasatinib could be synthesized with brush architectures 

(enabled by copolymerization with PEG methycrylates) with independent and sustained release 

profiles.[43] In an HIV prophylaxis setting, Ho et al. showed that injectable drugamer depots 

containing the antiretroviral drug tenofovir alafenamide connected by faster or slower degrading 

hydroxybenzyloxycarbonyl (benzyl) and ethyloxycarbonyl (alkyl) linkers achieved sustained drug 

release resulting in 10-fold higher than protective concentrations over 50 days in a murine 

model.[138] 

A significant direction for drugamer development has been for the prevention of 

intracellular pulmonary infections caused by the stealth and biothreat pathogens Francisella 

novicida (Fn) and Burkholderia pseudomallei (Bp).[100, 123, 126] Alveolar macrophage-targeted 

drugamers containing the fluoroquinolone antibiotic ciprofloxacin (cipro) were developed for 
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direct lung administration via aerosolization. Mannose and an endolysosomal valine-citrulline 

(VC)-linked cipro comonomers were incorporated into a random linear copolymer with improved 

solubility, targeting, and efficacy compared to the parent drug. Pharmacokinetic analysis showed 

that drugamer treatment led to a two order of magnitude improvement in alveolar macrophage 

AUC and an improved t1/2 (Figure 1.5A). Further, whole lung antibiotic concentrations (Figure 

1.5B) were also enhanced. Astonishingly, in highly lethal murine models of Fn and Bp intracellular 

infections drugamer treatment led to 100% rescue of survival (Figure 1.5 C, D) In the Chapter 2 

we will expand on how antibiotic drugamers can be used to treat primarily extracellular Klebsiella 

pneumoniae infections by targeting alveolar macrophages (Figure 1.6A). 

 

 
Figure 1.5  Ciprofloxacin antibiotic drugamers provide total protection in lethal murine models 

of intracellular infections due to optimized pharmacokinetic parameters of 
drugamer. Total protection of drugamer in (A) Fransicella novicida and (B) 
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Burkholderia psudomallei. The mannose-co-VC-ciprofloxacin drugamer (Man-co-
VC-cipro) was compared to hydrolytic ester ciprofloxacin drugamer equivalent 
(Man-co-CTM-cipro) and free drug. Pharmacokinetic studies in healthy mice 
showed achievement of high and sustained (C) ciprofloxacin within alveolar 
macrophages and (D) increased whole lung ciprofloxacin compared to free drug 
and Man-co-CTM controls, MICFn = 0.065 µg/g. Fransicella novicida, Fn; 
Burkholderia psudomallei, Bp; alveolar macrophage, AM; ciprofloxacin, cipro. 
Figure adapted from Su et al. and Chavas et al. with permission.[123, 126]  

 
 

1.4.3 Combining drugamers with biologics 
 

There are many opportunities to leverage drugamers in new and exciting ways beyond what 

is capable with parent SM drugs due to their tunable physiochemical nature, ligand targeting, and 

controlled release properties.[7, 139-141] In addition to discussing drugamers alone in Chapter 2, 

we will also discuss how drugamers can be leveraged in combination with emerging classes of 

biologic therapeutics (Figure 1.6 B and C). In Chapter 3 we will discuss their use as adjuvants for 

co-delivery within protein-based vaccines. Then, in Chapter 4, we will present a biorthogonal 

mechanism for noncovalent loading of drugamers on macrophage and T cell therapeutics for 

cancer applications.  

 

 
 

Figure 1.6 Leveraging drugamers alone or in combination with biologics for pulmonary 
infection and immune therapies.  
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SUPPORTING INFORMATION 
 
Supplemental Figures 
 
Figure S1.1 Common synthetic moieties to A) extend SM drug circulation and improve 
solubility, B) control drug release, and C) improve targeting.  
 

 
 



 34 

Chapter 2. AN ALVEOLAR MACROPHAGE-TARGETED 
DRUGAMER IMPROVES SURVIVAL AGAINST KLEBSIELLA 
PNEMONIAE PNEUMONIA1  
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1Manuscript in preparation for submission 

 

ABSTRACT 
  

Klebsiella pneumoniae (Kp) is a leading cause of hospital-acquired pneumonia and an 

emerging cause of community-acquired infections. Nanomaterials have the potential to deliver 

antibiotics directly to sites of infection with improved pharmacokinetics (PK) and to avoid 

development of antimicrobial resistance. We previously demonstrated the use of alveolar 

macrophage (AM)-targeted synthetic polymeric prodrugs ‘drugamers’ to prevent intracellular 

infections caused by Francisella novicida and Burkholderia pseudomallei in murine models of 

lower respiratory tract infections. Mannose-tagged drugamers engage with AM mannose receptors 

permitting uptake and triggering intracellular ciprofloxacin release. Here we show that the efficacy 

of the AM-targeted drugamer platform also applies to infections caused by primarily extracellular 

bacteria. Aerosolized ciprofloxacin drugamers significantly improved survival in a murine model 

of Kp pneumonia, decreased lung bacterial burden, extent of lung injury, and prevented excessive 

neutrophilic inflammation. 
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2.1 INTRODUCTION 
 

2.1.1 Klebsiella pneumoniae incidence and background 
 

Pneumonia is a leading cause of morbidity and mortality worldwide and is the primary 

cause of death by infectious agents in children under five years of age.[1] In 2019 alone, three 

primarily extracellular pulmonary pathogens (Streptococcus pneumoniae, Staphylococcus aureus 

and Klebsiella pneumoniae (Kp)) resulted in more than 1.5 million deaths globally.[2] 

Compounded by the SARS-CoV-2 pandemic, the social and economic impact of pneumonia is 

undeniable.[3] 

Kp is a Gram-negative opportunistic pathogen and an important etiology of hospital-

acquired pneumonia.[4] Its propensity for conjugative transfer of virulence factors such as multiple 

drug resistance (MDR) and hypervirulence has warranted its categorization by the World Health 

Organization as a priority 1 (critical) threat.[5] In its classical form, it commonly infects patients 

with comorbidities including alcohol use disorder and diabetes mellitus. In its hypervirulent form, 

it causes severe community-acquired syndrome in healthy individuals in the Asian Pacific Rim 

and increasingly worldwide.[6] Unfortunately, mortality rates are greater than 40% for resistant 

strains.[7] 

 

2.1.2 Current standard of care 
 

Treatment involves rigorous oral or intravenous (IV) antibiotics and is associated with 

prolonged hospitalization and high costs.[8] High systemic antibiotic dosing is necessary to 

overcome suboptimal lung biodistributions and poor pharmacokinetics (PK).[9, 10] For example, 

an oral dose of fluoroquinolone antibiotic, ciprofloxacin (cipro), has a plasma elimination half-life 
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(t1/2) of 4 hours. Such antibiotics are also associated with adverse side effects including 

neurotoxicity, ototoxicity, nephrotoxicity, and even tendon rupture.[11] Further, poor patient 

adherence can lead to re-emergence of antibiotic resistant strains. A stagnancy in antibiotic 

development in the last fifty years necessitates improved delivery of existing antibiotics to 

maximize antimicrobial activity and minimize the development of resistance. 

 

2.1.3 Advancements in direct pulmonary drug delivery  
 

Direct pulmonary drug delivery is a convenient treatment alternative to localize antibiotics 

to the site of bacterial persistence, avoid the liver first-pass effect, and improve patient 

compliance.[12] Inhalable forms of antibiotics have been approved by the U.S. Food and Drug 

Administration (FDA) to deliver agents effective against Pseudomonas aeruginosa directly to the 

lungs and treat infections associated with cystic fibrosis (CF). Aerosolized nanomaterial 

formulations, such as liposomes, have also been explored with the goal of extending antibiotic t1/2 

in the lung and increasing intracellular uptake. Arikace® is an inhalable liposomal amikacin 

suspension that was FDA-approved in 2018 to treat to treat Mycobacterium Avium Complex Lung 

Disease. Inhalable liposomal formulations of ciprofloxacin such as Lipoquin® and Pulmaquin® 

have received FDA orphan drug designation for treatment of bronchiectasis and CF.[13] While 

liposomal drug formulations have been adapted for a wide range of applications, their therapeutic 

impact over the standard of care parent formulation has been limited due to low drug loading, 

leaky drug release properties, and difficult to reproduce synthetic schemes with low shelf stability.  

 

2.1.4 Rationale for drugamer therapeutics 
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Polymer prodrugs (‘drugamers’) are an attractive candidate for local, controlled antibiotic 

delivery.[14-16] Our group has reported that covalent incorporation of drugs using polymerizable 

monomers allows for 1) copolymerization with monomers that improve targeting and solubility 

and 2) finely tuned drug release, the combination of which optimizes drug PK and enhances 

therapeutic efficacy.[17-20] Inhalable cipro drugamers were able to provide total protection in 

lethal murine models of pulmonary tularemia and melioidosis caused by intracellular pathogens 

Francisella novicida (Fn) and Burkholderia pseudomallei (Bp).[21-23] Targeting of intracellular 

bacteria residing in alveolar macrophages (AM) was accomplished using hydrophilic mannose 

comonomers with high affinity for the CD206 receptor. Once drugamers were endocytosed by 

AMs, a protease-cleavable valine-citrulline (VC) linker facilitated intracellular release and 

effective clearance of AM bacterial reservoirs. The intracellular AM depot of cipro was orders of 

magnitude higher and sustained for the drugamer form compared to a hydrolytic-linked cipro 

drugamer and free cipro. Also, it was detectable for up to 7 days. Remarkably, the mannose-co-

VC-cipro drugamer (referred to as ‘cipro drugamer’ moving forward) also improved the whole 

lung area under the concentration-time curve (AUC) of cipro by 8-fold compared to free cipro and 

2-fold compared to a hydrolytic drugamer control. This is likely attributed to the membrane 

permeability of cipro. Importantly, a clinical Bp isolate resistant to free ciprofloxacin was 

effectively cleared by this drugamer formulation, indicating that its pharmacokinetic optimization 

improved the antibiotic potency against resistant bacteria. These findings indicate that such 

drugamers are also well suited for extracellular infections like Kp.  

Here we propose the therapeutic use of the cipro drugamer for treatment of Kp pulmonary 

infections. We hypothesize that by targeting cipro release within local AM reservoirs and diffusion 

of lipophilic antibiotic locally, the improved whole lung cipro pharmacokinetics will extend 
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survival (Figure 2.1). While it is generally accepted that Kp is primarily an extracellular pathogen 

known to evade phagocytosis by expression of a polysaccharide capsule, there is evidence that it 

can also be sequestered within AMs, further validating our rationale for a macrophage-targeted 

approach.[24] Application of drugamers to lethal and resistant infections like Kp could provide a 

solution for patients with refractory illness. 

 

 
 
Figure 2.1  AM-targeted drugamers can be used to treat extracellular pulmonary infections like 

Kp. Schematic describes (A) polymeric prodrugs (‘drugamers’) that incorporate 
functional monomers that allow for targeting of AMs via mannose (blue) and 
intracellular protease cleavage domains (yellow) that trigger the release of 
antibiotic cargo (ciprofloxacin, red). (B) Drugamers can be administered directly 
to the lungs as an aerosol and (C) upon mannose-receptor (CD206) mediated uptake 
to AMs, the antibiotic is released intracellularly to form cellular drug reservoirs 
from which the lipophilic drug can diffuse locally to eliminate extracellular Kp 
infection. Alveolar macrophage (AM); Klebsiella pneumoniae (Kp). Image created 
with BioRender.com. 

 

2.2 RESULTS AND DISCUSSION  
 

2.2.1 Synthesis and characterization of cipro drugamer 
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The cipro drugamer was synthesized by reversible addition fragmentation chain-transfer 

(RAFT) co-polymerization of mannose-MA and VC-linked Cipro-MA as previously 

described.[21, 22] The purified VC-cipro polymer was characterized by 1H NMR spectroscopy. 

The peaks corresponding to mannose and VC-cipro were observed (Figure S2.1A, Supporting 

Information). Monomer feed ratios are shown in Table S1. 1H NMR analysis indicated 86% 

monomer conversion and analysis of the purified polymer with a levofloxacin standard indicated 

a ciprofloxacin drug weight of 9% (Figure S2.1B, Supporting Information). The number averaged 

molecular weight, Mn, was determined to be 24.2 kDa by size exclusion chromatography. The 

cipro drugamer had a narrow molecular weight distribution with dispersity, Đ = 1.1 (Figure S2.1C, 

Supporting Information). 

 

2.2.2 Cipro drugamer improves survival against lethal Kp pneumonia 
 

Preliminary experiments showed that increased frequency of aerosolized free cipro 

treatment (5 mg per kg dose) in a lethal Kp pneumonia murine model led to improved survival 

outcomes (Figure S2.2, Supporting Information), thereby indicating that a local and sustained 

drugamer formulation would have improved efficacy.  

The therapeutic activity of the macrophage-targeted cipro drugamer was investigated in a 

murine model of Kp pneumonia (Figure 2.2). Mice were inoculated intratracheally (IT) with a 

highly lethal dose of Kp (5 – 9 x 103 CFU) and monitored as infection was established. 24 hours 

later, mice were treated with cipro drugamer (equivalent to 5 mg per kg cipro) by IT 

MicroSprayer® administration. Control mice received either free cipro, or phosphate buffered 

saline (PBS) vehicle treatment by IT MicroSprayer® administration. Survival data indicated a 

significant survival benefit associated with cipro drugamer treatment compared to free cipro. The 
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lethality of the model was evident by the PBS vehicle treatment group: no mice survived to the 

14-day end point and 100% of mice (16/16) met euthanasia criteria by day 5. Most mice that 

received free cipro treatment also met euthanasia criteria by day 5 (56%) and only 3/16 mice 

survived to end of study. In comparison 75% of cipro drugamer-treated mice survived past 5 days 

(12/16) and 9/16 mice survived to the end of the experiment.  

 

 
 
Figure 2.2  A single therapeutic dose of cipro drugamer equivalent to 5 mpk cipro significantly 

improves mouse survival against lethal Kp infection. (A) In vivo model workflow 
schematic. 24 hours after lethal Kp infection (5 – 9 x 103 CFU) free cipro, cipro 
drugamer, or PBS vehicle were administered (50 𝜇L aerosolization IT) to albino 
C57BL/6 mice using a MicroSprayer® (n = 16 per treatment group). (B) Survival 
was monitored for 14 days, where * indicates a statistically significant 
improvement in survival using cipro drugamer compared to free cipro treatment (p-
value = 0.04, as assessed by log-rank test). Ciprofloxacin (cipro); Klebsiella 
pneumoniae (Kp); intratracheally (IT); phosphate buffered saline (PBS); mg/kg 
(mpk). Data presented are the combination of two separate experiments with n = 8 
each. 

 

2.2.3 Cipro drugamer improves health outcomes against lethal Kp pneumonia 
 

 Morbidity parameters including body weight, ventral surface temperature, and an overall 

health score were measured over the course of the survival study. Weight was the most consistent 

indicator of morbidity and the weight of mice from all treatment groups dropped by >10% within 

the first 3 days, indicating that all mice developed severe infection (Figure 2.3A).  By day 4, cipro 
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drugamer-treated mice began to regain weight, with significant improvements compared to free 

cipro and PBS vehicle treatment groups. Surface temperature was a less predictive, but more 

immanent, indicator of mortality, which can be seen by the rapid decrease for PBS vehicle-treated 

mice (Figure 2.3B). Free cipro treatment also led to lower surface temperatures compared to cipro 

drugamer. Health scores of mice were conducted based on isolation, handling, posture, coat, eyes, 

breathing, and activity (score out of 7, Figure 2.3C). By these measures, mice that received cipro 

drugamer experienced significant improvement compared to free cipro and PBS vehicle treatment, 

with most mice maintaining scores of 6 throughout the study. It should be noted that over the 

course of the experiment, the number of mice per treatment group decreased and depending on 

treatment, which may make morbidity differences less apparent. For clarity, a table is included 

with number of mice in each group surviving at each time point (Figure 2.3D).     
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Figure 2.3  Health conditions of Kp infected mice (5 – 9 x 103 CFU) after treatment at 24 hours 
with cipro drugamer (5 mpk cipro equivalent), free cipro (5 mpk), or PBS vehicle. 
(A) Body weight, (B) surface temperature and (C) clinical scores of mice over the 
course of the 14-day experiment. Clinical scores of mice based on activity, coat, 
breathing, posture, eyes, isolation, and resistance to handling. (D) Number of mice 
per group (n) by end of day (d) are indicated. Data are presented as mean and 
standard deviation. * = p-value <0.05, *** = p-value 0.0003 as assessed by Mann-
Whitney test. Klebsiella pneumoniae (Kp); ciprofloxacin (cipro); phosphate 
buffered saline (PBS); mg/kg (mpk).  

 
2.2.4 Cipro drugamer decreases Kp lung bacterial burdens 
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In addition to improved morbidity and mortality, bacterial burdens were compared at 72 

hours post infection and after treatment at 24 hours to validate the improved antimicrobial effect 

of cipro drugamer (Figure 2.4A). Cipro drugamer-treated mice had a two order of magnitude 

decrease in lung bacterial burden (median = 2.3 x 104 CFU/left lung) compared to free cipro 

(median = 4.6 x 106 CFU/left lung). Cipro drugamer treatment led to a five order of magnitude 

improvement compared to PBS vehicle-treated mice (median = 1.1 x 109 CFU/left lung).  

 

2.2.5 Drugamer-treated mice have decreased lung injury and improved lung homeostasis 
 

Histopathological analysis was conducted on right lungs at 72 hours to assess the extent of 

lung injury associated with each treatment and compared to healthy controls (lung injury scoring 

criteria described in Table S2). Mice that received cipro drugamer had significantly decreased lung 

injury (Figure 2.4B) compared to free cipro-treated mice. This was largely attributed to decreased 

inflammatory cell infiltration in the bronchial lumen, as well as decreased extent of intra-alveolar 

and interstitial inflammation. The decreased extent of lung involvement and bacteria present was 

also notable. Scores for each specific criterion are shown in Figure S2.3 (Supporting Information).  
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Figure 2.4  Bacterial burden, extent of lung injury, and amount of neutrophilic inflammation 
are decreased in mice treated with drugamer at 24 hours compared to free cipro 
(dose equivalence of 5 mpk) and PBS control. 72 hours after Kp infection (6 – 7 x 
103 CFU) lung bacterial burden (A) and lung injury scores (B) were evaluated (n = 
7 – 9 per treatment group). Lung injury scores were based on extent of 
inflammation, edema, bacteria visualized, and involvement of lung. Four days after 
Kp infection (650 CFU) and drugamer, free cipro, or PBS treatment (n = 2 – 6), 
neutrophil infiltrate populations in lung tissues (C) were compared. Data are 
reported as median and interquartile range. Statistical significance (*) is indicated 
by a p-value < 0.05, as assessed by Mann-Whitney test. Ciprofloxacin (cipro); 
mg/kg (mpk); Klebsiella pneumoniae (Kp); phosphate buffered saline (PBS). 

 

Neutrophils are key players in innate host defense against Kp and are the first cell to 

infiltrate the lungs during infection; they phagocytose and kill Kp with antimicrobial peptides and 

neutrophil extracellular traps.[25] The increased inflammatory cell infiltrate noted with lung injury 

analysis is consistent with literature reports of both increased neutrophil recruitment during severe 

infection and the ability of Kp to impede efferocytic uptake and removal of apoptotic neutrophilic 

infiltrates by macrophages. This prevents restoration of homeostasis and instead results in necrotic 

and persistent inflammatory disease. Cytokine measurements at early timepoints (24, 48, and 72 

hours) indicated decreased levels of tumor necrosis alpha (TNF𝛼) and interleukin-17 (IL-17) in 

mice treated with both free cipro and cipro drugamer compared to PBS vehicle controls (Figure 
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S2.4A,B, Supporting Information). However, the possibility of diverging neutrophil activity 

between free cipro and cipro drugamer-treated mice was indicated by differing expression patterns 

of macrophage inflammatory protein-2 (MIP-2), a neutrophil chemoattractant, over time (Figure 

S2.4C, Supporting Information). To determine if there was decreased inflammation and improved 

homeostasis in cipro drugamer-treated mice at later time points following treatment, the neutrophil 

populations associated with each treatment were quantified at 4 days post infection and subsequent 

treatment and compared against healthy controls. Lungs were harvested and digested into a single 

cell suspension and analyzed by flow cytometry according to the gating scheme in Figure S2.5A 

(Supporting Information). Cipro drugamer-treated mice had decreased neutrophil infiltrate 

(median = 19% of live, CD45+ cells) compared to free cipro-treated mice who had neutrophil 

infiltrates more comparable to PBS vehicle controls (53 and 63%, respectively) (Figure 2.4C). 

Macrophage populations made up a smaller portion of the CD45+ cells and did not significantly 

differ between treatment groups (Figure S5 B). However, for individual mice with increased 

bacterial burden, macrophage and neutrophil populations generally trended lower and higher, 

respectively (Figure SC, D). 
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Figure 2.5  Histological images of (A) PBS vehicle, (B) free cipro, (C) cipro drugamer, or (D) 

healthy control mice. From left to right scale bar size = 500 𝜇m, 100 𝜇m. a = 
alveolar space, b = bronchiolar lumen, v = vessel lumen.  

 

The capability for decreased pathogenesis with cipro drugamer treatment can be seen in 

histological images and compared to free cipro, PBS vehicle, and healthy controls (Figure 2.5). 

The cipro drugamer is designed to target the CD206 receptor on AMs, and we see improvements 

in the alveolar space with cipro drugamer treatment (Figure 2.5C) compared to treatment with PBS 
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vehicle and free cipro treatment (Figure 2.5 A and B). Abundant bacteria are visualized in the PBS 

vehicle-treated lung and to a lesser degree in the free cipro mice (Figure 2.5 A). A notable 

difference in treatment between the cipro drugamer and free cipro is also seen in the bronchiolar 

space (right panels of Figure 2.5 B and C) indicating that drugamer treatment prevented bronchial 

inflammation. While our main target was AMs, there are macrophages within the bronchus and 

here served as a beneficial target for antibiotic delivery.[26]  

  

2.3 CONCLUSIONS 
 

This study used an intratracheal MicroSprayer® to administer aerosolized drugamer 

treatment in our murine models of pneumonia. In a nosocomial setting, direct IT administration of 

drugamer might be feasible, but inhaler or nebulizer drugamer formulations should also be 

evaluated. This may open opportunities for effective and accessible outpatient care. Additionally, 

our studies showed that a single aerosolized drugamer treatment improved survival for mice with 

Kp pneumonia, however, it is conceivable that multiple doses would further improve survival 

benefits. 

Overall, our study demonstrates that by incorporating the antibiotics into a targeted 

polymeric prodrug, we can improve treatment of primarily extracellular bacterial infections such 

as Kp. Cipro drugamer treatment extended survival, decreased bacterial burdens and extent of lung 

injury, and restored lung homeostasis. This was possible due to the improved pharmacokinetic 

properties of the drugamer formulation afforded by both CD206 targeting and intracellular drug 

cleavage with no designed mechanism for extracellular release other than the innate lipophilicity 

of the antibiotic.[21, 22] The use of the mannose-tagged drugamer shifts the distribution of 

antibiotic cargo towards resident alveolar macrophages. Our findings suggest that there is 
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sufficient antibiotic released from the AM to improve survival against extracellular infections. 

While we test our hypothesis in a Kp model, there is promise to use similar drugamer formulations 

against a wide range of other primarily extracellular infections that have been identified as the 

biggest contributors to global mortality (e.g., Streptococcus pneumoniae, Staphylococcus 

aureus).[2]  

More effective treatments for pneumonia are urgently needed, especially with the 

continued emergence of antimicrobial resistance. While cipro is the small molecule drug 

incorporated here, the inhalable drugamer platform could provide an avenue for local delivery of 

other antibiotics with limited clinical utility due to high systemic toxicity (e.g., polymyxins and 

glycosides) despite high potency against MDR Kp infections. Further, while an antibiotic 

drugamer was evaluated herein, the drugamer platform allows opportunities to combine 

antimicrobial and host-directed drugamers (e.g., STING agonists). Drugamers may have broad 

applicability for lower respiratory tract infections including local drug delivery with the potential 

to reduce antibiotic resistance.  

 

2.4 METHODS 
 

RAFT synthesis of ciprofloxacin drugamer: Co-polymerization of poly(mannose-co-VC-

ciprofloxacin) (referred to as cipro drugamer) was conducted from methacrylate monomers as 

previously described.[21, 22] Briefly, the polymerization reaction was conducted under a nitrogen 

atmosphere in dimethyl sulfoxide (DMSO) at 70°C using the chain transfer agent (CTA), 4‐cyano‐

4‐[(ethylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (ECT), and the radical initiator 4,4′‐

azobis(4‐cyanovaleric acid) (ABCVA). The initial monomer/CTA ratio ([M]0 /[CTA]0) was 40:1 

and the initial CTA to initiator ratio ([CTA]0/[I]0) was 10:1. The molar ratio of mannose to VC-
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Cipro-MA monomer was 85:15 (Table S1). The reaction was run for 4 hours followed by 

precipitation in diethyl ether and dialysis against phosphate buffer and then distilled water (6 days 

total; 3500 Da molecular weight cut-off). The polymer was lyophilized and passed through a PD-

10 desalting column before being lyophilized into a final, purified solid product that was confirmed 

by 1H NMR spectroscopy and size exclusion chromatography (Figure S2.2 A and C, Supporting 

Information). Drug weight determination by 1H NMR is described in supporting information 

methods.  

 

Animals and ethics statement: Female albino C57BL/6 (B6(Cg)-Tyrc-2J/J) mice, 7 – 10 weeks 

old, were purchased from The Jackson Laboratory and maintained at the University of Washington 

under specific pathogen-free conditions. All animal work was conducted in accordance with the 

University of Washington’s Institutional Animal Care and Use Committee (Protocol #2671-06).   

 

Bacterial growth conditions and quantification of bacterial burden: K. pneumoniae (Kp) stock 

43816 was purchased from The American Type Culture Collection. Bacteria was plated on TSB 

agar and a single mucoid colony was isolated from which stocks were prepared in 20% glycerol 

in PBS and stored at -80C until use. For in vivo experiments an overnight culture of 0.25 mL Kp 

in 25 mL tryptic soy broth (TSB) was incubated in a 125 mL flask shaking at 200 rpm at 37°C 

with aeration and grown to stationary phase at 18 hours. Bacteria was harvested, washed three 

times in cold PBS (4°C) and diluted to final concentrations of 500 - 6000 CFU Kp in a 50 µL 

inoculation volume based on spectrophotometer measurements of the OD600 (OD600 = 0.3 was 

determined to be equivalent to 3.3 x 108 CFU/mL). Gram stains were used to verify Kp identity. 

For quantification of bacterial cultures, suspensions were serially diluted and plated onto TSB 
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agar, incubated at 37°C for overnight after which colonies were counted. To quantify lung bacterial 

burdens in mice at 72 hours post infection (6 – 7 x 103 CFU Kp, n = 7 – 9 per treatment group), 

mice were euthanized, and left lungs were harvested in omnitubes containing 1 mL PBS. Lungs 

were homogenized using a Bead Ruptor homogenizer (Omni, Inc) for 35 seconds. Serial dilutions 

were plated on TSB agar in duplicate and the number of colony forming units were quantified after 

16 – 18 hours incubation at 37°C. CFU/lung was calculated based on the weight of the harvested 

organ.  

 

Survival Studies: Mice were inoculated intratracheally with 5 – 9 x 103 CFU Kp (procedure 

described in detail in Supporting Information). 24 hours later mice were treated with 5 mg/kg free 

cipro, cipro drugamer equivalent (9 wt% cipro) or PBS vehicle control (n = 16 per treatment 

group). Ciprofloxacin HCl (Alfa Aesar) was formulated in a 5% D-glucose (Sigma) in molecular 

grade water (Corning) solution. Cipro drugamer was formulated in PBS (Sigma). All treatment 

solutions were sterile filtered (0.22 µm, Millex C#SVG012SL, Millipore Sigma) and administered 

in a 50µL total volume using a MicroSprayer® aerosolizer (Model IA-1C, Penn-Century, Inc) to 

mice under 4% isofluorane anesthesia. Throughout the study mice were monitored 1-2 times daily 

based on predetermined health criteria, including temperature (ventral surface temperature > 

24°C), weight (loss of ≥ 25% body weight), and a 7-point health score assessing isolation, 

handling, posture, coat, eyes, breathing, and activity. Upon reaching criteria in two out of three of 

these metrics, mice were euthanized with pentobarbital (300 mg/kg intraperitoneally), followed by 

exsanguination by cardiac puncture. 

 



 51 

Histopathological analysis: Right lungs of mice were collected 72 hours after infection and 

submerged in 10% formalin (Sigma) at a volumetric ratio of 1:10 that was refreshed at 24 hours 

and replaced with 70% EtOH at 48 hours. Samples were paraffin embedded, sectioned at 4 µm, 

and stained with hematoxylin and eosin (H&E) by the University of Washington Histology and 

Imaging Core. Lung lesions were semi-quantitatively scored in a blinded fashion by a board-

certified veterinary pathologist based on the degree of perivascular inflammation and edema, 

intrabronchiolar, intraalveolar and interstitial inflammation, extent of bacteria visualized, and 

extent of disease in organ. Full scoring parameters are listed in Table S2.  

 

Analysis of neutrophil populations: Mice were inoculated with 650-750 CFU Kp and treated 24 

hours later with 5 mg/kg free cipro, cipro drugamer equivalent (9 wt% cipro) or PBS vehicle 

control (n = 8 per treatment group). Daily health monitoring was conducted, mice were euthanized 

as they met criteria as described above. At the 4-day endpoint remaining mice were euthanized, 

the left lung was collected to determine bacterial burden. The right lung was perfused with 5mL 

of PBS through the right ventricle. Harvested lung tissue was minced and digested as previously 

described.[27, 28] Briefly, lungs were treated with 200K/mL DNase I (Roche) and 1 mg/mL 

liberase TM (Roche) in Roswell Park Memorial Institute (RPMI, Sigma) media at 37°C while 

shaking at 250 rpm for 45 minutes. Lung digest was gently mashed through a 70 µm cell strainer 

(Fisher) and washed with RPMI and PBS. Cells were pelleted by centrifugation, red blood cells 

(RBCs) were lysed (RBC lysis buffer, eBio), and remaining cells processed for flow cytometry. 

“Fluorescence minus one” controls were used to determine gating scheme as shown in Figure S2.3 

(Supporting Information) and adapted from previous publications.[27, 28] In brief, doublets, 

debris, and dead cells (stained with Live/Dead Aqua BV510, Invitrogen) were excluded from 
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analysis and immune cells were identified using the pan-hematopoietic marker, CD45 (stained 

with CD45 APC-Cy7 clone 30-F11, Biolegend). Of CD45+ cells, Neutrophils were identified as 

Ly6G+, CD11b+ (stained with Biolegend Ly6G FITC clone 1A8 and CD11b PE-Cy7 clone 

M1/70). Of non-neutrophils, alveolar macrophages were identified as CD11c+ (stained with 

CD11c PE clone N418, Biolegend) and SiglecF+ (stained with Siglec-F PerCP eFluoro-710 clone 

1RNM44N, eBioscience). 

 

Statistical analysis: Due to the non-parametric nature of the data, unless otherwise stated, data are 

reported as median ± interquartile range. Significance of survival data was determined by Log-

rank test. Differences between groups were determined by Kruskal-Wallis H Test. Mann-Whitney 

tests were used to compare individual group differences. All analyses were performed using 

GraphPad Prism, version 9. Investigators were not blinded to group allocation except for lung 

injury scoring, which was blinded.  p < 0.05 was considered statistically significant.  
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SUPPORTING INFORMATION 
 

Supplemental Methods 

 

Intratracheal inoculation of K. pneumoniae: Mice were anesthetized with 5% isoflurane (1 L/min 

O2) for 4 minutes and then positioned on an incline board, suspended by incisors. Vocal cords 

were visualized by laryngoscope and with an external illuminator. Mice were intubated with a 22 

g catheter attached to a manometer (tuberculin syringe prepared with 100 µL of PBS) to confirm 

airway access. The manometer was carefully removed and replaced with a tuberculin syringe pre-

loaded with 50 µL stationary-phase bacterial suspension in PBS and 150 µL air, which was slowly 

depressed to complete instillation. Mice were monitored for anesthesia recovery. 

 

Cytokine measurements of left lung: Left lung homogenates were lysed in a 1:1 lysis buffer solution 

consisting of 15mM Tris-HCl, 1.5mM EDTA, 150mM NaCl, 1% Triton, and protease inhibitors 

(Complete Protease Inhibitor cocktail; Roche) on ice for 30 minutes, centrifuged at 1500 g for 15 

minutes at 4°C. Supernatants were collected and stored at -80°C until analysis using the following 

R&D DuoSet® ELISA kits: Mouse CXCL2/MIP-2 (Catalog# DY452-05), Mouse IL-17 DuoSet 

ELISA Kit (Catalog# DY421-05), Mouse TNF-ɑ (Catalog# DY410-05), and Mouse IFN-𝛾 

(Catalog# DY485-05).  

 

1H NMR determination of drug weight percentage: The ciprofloxacin drug weight percentage was 

analyzed by spectroscopy (Bruker AV 300) in deuterated dimethyl sulfoxide (DMSO-d6) using an 

internal standard, levofloxacin. Briefly, 7.2 mg drugamer was dissolved in levofloxacin solution 

(DMSO-d6, 1 mg/mL, 0.7 mL) and analyzed using 1H NMR spectroscopy. Molar composition of 
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cipro drugamer was determined by comparing a single proton resonance from the internal standard 

at δ = 8.9 ppm against a single proton resonance from ciprofloxacin containing drugamer at δ = 

8.42 ppm (Figure S2.2 B, Supporting Information). 

 

Size exclusion chromatography (SEC): SEC was used to determine molecular weight and 

dispersities (Mw/Mn, Đ) of the drugamer. The purified drugamer was dissolved at 5 mg/mL in the 

running buffer (0.15 M sodium acetate buffered to pH 4.4 with acetic acid) for analysis by SEC. 

Samples were then applied to an OHpak SB-804 HQ column (Shodex) in line with a miniDAWN 

TREOS light scattering detector (Wyatt) and an OptiLab rEX refractive index detector (Wyatt). 

Absolute molecular weight average (Mn) was calculated based on dn/dc value calculated 

separately for the polymer using ASTRA software (Wyatt). 
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Supplemental Figures 
 
Figure S2.1 Cipro drugamer synthesis. (A) Representative 1H-NMR (300 MHz, dimethyl 
sulfonoxide-d6 (DMSO-d6)) of synthesized polymeric ciprofloxacin prodrug with Val-Cit 
dipeptide linker, poly(Man-co-VC-cipro). (B) Representative 1H-NMR (300 MHz, DMSO-d6) of 
synthesized polymeric ciprofloxacin prodrug with Val-Cit dipeptide linker, poly(Man-co-VC-
cipro) with an internal standard, Levofloxacin, to determine the drug weight percentage. (C) Gel 
permeation chromatography of cipro drugamer using differential refractive index detector. 
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Table S2.1 Monomer feed ratios of poly(Man-co-VC-cipro), referred to as ‘cipro drugamer’. 

 
 
 
 
 
 
Figure S2.2 Repeated treatment with free ciprofloxacin improves survival against lethal Kp 
infection. A) In vivo model workflow schematic. Free ciprofloxacin (5mpk) or D5W were 
intratracheally administered (50 𝜇L aerosolization) to albino C57BL/6 mice at 2, 24, and 48 hours 
after intratracheal infection (6 x 103 CFU Kp) using a MicroSprayer® (n = 5 per treatment group). 
Survival (B) was monitored for 14 days.  Klebsiella pneumoniae (Kp); 5% dextrose in water 
(D5W); mg/kg (mpk). 
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Table S2.2 Lung injury scoring criteria. 
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Figure S2.3 Lung injury scoring breakdown. Analysis of histological samples from mice 72 hours 
after lethal infection (6 – 7 x 103 CFU Kp) and treatment at +24 hours with cipro drugamer, free 
cipro, or PBS vehicle and compared to healthy control.  
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Figure S2.4 Whole lung cytokine analysis. (A) TNFɑ, (B) IL-17, and (C) MIP-2 were measured 
at 24, 48, and 72 hours after intratracheal infection of albino C57BL/6 with 6500 CFU Kp and 
microsprayer treatment at 24 hours with 5 mpk cipro from free drug or drugamer and compared to 
PBS vehicle control. Data presented as median and interquartile range (n = 3 – 4). IFN𝛾 were also 
measured but were below the detection limit of the assay (31.2 pg/mL). Macrophage inflammatory 
protein-2 (MIP-2); tumor necrosis factor ɑ (TNFɑ); interleukin-17 (IL-17); colony forming units 
(CFU); Klebsiella pneumoniae (Kp); ciprofloxacin (cipro); mg/kg (mpk); Phosphate buffered 
saline (PBS); Interferon gamma (IFN𝛾) 
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Figure S2.5 (A) Gating scheme for flow cytometry analysis of right lungs harvested from Kp-
infected mice at four days post infection (650 CFU IT) and after treatment at 24 hours with 5 mpk 
cipro from drugamer, free cipro, or PBS vehicle. (B) Alveolar macrophages… (C) Bacterial burden 
was quantified in the left lung. (D) Multivariable analysis comparing for individual mice left lung 
bacterial burdens (x-axis), % neutrophils (y-axis; % of CD45+ cells), and % alveolar macrophages 
(size of symbol, % of CD45+, non-neutrophils). Klebsiella pneumoniae (Kp); intratracheally (IT); 
mg/kg (mpk); ciprofloxacin (cipro); phosphate buffered saline (PBS). 
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Chapter 3. DRUGAMER-LOADED PROTEIN VACCINES1 
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J. Wargacki, Marion Pepper, Anthony J. Convertine, Patrick S. Stayton, and Neil P. King 

 

1Adapted with permission from Herpoldt, KL, et al. [1] © 2024 The Authors. Advanced Healthcare Materials 

published by Wiley-VCH GmbH and under the terms of the Creative Commons Attribution (CC BY 4.0) License. 

 

ABSTRACT 
 

Virus-like particles are a promising class of materials for vaccine development. They can 

protect cargo molecules from degradation, penetrate cells, and possess inherent immunogenicity. 

Cargo packaging is an important area of development because many VLP loading strategies 

involve passive diffusion of small cargos through the pores of the VLP. This limits the types of 

cargos utilized in such vaccine designs. Computational design can be used to optimize the 

biophysical properties of VLPs to facilitate cargo delivery, including antigens and adjuvants. 

Excitingly, Herpoldt et al designed a two-component protein nanoparticle, I53-50-V5 (“V5”), that 

could be mixed in vitro with a single-stranded RNA (200 - 2500 nucleotides) to achieve effective 

encapsulated and protection from degradation. Here we show that adjuvant-containing radiant star 

polymers can be encapsulated in V5 as a modular and atomically defined vaccine and small 

molecule drug delivery system. The polymer is synthesized by RAFT polymerization from a 

hydrophilic hyperbranched core allowing for compact incorporation of monomers with anionic 

charge and monomeric prodrugs containing the small molecule TLR7/8 agonist resiquimod. The 
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anionic polymer associates with positively charged inner luminal surface of V5 to achieve efficient 

encapsulation from which resiquimod is released in a sustained manner by hydrolysis. Co-delivery 

of adjuvant within the V5 resulted in efficient vaccination in mice and reduced toxicity compared 

to controls.  

 

3.1 INTRODUCTION 
 

The recent COVID-19 pandemic has galvanized the rapid development of new and 

effective vaccines.[2, 3] Advances in biomaterials manufacturing have enabled molecular 

precision in the design and synthesis of vaccine components dictated by computational biology, 

protein engineering, structure-based antigen design, and genetic engineering. Such progress has 

unlocked new avenues to investigate how our immune system works and how we can leverage it 

for protection against pathogens. 

A functional vaccine primes the host immune system to induce an appropriate response 

and prevent or reduce the severity of disease upon future exposure. Historically, whole attenuated 

or inactivated pathogens have been incorporated into vaccines to prime an appropriate response.[4] 

However, the potential danger of incomplete inactivation or attenuation as well as the requirement 

of specialized facilities for mass production precludes their wide adoption.[5] Instead, recombinant 

subunit vaccines have been developed from highly purified antigens with increased safety. The 

subunits are purified proteins or peptide antigens themselves or are generated in situ via delivered 

encoding mRNA cargo. However, because subunit vaccines lack the exogenous immune activating 

components, including the additional nucleic, lipid, and cell membrane components associated 

with live and attenuated vaccines, they can suffer from poor immunogenicity and adjuvants are 

incorporated to improve their potency.[6, 7]  
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Virus-like particles (VLPs) are self-assembling proteins that mimic the structure of viral 

capsids but are noninfectious due to their lack viral genomes. They are am emerging class of 

vaccine therapeutics because (1) their size (typically 20-200 nm) allows for effective trafficking 

to draining lymph nodes, (2) their inherent immunogenicity and repetitive structure allows for 

efficient dendritic cell and B cell uptake for B cell activation and (3) they are designed to protect 

cargos (e.g., mRNA) from degradation before efficient delivery to a target cell.[3, 8, 9] Further, 

VLPs are amendable to multivalent surface functionalization for display of targeting moieties or 

antigens.[10-13] Their positively charged luminal surface and relatively large interior volume 

allows for electrostatic packaging with guest molecules such as quantum dots, proteins, nucleic 

acids, and synthetic polymers.[14-25] 

Custom-designed self-assembling protein nanoparticles inspired by VLPs and other 

naturally occurring protein nanoparticles have been computationally designed as a clinically 

relevant platform with enhanced stability in biological circulation, functionality, and modularity 

with atomic-level accuracy.[13, 26-33] In a recent advancement, Herpoldt et al designed a two-

component icosahedral protein nanoparticle, I53-50-V5 (“V5”), able to be synthesized from two 

distinct types of independently purified protein building blocks allowing for in vitro assembly and 

packaging of single-stranded RNA molecules ranging from 200 – 2500 nucleotides.[1] Compared 

to previous one-component (“homomeric”) versions that relied on passive cargo loading and 

release through capsid pores associated with poor control, the two-component design allows for 

encapsulation of larger and diverse molecular cargos. 

We hypothesized that by the same electrostatic mechanism used to load RNA, synthetic 

cargos such as radiant star polymeric prodrugs (“drugamers”) could be packaged in V5 to 

effectively co-deliver small molecule drugs, such as vaccine adjuvants to improve their co-
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localization with antigen and prevent systemic toxicity.[34] This recently described class of 

polymer nanostructures are composed of linear chains grown from a hyperbranched, hydrophilic 

core using reversible addition-fragmentation chain transfer (RAFT) polymerization (Figure 3.1). 

We reasoned that the compact, well-defined three-dimensional architectures of radiant star 

drugamers would enable more efficient packaging than linear polymers that would require 

compaction during packaging.[34] Here we present a radiant star polymer prodrug that 

incorporates the Toll Like Receptor (TLR) 7/8 agonist, resiquimod, that can be packaged within 

V5 allowing for co-formulation of adjuvant and antigen to achieve potent vaccination.  

 

 
Figure 3.1  Controlled encapsulation of radiant star drugamers by in vitro assembly of into two-

component icosahedral protein nanoparticles. (A) Radiant start polymer prodrugs 
are synthesized by RAFT polymerization of anionic mono-2-
(methacryloyloxy)ethyl succinate (SMA), rhodamine methacrylate, and 
resiquimod methacrylate from a hyperbranched poly(hECT) core. (B) The anionic 
linear arms of the radiant star drugamer allow for electrostatic encapsulation within 
the positively charged luminal surface of the self-assembling protein nanoparticle 
composed of V5A (20 units/particles) and V5B (12 units/particle).  

 
3.2 RESULTS AND DISCUSSION 
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3.2.1 Encapsulation of radiant star polymers   
 

To enable the electrostatic encapsulation approach similar to that used for nucleic acids, 

the radiant star polymers incorporate an anionic monomer, mono-2-(methacryloyloxy)ethyl 

succinate (SMA), for the radiant arms. Each monomeric SMA subunit carried a single negative 

charge (Figure 3.1A). Prior to synthesis of radiant star drugamers, radiant star polymers lacking 

drug (denoted as RSPs) of SMA were synthesized with a range of hydrodynamic radii to determine 

the size range of polymers that could be encapsulated. The length of the linear chains from the 

hyperbranched core (and therefore the hydrodynamic radius of the polymer nanoparticle) was 

controlled by altering the degree of polymerization (DP) via the ratio of monomer to chain transfer 

agent (CTA) in the RAFT reaction. We targeted four different degrees of polymerization (DP25, 

DP50, DP100, and DP200) to study the ability of V5 to encapsulate synthetic polymers of varying 

size. A small amount of rhodamine B methacrylate (RhMA) was co-polymerized into the linear 

arms to enable detection of the polymers. After purification, molecular weights and hydrodynamic 

radii were established through aqueous gel permeation chromatography (multiple-angle light 

scattering coupled with size exclusion chromatography, SEC-MALS) and dynamic light scattering 

(DLS; Figure S3.1, Supporting Information) and indicated the RSPs ranged from 225 kDa (Rh = 

10.1 nm) to 1.7 MDa (Rh = 33.9 nm). 

Following the conditions previously established for nucleic acid packaging by Herpoldt et 

al., the four RSPs were each encapsulated at a 1:1 nanoparticle:RSP ratio.[1] Each RSP was 

resuspended in buffer and mixed with the V5A trimer followed by the V5B pentamer to allow 

assembly to proceed for an hour at 37°C. We took advantage of the rhodamine incorporated into 

the RSPs and their polyanionic nature deriving from the negatively charged SMA monomer to 

visualize encapsulation by electrophoretic mobility shift assay (EMSA; Figure 3.2A). In the 
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absence of V5, the RSPs migrated rapidly through agarose gels, with the smaller polymers 

migrating furthest. All four encapsulation reactions yielded significantly shifted fluorescent RSP 

bands that were also stained by Coomassie, indicating co-migration of V5 and each RSP. The 

reactions for the two smallest RSPs, DP25 and DP50, both yielded single sharp bands, suggesting 

formation of a monodisperse species. By contrast, multiple smeared bands were observed after 

encapsulation of the larger RSPs, DP100 and DP200, suggesting inefficient encapsulation and the 

formation of multiple distinct species. 

 

 
Figure 3.2 Encapsulation of synthetic polymers inside a designed protein nanoparticle. (A) 

Native agarose gel electrophoresis of increasing sizes of RSP present upon 
encapsulation. (B) SEC trace of RSP alone (top) and RSP encapsulated within V5 
(bottom). Small polymers, once encapsulated, eluted at the same elution volume as 
empty V5 (dotted vertical line). (C) DLS size and polydispersity measurements of 
RSP alone or encapsulated within V5. 

 
We further characterized RSP encapsulation by SEC, DLS, and negative stain electron 

microscopy (nsEM). The water-soluble nature of RSPs and their similar size to assembled V5 

enabled side by side comparison of free RSPs and encapsulation reactions by SEC. 

Chromatograms of free RSPs or encapsulation reactions were collected at 565 nm and 280 nm to 

track the rhodamine in the RSP and the protein nanoparticle, respectively (Figure 3.2B). While the 
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two smallest RSPs are well resolved by SEC, a significant amount of DP100 and nearly all of 

DP200 elute at the void volume, consistent with their large size. When encapsulated within V5, 

the 565 nm peaks of both DP25 and DP50 shift to precisely match the elution of monodisperse V5 

nanoparticles around 13 mL. Although a small amount of the DP25 encapsulation reaction, and 

slightly more of that of DP50, eluted at the void volume, no residual signal at 565 nm was observed 

at the unencapsulated elution volume, indicating that all polymer is efficiently encapsulated. 

Consistent with the EMSA, SEC suggested inefficient encapsulation of the two larger RSPs within 

V5. Although a small rhodamine peak co-eluted with V5 in the case of DP100, the majority of the 

RSP in both encapsulation reactions eluted at the void volume. Interestingly, most of the protein 

also eluted at the void volume, suggesting that the larger polymers caused protein aggregation. 

DLS of SEC fractions corresponding to the elution peak near 13 mL indicated that monodisperse 

V5 nanoparticles could be obtained after packaging each RSP, although in lower yield for the 

larger polymers (Figure 3.2 C). DLS of the free RSPs exhibited relatively broad size distributions 

that increased with the degree of polymerization as expected. Analysis of the smallest (DP25) and 

largest (DP200) encapsulations by nsEM confirmed the biophysical characterization. In vitro 

encapsulation of DP25 resulted in monodisperse particles, with 2D class averages closely 

resembling those seen for empty V5 (Figure 3.3 and Figure S3.2, Supporting Information). 

Meanwhile, we observed large aggregates and a substantial amount of unassembled protein in 

encapsulation reactions using DP200, consistent with the SEC and DLS data indicating that this 

polymer is too large to fit in the V5 lumen. 
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Figure 3.3  Representative negatively stained electron micrographs of V5 particles. Empty V5, 

and V5 encapsulated with radiant star polymer DP25 and DP200. Bottom panels of 
class averages for relevant groups. The data shown are from representative 
experiments that were performed at least twice.  

 
3.2.2 Synthesis of a resiquimod pro-drug monomer and resiquimod-loaded RSP 
 

Resiquimod is an antiviral imidazoquinoline that has been shown to activate the innate 

immune system via TLR 7 and 8.[35] While it has been approved for use in certain topical 

indications, it is underutilized as a vaccine adjuvant due to systemic toxicity and poor tolerability 

in humans.[36] Like other small molecules, it is prone to diffuse away from the injection site, and 

there has been substantial interest in new formulation and delivery methods for resiquimod and 

other imidazoquinolines.[37-41] Previous studies have suggested that an encapsulation approach 

to formulation could improve safety and tolerability by directly co-delivering adjuvant with 

antigen to antigen-presenting cells while also potentially lowering the amount required for 

activity.[41, 42] We incorporated resiquimod into an RSP to enable straightforward in vitro 

encapsulation inside V5 and subsequent release in vivo. Building polymeric pro-drug architectures 

using polymerizable drug monomers provides a viable approach for incorporating multiple 
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components such as drugs, targeting moieties, and labeling agents simultaneously without any 

laborious post-synthetic procedures.[34, 43-45] Additionally, by adjusting the molar ratio of the 

monomers, the loading of each component can be precisely controlled with a well-defined 

statistical distribution that allows for maintenance of the polymers negative surface charge to 

facilitate encapsulation within two-component protein nanoparticles.  

We designed a methacrylate-based prodrug monomer carrying a para-

hydroxybenzyloxycarbonyl (PHBC) spacer between the polymerizable monomer (SMA) and the 

resiquimod (Figure 3.1A) that can be directly polymerized by RAFT polymerization. The PHBC 

spacer is well known for its self-immolative nature; once the phenolic ester bond is hydrolyzed, 

the resulting phenolate quickly self-eliminates and triggers the spontaneous release of the intact 

drug.[46, 47] The monomer synthesis starting from SMA is outlined in Figure S3.3 in the 

Supporting Information. The successful synthesis of resiquimod methacrylate (ResMA) monomer 

was confirmed by 1H NMR spectroscopy (Figure S3.4, Supporting Information) and ESI-MS 

signal at m/z value of 677.4 [M+H]+. 

Having identified an RSP size range that allows efficient encapsulation within V5, a radiant 

star drugamer that incorporated the resiquimod pro-drug monomer was then synthesized. The 

smallest RSP size (DP25) was targeted to ensure efficient encapsulation. Following co-

polymerization of ResMA, RhMA, and SMA to the poly-4-Cyano-4-

((ethylsulfanylthiocarbonyl)sulfanyl)pentanoic acid hydroxyethyl methacrylate  (pECT HEMA) 

core using [2,2′-Azobis(4-methoxy-2,4-dimethylvaleronitrile)] (V70) initiator, the purified 

polymerized resiquimod (pResi) yielded a 96% monomer conversion and a resiquimod drug 

weight percent of 9.74% (Figure S3.5, Table S3.1, Supporting Information). Characterization of 

pResi by SEC-MALS and DLS (Figure S3.1, Supporting Information) indicated a hydrodynamic 
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radius of 9.8 nm and a total molecular weight of 376 kDa, matching the size of the RSP observed 

to efficiently encapsulate above. 

 

3.2.3 Encapsulation and release of pResi in vitro 
 

pResi was encapsulated within V5 using the same stoichiometric mixing and assembly 

approach described above for the RSPs. Encapsulation was confirmed by SEC, which showed a 

clear shift in elution volume of pResi (monitored by rhodamine absorbance at 565 nm) from 16 

mL to the expected V5 elution volume of 13 mL (Figure 3.4A). Very little residual unencapsulated 

polymer was observed, indicating efficient encapsulation by in vitro assembly. Assuming a single 

polymer was encapsulated per nanoparticle and the molecular weights and drug loading above, we 

estimate approximately 100 molecules of resiquimod were packaged per V5 nanoparticle. 

 

 
Figure 3.4 Sustained release of resiquimod adjuvant from V5-encapsulated radiant star 

drugamer. (A) SEC trace of pResi alone (top) and pResi encapsulated within V5 
(bottom). Once encapsulated, the polymer nanoparticle elutes earlier from the 
column, at the same elution volume as empty I53-50-V5, indicating it is now 
trapped within the protein nanoparticle. (B) Release kinetics of free resiquimod 
from pResi alone or V5-encapsulated in human serum and pResi alone at pH 5. 

 
We studied the rate at which resiquimod is released from pResi via cleavage of the PHBC 

linker. Figure 3.4B shows the amount of resiquimod released at 37°C as a function of time from 
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pResi alone or encapsulated in V5 when incubated in human serum or buffer at pH 5 to simulate 

the acidic conditions within the endosome. Encapsulated pResi could not be studied at pH 5 due 

to the tendency of V5 to flocculate at low pH. No difference was observed in the rate of release of 

resiquimod in human serum regardless of encapsulation state (t1/2 of 1.5 d vs 1.9 d for encapsulated 

vs. non-encapsulated pResi), suggesting that the presence of the protein nanoparticle might not 

impact drug release in circulation. At low pH, the release rate of resiquimod from pResi was 

significantly slower (t1/2 = 19.6 d), suggesting that drug release from the polymer architecture may 

slow after endocytosis of the encapsulated nanoparticle. 

 

3.2.4 Encapsulated pResi provides potent immune activation without systemic toxicity 
 

After confirming that resiquimod was released from the polymer prodrug via hydrolysis, 

we tested the ability of the encapsulated pResi to induce cytokine production by peripheral blood 

mononuclear cells (PBMCs) in vitro. Human PBMCs from three donors were incubated for 24 

hours with varying concentrations of free resiquimod or pResi encapsulated within V5. Compared 

with dose-matched free resiquimod, encapsulated pResi appeared to elicit higher levels of secreted 

Interleukin-6 (IL-6) and Tumor Necrosis Factor-alpha (TNF-α) across the concentration series 

until saturating concentrations were reached (5 µM), although this difference did not reach 

statistical significance (Figure 3.5A). Empty V5 and pResi alone each resulted in much lower 

activation (Figure S3.6, Supporting Information), suggesting that the pResi is more readily taken 

up by cells when encapsulated and that empty V5 has a minimal impact on immune stimulation. 

Having demonstrated the biological activity of encapsulated pResi in vitro, we then 

evaluated its effects in immunization studies in mice. We used V5 itself as the immunizing antigen 

and measured anti-V5 binding titers after three immunizations with a series of distinct 
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formulations. In addition to encapsulated pResi containing 0.36 µg of resiquimod, we tested pResi 

mixed with pre-assembled V5 (i.e., non-encapsulated), V5 formulated with 0.36 or 20 µg of free 

resiquimod, V5 encapsulating the DP25 RSP lacking resiquimod, V5 alone, and V5 formulated 

with AddaVax, a squalene-based oil-in-water emulsion we have used as an adjuvant in previous 

immunization studies.[13, 30, 32] The amounts of V5 and resiquimod administered were matched 

in all relevant groups except for the high dose of free resiquimod (20 µg), which was selected 

based on typical doses used in previous studies in mice.[48] Formulating V5 with free resiquimod 

at either dose resulted in no improvement over the encapsulated DP25 RSP or V5 alone (Figure 

3.5B). In contrast, encapsulated pResi elicited serum antibody titers against V5 that were 

significantly higher than non-encapsulated pResi and were comparable to AddaVax. Plotting the 

kinetics of the serological response, which was followed for four months following the second 

boost, showed that encapsulated pResi elicited a durable response in which the levels of antibodies 

against V5 remained consistently higher than the groups receiving free resiquimod or no adjuvant 

(Figure 3.5C). 
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Figure 3.5 Encapsulated polymeric adjuvants improve immune responses in vitro and in vivo. 

(A) In vitro cytokine response from human PBMCs (each of three donors 
represented by a distinct symbol) incubated for 24 h with free resiquimod or 
encapsulated pResi. (B) Serum IgG responses against V5 after three immunizations 
of BALB/c mice (n=5), measured as EC50 titre. (C) Anti-V5 antibody titers 
measured over 24 weeks for groups receiving encapsulated pResi (green), free 
resiquimod (grey), or no adjuvant (purple). (D) In vivo systemic cytokine responses 
measured 1 hour post immunization. Only free resiquimod at a dose commonly 
used in the literature induced TNF-α and IL-6 levels above background. The data 
shown are from representative experiments that were performed at least twice. 
Error bars in panel f indicate standard deviation. Statistical significance was 
determined by an independent t-test with Bonferroni correction; ****, p ≤ 1×10-4; 
***, p ≤ 1×10-3; **, p ≤ 1×10-2; *, p ≤ 5×10-2. 

 
To determine the effect of polymerizing resiquimod and packaging it into V5 on systemic 

toxicity, we measured serum cytokine levels 1 hour after immunization, a commonly used 

timepoint to evaluate toxicity.[39] TNF-α and IL-6 were elevated when 20 µg of free resiquimod 

was delivered (Figure 3.5D). By contrast, levels of these cytokines were indistinguishable from 
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background in all other groups, including pResi encapsulated in V5, which elicited antibody levels 

that were significantly higher than all other formulations except AddaVax (Figure 3.5B). These 

data indicate that encapsulating resiquimod in V5 significantly increased immunogenicity without 

causing the systemic cytokine secretion that has been associated with toxicity in previous studies 

of this adjuvant.[37] 

 

3.3 STUDY LIMITATIONS 
 

While in these studies we used V5 as the antigen, such nanoparticle encapsulate materials 

can serve as a platform for multivalent decoration with both antigens or cell-specific targeting 

moieties achieved by genetic fusion, chemical conjugation, “plug-and-play” decoration, or in vivo 

library selection.[11, 12, 29, 49] Further, while we did not characterize or target delivery to specific 

cell types in our studies here, cell-specific targeting could be achieved by similar methods.[50]  

Lastly, there is extensive rationale for utilization of imidazoquinolones like resiquimod as 

vaccine adjuvants because of specific receptor stimulation and immune signaling cascades of both 

TLR7 and TLR8 immune pathways. However, it should be noted that murine TLR8 pathways are 

divergent from human, which limits the full characterization and potential of our vaccine in the 

murine model used herein.[37] 

 

3.4 CONCLUSIONS 
 

We demonstrate the functional potential of cargo-bearing V5 nanoparticles in vivo by 

encapsulating and delivering a small molecule TLR7/8 agonist in immunization experiments in 

mice. We showed that a radiant star polymer was an ideal encapsulated material due to its statistical 
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incorporation of functional monomers that maintain its negative surface charge and allow for high 

drug loading without the need for further compaction prior to encapsulation. While fully synthetic 

polymer encapsulation by VLPs has been explored previously, to our knowledge, this is the first 

time a fully synthetic polymer prodrug has been encapsulated.[22-25] Resiquimod-packaged 

nanoparticles elicited more potent humoral immune responses against V5 than V5 mixed with a 

55-fold higher dose of free resiquimod, while simultaneously minimizing systemic toxicity. These 

results support several previous studies demonstrating that chemical linkage of resiquimod to an 

antigen improves B and T cell responses and outcomes after challenge and are consistent with the 

notion that the ideal vaccine formulation links adjuvant to antigen, thereby restricting immune 

stimulation to relevant lymphoid tissues and enhancing both B and T cell-mediated protection.[40-

42, 51, 52] Our vaccine approach has appreciable synthetic definition and control over positioning 

of molecular features and allows for decoupling of immunogenicity of antigen (V5 in this case) 

and adjuvant (radiant star polymer adjuvant), which can be used to investigate how antigen epitope 

and adjuvant mechanisms can be mixed and matched to fit a desired disease setting. While we 

describe a vaccine application here, other small molecules drugs could be delivered to disease 

settings and target tissues using this V5-encapsulated drugamer approach.  

 

3.5 METHODS 
 

Materials 

Materials were purchased from Sigma Aldrich unless otherwise specified. Resiquimod was 

purchased from AstaTech. 4-Cyano-4-(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid (ECT) 

was obtained from Omm Scientific. [2,2′-Azobis(4-methoxy-2,4-dimethylvaleronitrile)] (V-70) 

was purchased from FUJIFILM Wako Pure Chemical Corporation and used without further 
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purification. Spectra/Por regenerated cellulose dialysis membranes were purchased from Spectrum 

Laboratories. 

 

Dynamic Light Scattering 

Dynamic light scattering was performed on a DynaPro NanoStar (Wyatt Technology Corp.). 

Measurements were performed in triplicate in a 1 µL quartz cuvette. Each measurement collected 

10 acquisitions at 5 s per acquisition.  

 

Negative Stain Electron Microscopy 

Negative stain electron micrographs were collected on a Talos model L120C electron microscope 

(Thermo Scientific). Protein nanoparticles were diluted to a concentration of 0.1 mg/mL in 25 mM 

Tris pH 8, 500 mM NaCl. Sample was applied to carbon coated 300 mesh copper grids (Ted Pella) 

which had been glow discharged immediately before use. The grids were washed and then stained 

with 0.75% (w/v) uranyl formate stain, immediately blotted, and then stained again.  

 

Electrophoretic Mobility Shift Analysis 

A 2% (w/v) agarose gel was prepared by dissolving agarose (Fisher Scientific) in TAE buffer. 

SYBR Gold Nucleic Acid Gel Stain (Invitrogen) was added to the gel before casting. 

Electrophoresis was performed at 100 V for 1 hour. After imaging nucleic acid, gels were 

incubated overnight in Gelcode Blue Stain Reagent (Thermo Scientific) for imaging of protein 

bands. 

 

In vitro Assembly of I53-50-V5, RSP Encapsulation 
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Prior to assembly, trimeric and pentameric nanoparticle components were separately diluted from 

storage buffer to concentrations ranging from 5 to 50 μM in 20 mM Tris pH 8.0, 150 mM NaCl, 

0.375% CHAPS. For encapsulation reactions, molecular cargos (i.e., RNA or polymers) were 

added to the solution containing the trimeric component, and the assembly reactions were initiated 

by mixing the trimer/cargo- and pentamer-containing solutions followed by overnight incubation 

at 37°C unless otherwise indicated. 

 

Monomer Synthesis 

Synthetic Scheme S1 (Supplementary Information) was followed to obtain the Resiquimod 

prodrug (ResMA) monomer (6). Rhodamine B methacrylate (RhMA) was synthesized and fully 

characterized as described previously.[53] All synthesized compounds were purified by 

precipitation and/or silica gel column chromatography techniques. The successful synthesis and 

purity of the monomers were confirmed and characterized by 1H NMR spectroscopy (Bruker 

Avance Spectrometer 300 MHz) and Electrospray Ionization-Mass spectrometry (Bruker Esquire 

ion trap mass spectrometer). In brief, intermediate 4 was synthesized following previously reported 

methods.[77] To 4 (1.26 g, 2.93 mmol) in 10 mL dichloromethane at 0 ⁰C, was added methyl 

trifluoromethanesulfonate (0.31 mL, 2.83 mmol) in 2 mL dichloromethane dropwise over 5 min. 

After 10 min at 0 ⁰C, the reaction mixture was stirred at room temperature for 1.5 h and then 

concentrated to 4 mL under reduced pressure. This solution was precipitated into diethyl ether in 

50 mL conical centrifuge tubes (40 mL ether/tube), vortexed and centrifuged to isolate the product 

as a sticky pellet. This pellet was again treated with diethyl ether (40 mL/tube), vortexed and 

centrifuged to get the intermediate 5. This intermediate was dissolved in 15 mL CH2Cl2 and added 

to Resiquimod (692 mg, 2.20 mmol) in 35 mL CH2Cl2 at room temperature. The resulting reaction 
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mixture was stirred for 21 h and then the solvent was rotary evaporated under reduced pressure. 

The crude product was purified by silica gel column chromatography using 3 % methanol in 

chloroform to afford resiquimod prodrug monomer ResMA (6). The reaction yielded 1.14 g, a 76.5 

% conversion. 1H NMR (300 MHz, DMSO-d6) given in Supplementary Figure 5 shows expected 

product formation: δ 1.13 (t, J = 6.9 Hz, 3H) 1.18 (s, 6H), 1.85 (s, 3H), 2.70 (t, J = 6.3 Hz, 2H), 

2.85 (t, J = 6.3 Hz, 2H), δ 3.53 (q, J = 6.9 Hz, 2H), δ 4.31 (s, 4H), δ 4.55 – 45.12 (2 s and 1 brs 

merged, 5H), 5.21 (s, 2H), 5.66 (s, 1H), 6.02 (s, 1H), 7.11 (d, J = 8.7 Hz, 2H), 7.45 – 7.58 (1 d and 

1 t merged, 3H), 7.63 (t, J = 7.5 Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 8.54 (d, J = 8.1 Hz, 1H), 9.94 

(s, 1H). MS (ESI, m/z): calculated for C35H40N4O10 (M): 676.3, found: 677.4 [M+H]+. 

 

pResi Core Synthesis poly(HEMA-ECT) (pHECT) 

Synthesis of the macro-CTA (pHECT) was described previously.[40] The RSN core was 

synthesized by RAFT homopolymerization of the HEMA-ECT in DMSO-d6 under a nitrogen 

atmosphere using ABCVA (V501) as the radical initiator. The Degree of Polymerization (DP) of 

HEMA-ECT was 10 and the initiator was 10% of the HEMA-ECT. HEMA-ECT (500 mg, 1.33 

mmol), ABCVA (V501) (37.3 mg, 0.133 mmol), 1,3,5-trioxane (7.4 mg), and DMSO-d6 (1.286 g) 

were added in a 5 mL round bottom flask. The flask was sealed and the reaction mixture was 

degassed by bubbling nitrogen into the solution for 35 min and was then placed in a preheated oil 

bath at 70°C for 18 h. The reaction was stopped by introducing oxygen by removing the septum 

and cooling the solution with a mild stream of air. The crude polymer was isolated by repeated 

precipitations into diethyl ether (8 times). Acetone was used to dissolve the polymer in between 

precipitations. The purified and dried polymer was characterized by 1H NMR spectroscopy. Tinitial 

and Tfinal 1H NMR spectra of the crude solution indicated 99% monomer conversion, using an 
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internal standard (1,3,5-trioxane) added into the polymerization solution. After purification of 

unreacted monomers, the polymer was characterized by 1H NMR spectroscopy in CDCl3. All 

peaks characteristic of poly(HEMA-ECT) were observed. 

 

RSP Synthesis 

Copolymerization of SMA and RhMA was conducted in DMSO in the presence of pHECT 

(macro-CTA) and ABCVA (initiator, I) following a synthetic procedure outlined previously.[40] 

 

pResi Synthesis 

Copolymerization of SMA, ResMA, and RhMA was conducted in DMSO in the presence of 

poly(hECT) (macro-CTA) and V-70 (initiator, I). The initial molar feed percentages of each 

methacrylate monomer were 91.3 mol%, 7.8 mol%, and 0.9 mol%, respectively. The [M]0 : [CTA]0 

: [I]0 was 25 : 1 : 0.05 at an initial monomer concentration of 94.5 wt%. To a 5 mL round bottom 

flask was added SMA (200 mg, 0.869 mmol), ResMA (50 mg, 0.074 mmol), RhMA (5 mg, 0.008 

mmol), poly(hECT) (14.2 mg, 0.0377 mmol), and V70 (0.581 mg, 0.002 mmol) in a 2 mL total 

volume of DMSO. The solution was septa sealed and purged with nitrogen for 30 minutes. It was 

then transferred to a preheated oil bath at 30°C and allowed to polymerize for 18 hours. After the 

solution cooled, the polymer was purified by ether precipitation. The polymer was added dropwise 

to a 50 mL conical tube containing 45 mL diethyl ether and vigorously vortexed, followed by 

centrifugation at 3750 rpm, 4°C for 5 minutes. The ether supernatant was decanted, and the 

polymer pellet was air dried and resolublized in 1 mL DMSO. This process was repeated for a 

total of 3 ether precipitations, followed by one ether wash.  
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To determine the degree of polymerization of monomer, 20 μL of the reaction mixture was taken 

before (Tinitial) and after (Tfinal) the 18 h polymerization reaction, mixed with 700 μL DMSO-d6, 

and analyzed via 1H NMR spectroscopy. The total molar fraction of monomer converted to 

polymer was calculated by comparing the vinyl resonances (3H) between 5.0-6.5 ppm from the 

two spectra. Following purification, 1H NMR spectra were recorded in the presence of fasudil 

hydrochloride (eNovation Chemicals) internal standard to determine the Resiquimod drug weight 

percent of the RSN (Figure S6). 

 

Size Exclusion Chromatography (SEC-MALS) 

The average molecular mass (Mn) and dispersity of the RSNs were determined using 100% mass 

recovery and multiangle light scattering (MALS) SEC. The running solvent was 25 mM Tris-HCl 

pH 8 with 150 mM NaCl (flow rate: 0.5 mL/min) and samples were prepared at 5 mg/mL. 

Separation was performed on a Phenomenex PolySep GFC-P 6000 and data was collected by a 

Wyatt miniDAWN Treos and Wyatt Optilab rex. 100% mass recovery was performed using 

Wyatt's protocol with the refractive index data obtained from the Optilab rex. A dn/dc value of 

0.164 resulted in accurate calculations of the injected mass across all RSNs characterized by SEC-

MALS. The dn/dc value was corroborated by performing a batch dn/dc determination over a range 

of RSN concentrations from 0.1 - 2 mg/mL. Wyatt ASTRA software was used for data analysis 

and determination of absolute molecular weight and dispersity. 

 

pResi Encapsulation 

Prior to encapsulation into I53-50-V5, pResi was dissolved into 25 mM Tris, pH 8 containing 0.3% 

CHAPS to a concentration of 10 mg/mL. Assemblies were performed as described above at a 
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stoichiometric ratio such that there were equimolar amounts of pResi and assembled I53-50-V5 

nanoparticles in solution. The reaction mixture was incubated for 30 minutes at 37°C before 

purification over a Superose 6 HR column (Cytiva) with a mobile phase of 25 mM Tris pH 8, 150 

mM NaCl.  

 

Drug Release Assay 

HPLC analysis of Resiquimod was performed using an Agilent 1260 HPLC equipped with Agilent 

ChemStation software (Palo Alto, CA, USA). The UV detector was operated at 254 nm. A Zorbax 

SB-C18 analytical column (2.1 x 100 mm, 3.5 µm; Agilent Technologies, CA, USA) was used at 

ambient temperature with mobile phases of 1% acetic acid in acetonitrile and aqueous 1% (v/v) 

acetic acid with 5% (v/v) acetonitrile. With a 15 µL sample injection volume, the gradient method 

involved an increase from 2-95 % (v/v) organic phase over the first twenty-four minutes at 0.2 

mL/min, 95-100 % (v/v) organic from 24-25 minutes, and then a ramp down from 100-2% organic 

from 26.5-37 minutes at 0.35 mL/min.  

 

pResi RSNs either suspended in 1:1 PBS:human serum or 10 mM sodium phosphate pH 5, 150 

mM NaCl; or encapsulated in I53-50-V5 nanoparticles in 1:1 PBS:serum, were incubated at 37°C 

at a concentration of 100 µM resiquimod in a final volume of 100 µL for 28 days. At prescribed 

time points (0 h, 3 h, 8 h, 1 d, 3 d, 7 d, 14 d, 28 d), samples were transferred to -80°C until all 

samples could be processed together. Resiquimod was extracted from each sample by 2:1 

acetonitrile extraction at 4°C and centrifugation at 18,000 rcf, 4°C for 20 minutes. Supernatants 

containing resiquimod were filtered through a Millex GV low protein binding PVDF filter (0.22 

µm; Millipore, Burlington, MA, USA) and nitrogen evaporated (Biotage, Uppsala, Sweden) for 
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90 minutes at 13 psi. Samples were resuspended in 100 µL deionized water and run against a 

resiquimod standard curve. 

 

Immunogen Preparation 

Nanoparticles encapsulating pResi were prepared as described above. For groups receiving V5 

with free resiquimod or mixed with pResi, assemblies were prepared by mixing V5A and V5B in 

equimolar amounts. Assembly reactions were incubated at 37°C for 30 minutes before an 

additional molar equivalent of V5A was added to the reaction and allowed to sit at 4°C overnight 

before purification on a Superose 6 10/300 HR column using a buffer of 25 mM Tris pH 8, 150 

mM NaCl. This additional equivalent of V5A was added to ensure that nanoparticles were 

completely formed, with no missing trimeric components37. Following purification, nanoparticles 

were mixed with free resiquimod (prepared from a stock solution in DMSO) or pResi which had 

been dissolved into the same buffer. 

 

Endotoxin Measurement and Removal 

Endotoxin was removed from nanoparticle components during protein purification using a 

detergent wash during IMAC. Proteins were immobilized on a 5 mL HisTrap HP column (GE 

Healthcare) equilibrated with buffer (25 mM Tris pH 8, 500 mM NaCl, 0.75% CHAPS) and the 

column was washed with ∼10 CV of the equilibration buffer. Elution was performed with a linear 

gradient of 0 to 500 mM imidazole in equilibration buffer. Fractions containing the desired protein 

were pooled and stored in a buffer containing detergent until assembly.  Purified proteins were 

tested for endotoxin prior to assembly using a Charles River EndoSafe® PTS system, and 

measured concentrations were routinely below 100 EU/mL. Detergent was removed from 
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assembled nanoparticles prior to immunization by buffer exchange via SEC into 25 mM Tris pH 

8, 1500 mM NaCl. 

 

Mice 

Female C57BL/6J mice were sourced at the age of 4 weeks from Jackson Laboratory, Bar Harbor, 

Maine (stock #000664). Animals were maintained at the Comparative Medicine Facility at the 

University of Washington, Seattle, WA, which is accredited by the American Association for the 

Accreditation of Laboratory Animal Care International (AAALAC). Animal procedures were 

performed with the approval and under the guidance of the Institutional Animal Care and Use 

Committee of the University of Washington, Seattle, WA. 

 

Immunizations and serum collection 

6-week old mice (n=5/group) were immunized with 25 µg immunogen at week 0 and subsequently 

boosted at weeks 4 and 8. Mice were immunized by intramuscular injection at the quadriceps 

muscle using a 27-gauge needle (BD, San Diego, CA) with 50 µL immunogen solution per leg 

(100 µL total) under isoflurane anesthesia. Blood samples were obtained via submental 

venipuncture using a 5 mm lancet (Braintree Scientific, Braintree, MA) two weeks after the initial 

immunization and every 2-4 weeks thereafter. For measurements of systemic cytokines, blood 

samples were obtained as above, 1 hour post immunization. At the endpoint of week 12, mice were 

anesthetized with isoflurane for blood collection via cardiac puncture. The in vivo study was 

repeated twice. For measurement of response duration, blood samples were collected from the 

initial cohort of mice every 4 weeks for 24 weeks, before being anesthetized with isoflurane for 

terminal blood collection via cardiac puncture. Blood was rested in 1.5 mL Eppendorf tubes for 
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30 minutes at room temperature to allow for coagulation. Serum was then isolated from cellular 

components and clotting factors via centrifugation at 2000 g for 10 minutes. Serum was stored at 

-80°C until use.  

 

Cell Culture 

Frozen human PBMCs were thawed and washed in 40 mL PBS containing 10% (w/v) heat-

inactivated FBS, then 10 mL of complete RPMI 1640 (25 mM HEPES, sodium bicarbonate, 1 mM 

sodium pyruvate, 1 mM L-glutamine, 1% (w/v) penicillin/streptomycin and 10% (w/v) FBS.) Cells 

were counted and resuspended in complete RPMI 1640 at 2×106 cells/mL and 0.25 mL/well was 

plated in 96-well tissue culture plates. Resiquimod and its pro-drug form were dissolved in DMSO 

and diluted in TBS to the desired concentration, maintaining a final concentration of DMSO in 

each well of less than 0.1% (v/v). pResi was dissolved into TBS and diluted in each well to the 

desired concentration. Encapsulated pResi was prepared as above and adjusted to the correct 

concentration using a standard curve based on the absorbance of rhodamine at 565 nm. After 24 

hours of incubation at 37°C and 8% CO2, plates were centrifuged at 1500 rpm for 5 minutes and 

0.2 mL of supernatants were removed and transferred to fresh 96-well plates. Samples were stored 

at -80°C before being analyzed by ELISA. 

 

Enzyme-Linked Immunosorbent Assay 

Enzyme-linked immunosorbent assays (ELISA) were used to determine the levels of V5-specific 

antibodies in mouse sera. Maxisorp (Nunc) ELISA plates were coated overnight at 4°C with 0.08 

μg/mL of V5 per well in 0.1 M sodium bicarbonate buffer, pH 9.4. Plates were then blocked with 

a 4% (w/v) solution of dried milk powder (BioRad) in TBS with 0.05% (v/v) Tween 20 (TBST) 
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for 1 hour at room temperature. Serial dilutions of sera were added to the plates and, after washing, 

antibody binding was measured using a hydrogen peroxidase-coupled horse anti-mouse IgG 

antibody. Plates were then washed thoroughly in TBST, colorimetric substrate (TMB, Thermo 

Fisher) was added, and absorbance was read at 450 nm. To quantify the presence of cytokines in 

cell culture and mouse sera, cytokine quantification kits were purchased from R&D Systems and 

used following the manufacturer’s recommendations. 
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SUPPORTING INFORMATION 
 

Supplemental Methods 

 

Plasmid Construction 

Genes sequences encoding the individual nanoparticle subunits of I53-50-V4 were amplified off 

of the bicistronic gene described in Butterfield et al.[1] and cloned into pET29b+ (Novagen) using 

the NdeI and XhoI restriction sites. The F24E mutation and additional tags such as C-terminal 

StrepTags were inserted through PCR and Gibson assembly. Amino acid sequences for all proteins 

used in this study are provided in Table S3.2. 

 

Protein Expression and Purification 

Plasmids were transformed into T7 Express E. coli (New England BioLabs) and expressed 

overnight at 18°C after cultures were induced with 1 mM Isopropyl β-D-1-thiogalactopyranoside 

(IPTG). Expression cultures were pelleted by centrifugation and resuspended in lysis buffer 

composed of 50 mM Tris pH 8.0, 1 M NaCl, 0.75% CHAPS, 20 mM Imidazole, 1 mM DTT, 1 

mM PMSF, 0.1 mg/mL DNase, and 0.05 mg/mL RNase. The resuspended pellets were lysed by 

sonication and centrifuged to yield clarified supernatants containing His-tagged protein of interest. 

These proteins were purified by immobilized metal affinity chromatography (IMAC) with a 

HisTrap High Performance column (Cytiva) after binding in lysis buffer as described above and 

eluted in a buffer containing 50 mM Tris pH 8.0, 1 M NaCl, 0.75% CHAPS, 500 mM Imidazole, 

and 1 mM DTT. After molecular weight confirmation by SDS-PAGE, IMAC fractions containing 

the desired proteins were further purified by SEC using a Superdex S200 Increase 10/300 GL 
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column (Cytiva) in a buffer containing 50 mM Tris pH 8.0, 1 M NaCl, 0.75% CHAPS and stored 

at -20°C. 

 
 
Supplemental Figures 
 
Figure S3.1 Biophysical characterization of SMA-co-RhMA radiant star polymers. a, Aqueous 
SEC-MALS of RSNs, showing dispersity of synthesized polymer nanoparticles. b, Quantification 
of average molecular mass by SEC-MALS, dispersity (Đ), and hydrodynamic radius by DLS. 
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Figure S3.2 Negative stain electron microscopy (nsEM) two-dimensional class averages of 
various nanoparticles. Selected 2D class averages of (a) empty V5, (b) V5 encapsulating DP25. 
For each the encapsulated RSP DP25, the twenty most populated classes are shown with no 
observed aberrant classes.  
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Figure S3.3 Synthesis scheme of Resiquimod prodrug (ResMA) monomer 6. 
 

 
 
 
 
 
Figure S3.4 1H NMR spectrum of Resiquimod prodrug monomer ResMA (6) in DMSO-d6. 
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Figure S3.5 1H NMR spectrum of Resiquimod RSP with fasudil hydrochloride as internal standard 
in DMSO-d6. Resiquimod drug weight % on the polymer was calculated via 1H NMR spectroscopy 
using fasudil hydrochloride as the internal standard. NMR sample contained pResi 20 mg/mL and 
fasudil hydrochloride 2 mg/mL in DMSO-d6. The ratio of integration of the resiquimod proton at 
8.54 ppm to the fasudil proton at 8.72 ppm provided the resiquimod weight % as 9.72%. 
 

 
 
 
 
 
 
Table S3.1 pResi radiant star drugamer polymerization stoichiometry and results 

Monomer MW [Da] Target 
units/chain* Mol % Wt % Calculated 

units/chaina 
SMA 230 22.8 91.3 78.3 21.9 
ResMA 677 2.0 7.8 19.7 1.9 
RhMA 591 0.2 0.9 2.0 0.2 
[M]:[CTA]:[I] 
25:1:0.25 

Total monomer conversiona [%] 
96 

Total MW [Da]a 
376,000 

Drug loading [%] 
9.74 

*polymer core poly(hECT) has 23 branch points (CTAs) and therefore 23 branching chains. With 
a target degree of polymerization (DP) of 25 for each chain, the sum theoretical DP is 575 

abased on monomer conversion determined by 1H-NMR 
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Figure S3.6 Cytokine levels measured from human PBMCs for empty V5 and pResi nanoparticles. 
Levels of secreted TNF-alpha (A) and IL-6 (B) were measured from human PBMCs incubated 
with varying amounts of pResi alone (concentrations matched to free resiquimod in Figure 3.5D) 
or V5 alone. Although no resiquimod is present in the empty V5 samples, the protein concentration 
used matches that from the corresponding encapsulated pResi samples in Figure 3.5D to control 
for any stimulation resulting from the nanoparticle itself. 
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Table S3.2 Amino acid sequences of proteins used in this study. 
 

Protein Amino Acid Sequence* Notes 
   

I53-50-V0A 

MKMEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFT
VPDADTVIKALSVLKEKGAIIGAGTVTSVEQCRKAVESGAEFIV
SPHLDEEISQFCKEKGVFYMPGVMTPTELVKAMKLGHTILKL
FPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVCEWFKA
GVLAVGVGSALVKGTPDEVREKAKAFVEKIRGCTEHHHHHH 

Original I53-50A trimer 
(Bale et al., 2016) 

I53-50-V1A† 
(I53-50-A.1PT1) 

MKMEELFKKHKIVAVLRANSVEEAIEKAVAVFAGGVHLIEITFT
VPDADTVIKALSVLKEKGAIIGAGTVTSVEQCRKAVESGAEFIV
SPHLDEEISQFCKEKGVFYMPGVMTPTELVKAMKLGHDILKL
FPGEVVGPQFVKAMKGPFPNVKFVPTGGVNLDNVCKWFKA
GVLAVGVGKALVKGKPDEVREKAKKFVKKIRGCTEGSLEHH
HHHH 

Engineered I53-50A trimer 
(Bale et al., 2016) 

I53-50-V5A‡ 

(I53-50-V4A) 

MGHHHHHHGGMTMEELFKRHTIVAVLRANSVEEAIEKAVAV
FAGGVHLIEITFTVPDADTVIKALSVLKEDGAIIGAGTVTSVDQ
CRKAVESGAEFIVSPHLDEEISQFCKEKGVFYMPGVMTPTEL
VKAMKLGHDILKLFPGEVVGPQFVKAMKGPFPNVKFVPTGG
VNLDNVCKWFKAGVLAVGVGNALVKGNPDKVREKAKKFVKK
IRGCTEGSWSHPQFEK 

Evolved I53-50A trimer 
(Butterfield et al., 2017) 

I53-50-V0B 

MNQHSHKDYETVRIAVVRARWHAEIVDACVSAFEAAMADIG
GDRFAVDVFDVPGAYEIPLHARTLAETGRYGAVLGTAFVVNG
GIYRHEFVASAVIDGMMNVQLSTGVPVLSAVLTPHRYRDSDA
HTLLFLALFAVKGMEAARACVEILAAREKIAAGSLEHHHHHH 

Original I53-50B pentamer 
(Bale et al., 2016) 

I53-50-V1B† 
MNQHSHKDHETVRIAVVRARWHAEIVDACVSAFEAAMRDIG
GDRFAVDVFDVPGAYEIPLHARTLAETGRYGAVLGTAFVVNG
GIYRHEFVASAVIDGMMNVQLDTGVPVLSAVLTPHNYDKSKA
HTLLFLALFAVKGMEAARACVEILAAREKIAAGSLEHHHHHH 

Engineered I53-50B 
pentamer 

(Butterfield et al., 2017) 

I53-50-V5B‡ 

MGSSHHHHHHSSGENLYFQGNQHSQKDQETVRIAVVRARW
HAEIVDACVSAFEAAMRKIGGERFAVDVFDVPGAYEIPLHAR
TLAKTGRYGAVLGTAFVVNGGIYRHEFVASAVIDGMMNVQLD
TGVPVLSAVLTPHNYDKSNAKTLLFLALFAVKGMEAARACVEI
LAAREKIAAGS 

This study 

   

*Purification tags and linkers are underlined. 
†Differences in V1 constructs compared to V0 constructs are highlighted in yellow. 
‡Differences in V5 constructs compared to V1 constructs are highlighted in green. The F24E mutation in I53-50-V5B relative 
to I53-50-V4B [1] is highlighted in orange. 
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[1] G.L. Butterfield, M.J. Lajoie, H.H. Gustafson, D.L. Sellers, U. Nattermann, D. Ellis, J.B. 
Bale, S. Ke, G.H. Lenz, A. Yehdego, R. Ravichandran, S.H. Pun, N.P. King, D. Baker, Evolution 
of a designed protein assembly encapsulating its own RNA genome, Nature, 552 (2017) 415-
420. 
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Chapter 4. ARMING IMMUNE CELLS THERAPEUTICS WITH 
DRUGAMERS1  

 

Ciana L López*, Katherine J Brempelis, James F Matthaei, Kate S Montgomery, Selvi Srinivasan, 

Debashish Roy, Fei Huang, Shannon A Kreuser, Jennifer L Gardell, Ian Blumenthal, John 

Chiefari, Michael C Jensen, Courtney A Crane, and Patrick S Stayton 

 

1Adapted with permission from López, CL, et al. “Arming Immune Cells with Polymeric Prodrugs.” Adv. Healthc. 

Mater., 2101944 (2021). Copyright 2021 Wiley-VCH GmbH 

 

ABSTRACT 
  

Engineered immune cells are an exciting therapeutic modality, which survey and attack 

tumors. Backpacking strategies exploit cell targeting capabilities for delivery of drugs to combat 

tumors and their immune-suppressive environments. Here, a new platform for arming cell 

therapeutics through dual receptor and polymeric prodrug engineering is developed. Macrophage 

and T cell therapeutics are engineered to express a bioorthogonal single chain variable fragment 

receptor. The receptor binds a fluorescein ligand that directs cell loading with ligand-tagged 

polymeric prodrugs, termed “drugamers.” The fluorescein ligand facilitates stable binding of 

drugamer to engineered macrophages over 10 days with 80% surface retention. Drugamers also 

incorporate prodrug monomers of the phosphoinositide-3-kinase inhibitor, PI-103. The extended 

release of PI-103 from the drugamer sustains antiproliferative activity against a glioblastoma cell 

line compared to the parent drug. The versatility and modularity of this cell arming system is 

demonstrated by loading T cells with a second fluorescein-drugamer. This drugamer incorporates 
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a small molecule estrogen analog, CMP8, which stabilizes a degron-tagged transgene to provide 

temporal regulation of protein activity in engineered T cells. These results demonstrate that this 

bioorthogonal receptor and drugamer system can be used to arm multiple immune cell classes with 

both antitumor and transgene-activating small molecule prodrugs. 

 

4.1 INTRODUCTION 
 

4.1.1 Cell-based therapies for cancer treatment 
 

Many malignant solid tumors remain a therapeutic challenge due to their active immune 

suppression, physiochemical barriers, and their metastatic dispersal.[1-3] For example, 

glioblastoma presents the special blood–brain barrier to therapeutic delivery and is characterized 

by hypoxic niches, immune downregulation, high interstitial pressure, and diffuse infiltration into 

the surrounding healthy brain tissue.[4] Current therapeutic strategies for activating 

immunosuppressive tumor microenvironments (TMEs) have shown rapidly growing impact, 

including checkpoint inhibitors, though resistance mechanisms have also been noted.[5, 6] 

 Cell-based therapies have also emerged as a powerful addition to cancer treatment and 

represent the first actively targeted therapeutics given the ability of immune cells to migrate to 

tumor cell niches. Engineered chimeric antigen receptor (CAR) T cells have cleared hematological 

malignancies with complete remission, but have been initially been less active in solid tumor 

settings due to difficulties in overcoming the immunosuppressive TME.[7-10] Macrophages have 

also been investigated as cell therapeutics, as they home to primary and metastatic tumors and play 

an active role in the immune status of the TME.[11-16] We recently showed that genetically 

engineered macrophages (GEMs) traffic to solid tumors and persist at least 40 days in mouse 
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models, where they can be engineered to sustainably secrete immunomodulatory protein drugs in 

that tumor environment.[17, 18] These cell-based immunotherapies can synergize with existing 

drugs by recruiting endogenous and engineered T cells into a renormalized and immune-stimulated 

TME.[19-21]  

 

4.1.2 Combining cell therapy with other drug repertoires 
 

Highly mutagenic cancers with unknown antigen markers likely require the combination 

of therapeutic mechanisms acting in parallel.[22-24] Cellular backpacking mechanisms represent 

a promising new approach to combining cell therapy with additional protein and small molecule 

drug repertoires.[25-30] Irvine and co-workers have developed a backpacking system for T cells 

using covalently loaded nanoparticles that deliver protein drugs that improve the persistence of 

cell therapeutics in hematological malignancies.[25] Mitragotri and co-workers showed that 

macrophages could be loaded via endogenous cell receptors with degradable polymeric backpacks 

containing protein drugs.[26, 29] Kabanov and co-workers showed that macrophages with 

backpacks could deliver enzymes to the inflamed brain.[27] These approaches merge drug delivery 

systems developed in the nanomedicine field with cell therapies to improve drug targeting, gain 

controlled release profiles, and to limit off-target toxicities.[31-35] Such strategies may help 

overcome reliance of the drug delivery systems on the enhanced permeation and retention 

mechanisms and add active cell targeting capabilities.[36]  

 

4.1.3 Our approach: Arming immune cell therapeutics with polymeric prodrug backpacks via a 
single chain variable-fragment 
 



 104 

We demonstrate here a new approach to arming immune cell therapeutics with polymeric 

prodrug backpacks. This platform uses protein and cell engineering to express a bioorthogonal 

single chain variable fragment (scFv) receptor that resembles the CAR design. This humanized 

scFv receptor is used to assemble polymeric prodrugs (“drugamers”) through a high affinity 

receptor–ligand interaction (Figure 4.1). The polymeric prodrugs with designable linkers are 

synthesized using a functionalized monomer approach, providing a new route to incorporating a 

more sophisticated small molecule drug and linker repertoire, together with the high affinity ligand 

to direct cell arming, and water solubilizing monomers.[37-40] This cell backpacking system has 

been first demonstrated with phosphoinositide 3-kinase (PI3K) inhibitor drugamers to arm GEM 

therapeutics. The versatility of this arming system was further demonstrated by engineering T cells 

with the same construct. To show the additional versatility of the small molecule drug repertoire 

of drugamers, we armed the engineered T cells with polymeric prodrugs of CMP8. CMP8 is a 

small molecule estrogen analog that controls degradation domain (degron)-tagged transgene 

protein products. The CMP8 polymeric prodrug system was thus designed to provide temporal 

control of a protein activity in T cells coengineered with the antifluorescein scFv receptor and the 

degron-tagged transgene.[41] Taken together, these studies demonstrate the potential of this cell 

backpacking system to arm multiple classes of immune cell therapeutics, and with polymeric 

prodrugs of multiple classes and activities. The antifluorescein receptor was designed with an 

additional surface tag, and thus has additional functionality for future ex vivo cell selection, in 

vivo cell tracking, and in vivo cell ablation.[42-45]  
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Figure 4.1 Schematic mechanism of polymeric prodrug “drugamer” loading on engineered 
cell therapeutics. Immune cells are engineered with a bioorthogonal and humanized 
scFv receptor that binds to polymeric prodrugs via a high affinity receptor–ligand 
binding reaction. The polymeric prodrugs sustain the release of small molecule 
drug cargo via tunable linker design and selection. The versatility of this platform 
was demonstrated by arming genetically engineered macrophage cells with 
polymeric prodrugs of a PI3K kinase inhibitor PI-103 (upper right), and by arming 
engineered T cells with a different drugamer that releases CMP8 to switch on and 
off the model degron-tagged eBlue fluorescent protein 2 (eBFP2) activity (lower 
right). 

 
4.2 RESULTS AND DISCUSSION 
 

4.2.1 PI3K inhibitor selection 
 

Aberrations in the PI3K pathway are among the most frequent events in solid cancers, 

driving tumorigenesis by upregulating cell proliferation and migration and dysregulating 

apoptosis.[46] Development of kinase inhibitors has led to promising drug candidates that aim to 

prevent on-target, off-tumor side effects compared to conventional chemotherapies, which is 

important when navigating complex interactions between tumor and healthy tissues.[47, 48] 
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Imatinib mesylate (Gleevec), a tyrosine kinase inhibitor, is a highly effective standard of care 

treatment for first- line treatment of chronic myeloid leukemia, with survival at 95% over 6 

years.[49] Additionally, alpelisib (Piqray) was recently the first FDA approved PI3K inhibitor for 

HR+/HER2− breast cancer after demonstrating significantly prolonged progression-free 

survival.[50] However, the broad adoption of PI3K pathway inhibitors for clinical use has been 

limited due to poor solubility and pharmacokinetic properties as well as dangerous inhibition of 

insulin signaling causing hyperglycemia.[51, 52] Drugamer therapeutics and cell-mediated 

delivery strategies may help overcome these solubility and pharmacokinetic property issues to 

open new uses for these drug candidates.  

 In our studies, four kinase inhibitor drug candidates were screened for eventual loading 

onto GEMs via drugamers: PI-103 (pan-class 1 PI3K and mTOR inhibitor), BKM-120 (pan-class 

1 PI3K inhibitor), GSK-2636771 (PI3K𝛽 inhibitor), and dasatinib (pan-class tyrosine kinase 

inhibitor). Drug selection was dependent on three criteria: 1) a clinical stage kinase inhibitor that 

is broadly applicable in multiple types of human cancers, 2) monomer synthesis feasibility, and 3) 

clinical issues that might be improved by the cellular delivery method (e.g., poor solubility and 

pharmacokinetic properties, off-target side effects that could be improved by more targeted 

delivery and controlled local release kinetics from the polymeric prodrug). PI-103 had the lowest 

effect on macrophage viability and was selected for further studies based also on its suitability for 

prodrug monomer synthesis (Figure 4.2). PI-103 represents a promising drug for future studies 

because it inhibits both PI3K and mTOR, indicating its potential to potently inhibit mutationally 

distinct cancer cells at multiple pathway points.[53] PI-103 has antiproliferative effects on cancer 

cells, and there is also evidence that PI-103 and other PI3K inhibitors can polarize tumor associated 

macrophages (TAMs) toward a proinflammatory phenotype by inhibition of p110𝛿/𝜆.[54, 55] 
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TAMs are a key non-neoplastic tumor resident, for example, making up 30–50% of cells in 

glioblastoma tumors and producing stromal factors that change the local milieu facilitating 

neoplastic invasion.[11-14, 56] This additional drug benefit could prove useful in in vivo settings 

to repolarize resident TAMs or maintain the proinflammatory phenotype of the GEM carrier. 

 

 
 

Figure 4.2 Kinase inhibitor drugs including PI-103, BKM-120, GSK-2636771, and dasatinib 
were screened for toxicity against human monocyte-derived macrophages and 
normalized to DMSO vehicle. Viability was measured as a function of relative ATP 
production. PI-103 (blue circle); BKM-120 (green triangle); GSK-2636771 (red 
square); dasatinib (pink diamond). Data are presented as mean ± SD, baseline 
corrected (n = 4). 

 
4.2.2 Synthesis and characterization of PI-103 drugamer 
 

Reversible addition–fragmentation chain-transfer (RAFT) synthesis was used to control 

the incorporation ratios of the sterically complex prodrug and fluorescein monomers.[39, 40, 57] 

The chemical structure and synthetic route for the PI-103 prodrug monomer are provided in Figure 

4.3A. The PI-103 and fluorescein monomer syntheses were confirmed by 1H NMR (Figures S1B 

and S2B, Supporting Information) and mass spectrometry analyses (Figure S1C and S2C, 
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Supporting Information). The RAFT copolymerization of PI-103 methacrylate with PEGMA950, 

fluorescein and rhodamine methacrylate yielded a final PI-103 drug weight percentage of 13.25 

wt% (Table S3A and Figure S3B,C, Supporting Information). The degree of polymerization (DP) 

of PEGMA950, PI-103-MA, FIMA, and RhMA were 15, 6, 1.4, and 1, respectively (Table S3A, 

Supporting Information). The approximate molecular weight of polymer was determined to be 19 

kDa based on the monomer conversion (1H NMR), and GPC (refractive index) trace showed 

relatively unimodal molecular weight distribution of the polymer chains (Figure S3D, Supporting 

Information) despite the polymer consisting of four monomers with various functional groups. 

GPC comparison against a standard PEGMA950 polymer (MW = 20,000 Da) confirmed the 1HMR 

molecular weight approximation despite rhodamine interference with light scattering detectors. 

 

4.2.3 Sustained release kinetics and activity of PI-103 with the fluorescein-tagged drugamer 
 

A key advantage of the drugamers as a cell-targeted cargo is the tunability of drug release 

kinetics to fit their anticancer mechanism, or with cues from the tumor microenvironment (e.g., 

drug cleavage by enzymes in the tumor matrix).[39, 58] PI-103 was hydrolyzed from drugamer in 

human serum over 15 days (Figure 4.3B). By day 1, 15 ± 3% of PI-103 was released. By day 4, 

55 ± 14% had been released. By day 8, 83 ± 15% had been released and by day 18, 100 ± 3% had 

been released. These release kinetics could be further optimized for faster or slower release with 

alternative linkers or polymer architectures, depending on the therapeutic application and drug 

pharmacokinetic requirements.[37, 59] A phospho-blot activity assay confirmed that the activity 

of PI-103 was maintained after hydrolysis (Figure 4.3C). Similar to free drug treatment, the PI-

103 released from the drugamer inhibited Akt phosphorylation downstream of p110 and mTOR 

signaling in the U87 glioblastoma cell line.  
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Figure 4.3 Synthesis and characterization of PI-103 drugamer. A) Drugamer synthesis by 
reversible addition–fragmentation chain-transfer (RAFT) polymerization with 4-
cyano-4-(phenylcarbonothioylthio)-pentanoic acid (CTP) and 4,4′-azobis(4-
cyanovaleric acid) (ABCVA) and by incorporation of methacrylate monomers: 
polyethylene glycol, molecular weight 950 (PEGMA950); PI-103 kinase inhibitor 
(blue); and fluorescein ligand for assembly and binding to scFv receptor (green); 
labeled with rhodamine (pink). B) PI-103 release kinetics from drugamer over 22 
days incubated at 37 °C in 50% human serum. Experiment performed in triplicate 
and data expressed as mean with standard deviation bars. C) PI-103 inhibition of 
phospho-Akt in U87 cells was characterized following 24 h incubation with parent 
PI-103 and the PI-103 drugamer and compared to control untreated cells. 

 
4.2.4 Genetically Engineered Macrophages (GEMs) express an antifluorescein receptor and 
direct stable surface assembly of fluorescein-labeled drugamers 
 

Bioorthogonal cell receptors were designed by fusion of an antifluorescein scFv (FITC-

E2) and truncated EGFRt, Her2tG, or CD19t membrane proteins lacking intracellular signaling 

domains. Flexible Gly-Gly-Gly-Ser (GGGS) linkers were investigated either alone or with an 
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additional IgG4 hinge to add stability to the scFv.[42-45, 60] These fusion constructs retain all the 

original characteristics of the surface receptors, while endowing cells with the ability to bind 

fluorescein-tethered molecules, thus equipping engineered cells with tags for ex vivo cell selection, 

in vivo cell tracking, and in vivo cell ablation.[42-45] FITC-E2 has been used in multiple CAR T 

cell applications and is approved for clinical trials.[61, 62] Additionally, a FITC-E2-IgG4hinge-

CD28TM was also built representing a standard CAR with no signaling domains.[63] All 

sequences use the human granulocyte-macrophage colony stimulating factor receptor signal 

sequence (GMCSFRss) to direct surface expression.[42] Six constructs (AntiFl 𝛼–𝜁) were built as 

described in Table S4C in the Supporting Information, with four of six constructs providing 

functional display of FITC-E2 (Figure S4A, Supporting Information).  

The highest expression of FITC-E2 in GEMs was seen by AntiFl construct 𝛾 and 𝛿, 

followed by 𝛽, then 𝜁. AntiFl-𝛼 and AntiFl-𝜖 did not have detectable scFv expression, similar to 

control CD19t. Of the constructs tested, AntiFl-𝜁 had highest drugamer loading (Figure S4B, 

Supporting Information), and thus was selected for subsequent experiments. An optimal 

multiplicity of infection (MOI) for AntiFl-𝜁 was determined by lentiviral titration as seen in Figure 

4.4B with an optimal transduction efficiency at 250 lentiviral particles (LPs) cell−1 with greater 

than 99% FITC-E2+ and with only slight improvements to 100% at 500, 750, and 1000 LPs cell−1.  
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Figure 4.4 Lentiviral transduction of primary human macrophages provides high and 

bioorthogonal expression of AntiFl-𝜁. A) The AntiFl-𝜁 expression construct is 
composed of an antiflourescein scFv (FITC-E2) linked by a glycine repeat to an 
EGFRt transmembrane domain and surface tag. The control construct consists of a 
truncated CD19 tag without FITC-E2. Constructs were cloned into an epHIV7.2 
lentiviral backbone and cotransfected into 293T cells with packaging plasmids for 
synthesis of lentiviral particles (LPs). Transduction of patient-derived macrophages 
yields the AntiFl-𝜁 GEMs with the bioorthogonal surface receptors for drugamer 
assembly. B) AntiFl-𝜁 expression by GEMs occurs with high transduction 
efficiency around 250 LPs per cell (99% FITC-E2+) and increases with increasing 
LPs per cell. Representative plots from one donor (n = 3) are shown. C) Comparison 
of untransduced, wild type macrophages, CD19t GEMs, and AntiFl-𝜁 GEMs 
expression of characteristic macrophage phenotype markers (CD40, CD80, CD86, 
HLA-DR/DP/DQ, CD11b, PD-L1, CD163, CD206, and CD209) 7 days after 
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lentiviral transduction shows minimal changes to cell phenotype following 
lentiviral transduction. Representative results from one donor are shown (4 patient 
donor-derived macrophages were studied in total). 

 
Expression of macrophage-characteristic (CD11b, PD- L1, and HLA-DR/DP/DQ) and 

proinflammatory or anti-inflammatory/TAM-like phenotypes (costimulatory molecules CD40, 

CD80, CD86, and scavenger receptors CD163, CD206, CD209, respectively) was similar for 

AntiFl-𝜁 GEMs, control GEMs that only expressed a CD19t surface tag (no scFv), and wildtype 

macrophages (GEM constructs shown in Figure 4.4A). This indicated that no significant 

modifications to macrophage phenotype were caused by AntiFl-𝜁 expression.  

A dose titration of PI-103 drugamer binding to GEMs showed that AntiFl-𝜁 GEMs had 

consistently higher drugamer loading compared to CD19t control GEMs, indicating scFv-specific 

loading (Figure 4.5A; Figure S5A, Supporting Information). Above 200 × 10−9 M drugamer 

(rhodamine-tagged for detection), AntiFl-𝜁 and CD19t GEM populations displayed increasing 

fluorescent signal indicating AntiFL-𝜁 receptor saturation and nonspecific drugamer binding 

(51,120 ± 10,614 cells per treatment group). From these saturation data, it was approximated that 

500,000 AntiFl-𝜁 GEMs were loaded with 3.8 μg PI-103 drugamer, equating to 0.5 μg PI-103. 

Confocal imaging confirmed the colocalization of drugamers to AntiFL-𝜁 GEMs as shown in 

Figure S5B in the Supporting Information and compared to untransduced control macrophages 

one day after drugamer binding. Comparison of Z-slices indicated a higher degree of drugamer 

surface display for AntiFL-𝜁 GEMs compared to control macrophages. Drugamer remained bound 

to AntiFl-𝜁 GEMs for ten days in vitro with surface fluorescence signal remaining stable near 80%, 

indicating that the majority of drugamer was surface bound (Figure 4.5B,C). It is possible that the 

slight increase in rhodamine fluorescence from our drugamer-bound GEMs is due to the inherent 

increase in autofluorescence of cells with time and/or because cells bind drugamer as neighboring 
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cells die. While the drugamer binding interaction proved stable in vitro, there are stronger affinity 

scFvs that can be exploited for future in vivo applications.[64]  

 

 
 

Figure 4.5 Loading and characterization of genetically engineered macrophages (GEMs) with 
rhodamine-labeled drugamer. A) Cell loading was measured with antifluorescein 
scFv (AntiFl-𝜁) and control truncated CD19 (CD19t) GEMs (no scFv) as a function 
of drugamer concentration to determine the binding curve (AntiFl-𝜁 GEMs, green 
circle; CD19t GEMs, blue square; n = 3, representative plot corrected against 
baseline fluorescent levels (0.527 × 103 MFI)). B) PI-103 drugamer remains bound 
to GEMs for up to 10 days in cell culture as evidenced by retention of rhodamine 
fluorescence. Data shown are representative results from one donor (n = 3; 2nd and 
3rd replicates conducted with control drugamer). C) The level of PI-103 drugamer 
internalization by the AntiFl-𝜁 GEMs was measured after acid-salt washout of 
surface-bound polymer and determination of rhodamine (Rh) fluorescence loss. 
Results determined that ≈80% of drugamer remained bound on the AntiFl-𝜁 GEMs 
over 10 days. Data shown are representative results from one donor (n = 3). 

 
4.2.5 Sustained Release of PI-103 from Drugamer Extends Proliferative Inhibition of U87 
Glioblastoma Cell Line Compared to Parent Drug  
 

We hypothesized that the 5 × 10−6 M dose of PI-103 would be less effective than the 

sustained release of drug from 5 × 10−6 M drugamer (equivalent to 30 × 10−6 M PI-103 at 100% 

release, and with 12.4% released by 18 h, 42.8% by 72 h, 56.3% by 96 h, and 69.8% by 120 h as 

determined in Figure 3B). As controls, U87s were treated with 10 × 10−6 M nocodazole, a potent 

mitotic inhibitor that rapidly diminishes all cell activity, and 5 × 10−6 M control drugamer lacking 

the PI-103 monomer that should have no effect on U87 viability. Treatment with the PI-103 
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drugamer led to significant and sustained suppression of U87 ATP activity for up to 5 days 

compared to treatment with parent PI-103 drug as shown in Figure 4.6 (72 h, **p = 0.007; 96 h, 

**p = 0.002; and 120 h, **p = 0.0013). The nocodazole positive control completely eliminated 

U87 activity and the control drugamer had no significant effect. Because PI-103 undergoes rapid 

metabolism in vivo, this prodrug approach may improve the pharmacokinetics and therapeutic 

efficacy.[53, 64] Furthermore, PI-103 is very poorly water soluble and our polymer formulation 

improves this material property.  

 
 

Figure 4.5 The longitudinal anti-U87 glioblastoma tumor cell activity of the PI-103 drugamer 
was compared to parent PI-103 drug, to control drugamer that does not contain PI-
103, and to nontreated and nocodazole (NOC; a potent mitotic inhibitor drug) 
controls. The PI-103 drugamer was incubated at 5 × 10−6 M polymer 
(corresponding to 30 × 10−6 M PI-103 at 100% release), and significantly inhibited 
U87 ATP production for the five days characterized compared to parent PI-103. 
The control drugamer had no significant inhibitory effect on cells. Average 
bioluminescence per well was measured in counts per second (CPS) and scaled with 
relative ATP production for each U87 treatment group. Data are presented as mean 
± SD, baseline corrected (n = 4). Welch’s t-tests were used to determine statistical 
significance between groups at a specific time point (*p < 0.05, **p < 0.01, and 
***p < 0.001). 

 
4.2.6 Arming T Cells Using the scFv Receptor–Drugamer System to Deliver Transgene 
Activating Small Molecule Drugs as Gene Circuit and Protein Switches  
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The versatility and modularity of the polymeric prodrug backpacking platform was shown 

by engineering the T cells, H9 and Jurkat cells, with the AntiFl-𝜁 receptor. The AntiFl-𝜁 -

expressing T cells were loaded with a drugamer carrying the estrogen analog, CMP8 (H9 cell 

loading shown in Figure 4.6A; Jurkat T cell loading shown in Figure S8 in the Supporting 

Information).[65] The CMP8 monomer and drugamer synthetic details are described in Figures S6 

and S7 in the Supporting Information. The AntiFl-𝜁 Jurkat T cells were cotransduced to express 

the model blue fluorescent protein (eBFP2) conjugated to a degradation-domain (degron; eBFP2-

ERdd). This degron is based on the human Estrogen Receptor alpha ligand binding domain 

(UNIPROT P03372). It has been given a suite of mutations that confers both reversible instability 

to conjugated transgene products in the absence of activator drug and renders the domain 

insensitive to endogenous human estradiol. The degron can be stabilized by estrogen analogs such 

as tamoxifen and the nonbiological estrogen analog, CMP8.[41] The AntiFl.eBFP2-ERdd Jurkat 

T cells were loaded with CMP8 drugamer and the ability of released CMP8 to activate eBFP2 was 

tested over the course of 24 h. The fraction of eBFP2 positive AntiFl.eBFP2-ERdd Jurkat T cells 

steadily increased from 9.9% to 38.4% (Figure 4.6B) demonstrating the ability of the released 

CMP8 to stabilize and activate intracellular eBFP2- ERdd. We envision that this type of arming 

of activator prodrug could be useful in switching on proteins produced from gene circuits and for 

controlling the duration of that activity by eventual depletion of CMP8.  
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Figure 4.6 Arming engineered T cells with CMP8 drugamer activates the degron-tagged 

transgene, eBFP2-ERdd, and increases intracellular protein (eBFP2) fluorescence 
activity through sustained local drug release. A) The T cell line, H9, was first used 
to validate the versatility of AntiFl expression and function in different immune 
cell classes. AntiFl H9s were loaded with CMP8 drugamer and drugamer 
fluorescence was compared against drugamer-loaded wild type (WT) and AntiFl 
H9 controls with no drugamer loading (n = 1; 28,311 ± 12,390 cells total analyzed 
per group). Figure S8 in the Supporting Information shows loading of Jurkat T cells 
similarly. B) Jurkat T cells were cotransduced with AntiFl and a transgene encoding 
for a degron-tagged fluorescent protein, eBFP2 (AntiFl.BFP Jurkats). Arming of 
AntiFl.BFP Jurkats with CMP8 drugamer resulted in increased eBFP2 fluorescence 
detection induced by the gradual release of CMP8 from the drugamer when 
compared to a CMP8 drugamer-loaded WT Jurkat control. eBFP2 fluorescence 
detection from CMP8 drugamer-loaded AntiFl.BFP Jurkats increased steadily over 
24 h (n = 1; 21,559 ± 10,833 cells total analyzed per group, %eBFP2 positivity 
gated on 0 h WT Jurkat).  

 
4.3 CONCLUSIONS 
 

A bioorthogonal receptor approach was shown to assemble polymeric prodrugs on GEMs 

and T cells as a new type of cell backpacking platform. The antifluorescein receptor was 

optimized and could be expressed by GEMs without altering their characteristic phenotype and 

polarization. The GEMs were armed with drugamers that control and sustain the release of 

targeted PI3K kinase inhibitors through the polymeric prodrug approach. The drugamer-based 
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backpacking platform was shown to be highly versatile by engineering and arming T cells via the 

same humanized scFv receptor. The modularity of the prodrug cargo was shown by designing 

drugamers with the CMP8 small molecule, which was shown to regulate a protein product from a 

synthetic gene circuit in degron-engineered T cells. This approach could be used to control the 

induction and duration of such engineered T cell or macrophage circuits through the tunability of 

the drug release profiles. These results are a first step to exploiting this new cell arming platform 

to improve cell therapy functionality through combination kinase inhibitor, chemotherapeutic, 

and cell regulatory drugs in a variety of cancer or infectious disease applications. 

 

4.4 METHODS 
 

Reagents: Reagents were purchased from Sigma-Aldrich unless otherwise specified. Rhodamine 

B methacrylate was prepared by following the previously published procedure.[66] Polyethylene 

glycol methacrylate (PEGMA950) monomer was purified using basic aluminum oxide 

(Brockmann l) before polymerization. Chain transfer agent (CTA), 4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid (CTP), and initiator, 4,4′-azobis(4-cyanovaleric acid) 

(ABCVA, V501), were used without further purification. Fasudil hydrochloride was purchased 

from eNovation Chemicals. Spectra/Por regenerated cellulose dialysis membranes were purchased 

from Spectrum Laboratories. Sephadex G-25 prepacked PD10 columns were obtained from GE 

Healthcare Life Sciences.  

 

Synthesis of PI-103 Prodrug and FITC Monomers: Synthetic schemes in Figures S1A and S2A in 

the Supporting Information were followed to obtain PI-103 prodrug monomer and fluorescein 

monomer, respectively. PI-103 monomer was synthesized by conjugating the phenolic hydroxyl 
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group of PI-103 to the carboxylic end of mono-2-(methacryloyloxy)ethyl succinate (SMA) using 

N-(3-dimethylaminopropyl)-N′-ethylcarbodimide hydrochloride (EDCI.HCl) as the coupling 

agent and N,N-dimethylpyridin-4-amine (DMAP) as the base. Fluorescein monomer was 

synthesized by a four-step synthetic pathway starting from 4-aminobutanoic acid using 

carbodiimide/DMAP coupling chemistry. The amine group was first protected with Boc group, 

and then coupled with 2-hydroxyethyl methacrylate (HEMA). Deprotection of the Boc group 

yielded amine terminated methacrylate derivative which upon conjugation with NHS activated 5- 

carboxyfluorescein afforded the fluorescein monomer. All the synthesized monomers and 

intermediates were purified by precipitation and/or silica gel column chromatography techniques. 

The successful synthesis and purity of the monomers were confirmed and characterized by 1H 

NMR spectroscopy (Bruker Avance spectrometers 300 MHz) and electrospray ionization-mass 

spectrometry (Bruker Esquire ion trap mass spectrometer) (Figures S1B,C and S2B,C, Supporting 

Information).  

 

RAFT Synthesis of PI-103 Drugamer: Copolymerization of (poly (PEGMA950-co-PI103-co-

FIMA-co-RhMA)) (referred to PI-103 drugamer) was conducted in DMSO-d6 under a nitrogen 

atmosphere using CTP as the CTA and ABCVA as the radical initiator. The initial monomer/CTA 

ratio ([M]0/[CTA]0) was 25:1 and the initial CTA to initiator ratio ([CTA]0/[I]0) was 10:2.5. The 

molar ratio of PEGMA to PI103-MA to FIMA to RhMA monomers was 16.25:6.25:1.5:1. To a 5 

mL round bottom flask were added PI-103 methacrylate (53 mg, 0.1849 mmol), PEGMA950 (234 

mg, 0.4667 mmol), FIMA (13 mg, 0.1969 mmol), RhMA (8.9 mg, 0.1969 mmol, CTP (4 mg, 

0.0339 mmol), ABCVA (V501) (1 mg, 0.0068 mmol), and DMSO-d6 (2127 μL). CTP and 

ABCVA stock solutions were prepared at 67.62 and 16.96mg mL−1, respectively, before added to 
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the polymerization flask. The flask was sealed, and the reaction mixture was degassed by bubbling 

nitrogen into the solution for 35 min and was then placed in a preheated oil bath at 70 °C for 21 h. 

The reaction was stopped by introducing oxygen by removing the septa and cooling the solution 

with a mild stream of air. All crude polymers were analyzed by 1H NMR spectroscopy. The degree 

of polymerization (DP) and monomer conversion were obtained from Tinitial and Tfinal 1H NMR 

spectrums of the crude solution. The crude polymer was then isolated by precipitation into diethyl 

ether (two times). The polymer was further washed in ether two times. Next the polymer was 

dissolved in DMSO (10 mL) and dialyzed against DMSO (120 h), and then cold nanopure water 

(4 °C, 40 h) using a regenerated cellulose dialysis membrane with a molecular weight cut-off 

(MWCO) of 6–8 kDa (Spectrum Labs). Following dialysis, the polymer solution was then 

lyophilized and was further purified with PD-10 desalting column(s) (Sephadex G-25 M). The 

purified polymer was characterized by 1H NMR spectroscopy for monomer incorporation and its 

PI-103 drug wt% was determined using an internal standard (Fasudil HCl) (Figure S3B,C, 

Supporting Information). The drug wt% was calculated by comparing the integration between PI-

103 proton at 7.2 ppm and the Fasudil HCl proton at 9.5 ppm in the 1H NMR spectrum. A gel 

permeation chromatography (GPC) trace was collected using a Tosoh SEC TSK-GEL 𝛼-3000 and 

𝛼-e4000 columns (Tosoh Bioscience) connected in series to an Agilent 1200 Series Liquid 

Chromatography System and Wyatt Technology miniDAWN TREOS, 3 angle MALS light 

scattering instrument and Optilab TrEX, refractive index detector. As an eluent, HPLC-grade DMF 

containing 0.1 wt% LiBr at 60 °C was used as the mobile phase at a flow rate of 1 mL min−1. A 

control drugamer was synthesized with similar composition, except lacking the PI-103 monomer. 

1H NMR confirmed synthesis and purification as shown in Figure S3G in the Supporting 

Information.  
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PI-103 Release Kinetics from Drugamer: High-performance liquid chromatography (HPLC) 

analysis of PI-103 was conducted using an Agilent 1260 Quaternary HPLC Pump, Agilent 1260 

Infinity Standard Automatic Sampler, Agilent 1260 Infinity Programmable Absorbance Detector, 

and Agilent ChemStation software. The UV detector was operated at 285 nm. A Zorbax SB-C18 

analytical column (Narrow Bore RR; 2.1 × 100 mm; 3.5 μm; Agilent Technologies) was used at 

ambient temperature with mobile phases of 1% aqueous acetic acid with 5% acetonitrile and 1% 

acetic acid in acetonitrile. A 40 min gradient from 15% to 90% organic phase was operated at a 

flow rate of 0.25 mL min−1 and with a 15 μL injection volume. To determine the PI-103 drugamer 

release kinetics, 50 × 10−6 M polymer (equivalent to 250 × 10−6 M PI-103 at 100% release, based 

on molar feed ratio) was incubated in 50% aqueous human pooled serum (Sigma) at 37 °C for 22 

days. At 0, 0.167, 0.5, 1, 2, 4, 8, 12, 15, 18, and 22 days samples were stored at −80 °C. At the end 

of the study, PI-103 was recovered from the samples by 2:1 acetonitrile extraction at 4 °C and 

centrifugation at 18 000 rcf, 4 °C for 20 min. Supernatant containing extracted PI-103 was filtered 

through a Millex GV low protein binding PVDF filter (0.22 μm; Millipore). The amount of PI-103 

released over time was quantified by comparing the area under the curve (AUC) against a PI-103 

(Selleck Chemicals) standard curve (Figure S3F, Supporting Information). Liquid chromatography 

tandem mass spectrometry (LC/MS) was used to confirm peak identity (PI-103, m/z = 349.2).  

 

CMP8-SMA Monomer and Polymer Synthesis: CMP8-SMA monomer was synthesized via HBTU 

coupling chemistry and described in detail in Figure S6 in the Supporting Information. CMP8 

polymer was synthesized by RAFT polymerization and described in detail in Figure S7 in the 

Supporting Information.  
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Cell Culture: U87 cells (HTB-14; ATCC) were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM; Gibco) supplemented with 1% GlutaMax (Gibco), 10 × 10−3 M HEPES (Gibco) and 10% 

fetal bovine serum (FBS; Peak Serum) and passaged prior to formation of neurospheres. Jurkat T 

cells (TIB-152; ATCC) and H9 cells (HTB-176; ATCC) were cultured in RPMI 1640 (Gibco) 

supplemented with 2 × 10−3 M l-glutamine (Cell-gro), 25 × 10−3 M HEPES (Irvine Scientific), and 

10% heat-inactivated FBS (Hyclone). 

 

Phospho-Blot Assay: U87s were irradiated with 10,000 radians to arrest proliferation, followed by 

plating at 500,000 cells in 6-well plates. Following adherence, cells were treated with 5 × 10−6 M 

PI-103 or, to account for gradual release of drug from the polymer backbone, 136 × 10−6 M PI-

103 drugamer, resulting in an approximately similar amount of PI-103 released by 24 h. After 

treatment, cells were lysed with RIPA buffer supplemented with 50× HALT protease/phosphatase 

inhibitors and EDTA (Thermo Fisher Scientific) and stored at −80 °C. After running on a NuPAGE 

4–12% Bis Tris Gel (Invitrogen), proteins were transferred to a 0.2 μm nitrocellulose membrane 

(Invitrogen) and incubated with the following primary antibodies overnight at 4 °C and according 

to manufacturer’s instructions: HSP90 rabbit mAb (1:1000, Cat# 48775), pan-Akt mouse mAb 

(1:2000, Cat# 29205), and phos-Akt rabbit mAb (Ser473, 1:2000, Cat# 40605), all from Cell 

Signaling Technology (CST). Membranes were incubated with Li-Cor IRDye 800CW goat an- 

tirabbit IgG (Cat# 925-32211) and 680RD goat antimouse IgG (Cat# 925- 68070) secondary 

antibodies (1:5000) and image analysis was performed using LI-COR Odyssey 9120 Imaging 

System and LI-COR Image studio software.  
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U87 Drugamer Activity Assay: U87 cells were plated at 2000 cells in a 96-well plate and rested 

overnight before treatment with 10 × 10−6 M nocodazole (Sigma), or 5 × 10−6 M PI-103, PI-103 

drugamer, or control drugamer (FlTC-Rhodamine-PEGMA950) at 37 °C. At 18, 72, 96, and 120 

h, cell viability was assessed by CellTiter-Glo Luminescent assay (Promega) in quadruplicate. The 

bioluminescence signal was measured by a VICTOR X3 Multilabel Plate Reader (Perkin Elmer).  

 

Macrophage/GEM Culture: Human monocyte-derived macrophages were generated by CD14 

isolation from peripheral blood mononuclear cells (PBMCs) as previously described and using 

healthy donor peripheral blood products (BloodWorks Northwest).[17, 18] CD14+ cells were se- 

lected using an EasySep Human CD14 Positive Selection Kits I or II (Stem- cell Technologies) 

and differentiated with 10 ng mL−1 human granulocyte- macrophage stimulating factor (huGM-

CSF; R&D Systems). Cells were cultured in Roswell Park Memorial Institute buffer (RPMI; 

Gibco) supplemented with 10% FBS (RP10) for three days, before a refresh of 50% media and 

100% huGM-CSF. On day 6, macrophages were lifted and replated at 60 000 cells cm−2. For GEM 

generation, day 7 macrophages were transduced with lentivirus and harvested for subsequent 

assays after 5–7 days with media replacements every 3 days. For initial expression tests of antiFL 

constructs 𝛼–𝜁, GM-CSF-differentiated macrophages were transduced with 750 LPs macrophage−1 

of 𝛼–𝜁 or a CD19t control. In subsequent drugamer binding experiments, TrypLE (Gibco) was 

used to lift drugamer-bound cells.  

 

Macrophage Viability Assay: Macrophages were plated at 10 000 cells in a 96-well plate and left 

to rest overnight before treatment with 0.0005 × 10−6 M to 50 × 10−6 M of PI-103, BKM-120 
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(MedChemExpress, MCE), GSK-2636771 (MCE), or dasatinib (MCE) at 37 °C. At 72 h, cell 

viability was assessed by CellTiter-Glo assay in quadruplicate.  

 

Lentivirus Production: Development of the CD19t fusion construct is described previously.[18, 

67] Fusion proteins consisting of the FITC-E2 scFv fused via a GGGS linker to a surface marker, 

e.g., EGFRt, CD19t, and Her2tG, were designed to bind and retain fluorescein conjugated to a 

therapeutic cargo to the outside of the cell. An additional fusion protein consisting of eBFP2 

(GenBank ID: EF517318) fused to a degron based on the estrogen receptor ligand binding domain 

(ERdd) was designed to test the release kinetics of the CMP8 drugamer.[41] GBlocks gene 

fragments encoding for these fusion proteins were ordered from GeneArt and inserted between 

NheI and NotI restriction enzyme sites of an epHIV7.2 lentiviral backbone with an EF1𝛼 

promoter.[42] Plasmids were cotransfected into 293T cells along with Vpx, reverse transcriptase 

(Rev), gag polyprotein (Gag-pol), and vesicular stomatitis virus G glycoprotein envelope (vsv-g) 

as previously described.[18] Lentiviral particles (LPs) were harvested from the 293T supernatant, 

purified and concentrated by ultracentrifugation (90 min, 24,500 rpm, 4 °C), and titered using the 

QuickTiter Lentivirus Titer kit (Cell Biolabs).  

 

T Cell Transduction: Transduced H9 and Jurkat cell lines were created by plating 1e6 cells in 0.5 

mL RPMI 1640 media containing protamine sulfate (100 μg mL−1; APP Pharmaceuticals). Plated 

cells were transduced at an MOI of 1.  

 

Flow Cytometry: Cells were incubated with 1:10 Human BD Fc block (BD Biosciences) for 10 

min at room temperature prior to primary and secondary (if applicable) antibody staining for 20 
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min at 4 °C and fixed with 2% paraformaldehyde. Unless otherwise noted, all cells were stained 

with Live/Dead (UV450/50, 1:1000, Invitrogen). Transduction efficiency of GEMs with 

antifluorescein receptor lentiviral constructs (𝛼–𝜁) was conducted by staining with FITC 

antimouse DO11.10 (1 μL per 100 μL, Mouse IgG2a, 𝜅, BioLegend) primary antibody and A647 

anti-Mouse IgG2a (0.5 μL per 100 μL, Rat IgG, BioLegend) secondary antibody and against 

noninfected controls. AntiFl-𝜁 transduction efficiency of H9s and Jurkats was assessed by staining 

with FITC-A647 (IgG Fraction Monoclonal Mouse Anti-Fluorescein, Jackson Immunoresearch). 

To stain macrophages/GEMs for endogenous phenotype markers, cells were stained with CD40-

BUV395 (1×, Clone 5C3, BD Horizon), CD209-BV421 (1×, Clone DCN46, BD Horizon), CD86-

BV605 (same as described previously), CD163-BV711 (1×, Clone GHI/61, BioLegend), CD11b-

PerCP- Cy5.5 (1×, Clone LM2, Biolegend), CD206-PE (1×, Clone 15-2, BioLegend), PD-L1-PE-

Cy7 (1×, CD274, Clone 29E.2A3, BioLegend), HLA-DR-APC (1×, Clone L243, BioLegend), and 

CD80-APC-H7 (1×, Clone L307.4, BD Biosciences). To study drugamer binding to AntiFl-𝜁 and 

CD19t GEMs, cells were fixed and processed directly for flow with no additional staining. 

Drugamer was detected by the incorporated rhodamine monomer (excitation: 532 nm; emission: 

586 nm). To validate transduction efficiency of control CD19t GEMs for relevant experiments, 

cells were stained with CD19-PE (1×, Clone HIB19, BioLegend). All flow cytometry experiments 

were run on a BD LSRFortessa with the FACSDiva software and analyzed using FlowJo, V9, V.10 

(BD Biosciences).  

 

Drugamer–GEM Binding Specificity and Saturation Assay: GM-CSF-differentiated macrophages 

were transduced to encode for either an AntiFl-𝜁 or a control CD19t surface tag on day 7 (500,000 

cells per group). After 7 days, cells were incubated with 0 × 10−9 to 1600 × 10−9 M PI-103 drugamer 
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for 15 min, followed by two washes with 1× PBS and an overnight rest to eliminate nonspecific 

binding. The next day, GEMs were lifted with TrypLE (Gibco) and processed for flow cytometry. 

The median fluorescence intensity (MFI) of the drugamer-associated rhodamine was used to assess 

drugamer binding to GEMs.  

 

Drugamer Binding Longevity Assay: GEMs expressing AntiFl-𝜁 or 𝜁 control CD19t were 

incubated with 500 × 10−9 M PI-103 drugamer for 15 min, followed by two washes with 1× PBS 

(Gibco) and a media refresh with RP10. The relative amount of polymer that remained bound was 

determined by flow cytometry using drugamer-associated rhodamine fluorescence on 1, 3, 7, and 

10 days post drugamer binding. Cells underwent two media changes over the course of the 

drugamer incubation.  

 

Drugamer Cell Surface Display Assay: Receptor internalization was assessed by treatment of PI-

103 drugamer-bound AntiFl-𝜁 GEMs with 0.5 M acetic acid 150 × 10−3 M NaCl.[69] In doing so, 

the noncovalent surface interactions between drugamer and AntiFl-𝜁 GEM receptors were 

disrupted, leaving only internalized drugamer present in GEMs. Flow cytometry was used to 

quantify drugamer fluorescence associated with GEMs before and after acid treatment 1, 3, 7, and 

10 days post drugamer binding.  

 

Confocal Microscopy: AntiFl-𝜁 GEMs and untransduced control macrophages plated in 8-well 

chamber slides at 25,000 cells per well were washed and incubated with 500 × 10−9 M drugamer 

for 15 min at 37 °C followed by two PBS washes, RP10 media replacement and incubation 

overnight. Cells were stained with Wheat Germ Agglutinin, Alexa Fluor 488 Conjugate (1:200) 
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and DAPI nuclear stain (2 drops mL PBS−1 ; Thermo Fisher Scientific) and fixed. After two PBS 

washes, cells were mounted, covered, and dried overnight for imaging the following day on a Leica 

TCS-SPE laser scanning confocal microscope.  

 

CMP8 Drugamer Binding Assay: AntiFl-𝜁 H9 cells, and appropriate controls, were incubated with 

500 × 10−9 M CMP8 drugamer in PBS for 20 min at room temperature, followed by washing with 

PBS, staining for flow cytometry, and fixation in 1% paraformaldehyde.  

 

CMP8 Drugamer Activation of eBFP2-ERdd Assay: AntiFl.eBFP2-ERdd Jurkat cells, and 

appropriate controls, were incubated with 100 × 10−9 M CMP8 drugamer in PBS for 20 min at 

room temperature, followed by washing with PBS, and placing into culture at 37 °C, 5% CO2 for 

24 h. Samples were taken for analysis after 0, 3, 7, 19.5, and 24 h of incubation, stained for flow 

cytometry, and fixed in 1% paraformaldehyde.  

 

Statistical Analysis: Viability/toxicity data (using CellTiter Glo Assays) were expressed as mean 

± standard deviation. Statistical analysis comparing two groups was conducted using two-tailed 

Welch’s t-tests. All statistical analysis was conducted using GraphPad Prism 9.0 software. A 

statistically significant difference was evaluated at p < 0.05, where *p < 0.05, **p < 0.01, and 

***p < 0.001. 
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SUPPORTING INFORMATION 
 
Figure S4.1. Synthesis and characterization of PI-103 prodrug monomer. (A) PI-103 monomer 
(3): Mono-2-(methacryloyloxy)ethyl succinate (SMA) 759 mg (3.3 mmol), N-(3-
dimethylaminopropyl)-N'-ethylcarbodimide hydrochloride (EDCI.HCl) 1.26 g (6.6 mmol) and 
N,N-dimethylpyridin-4-amine (DMAP) 403 mg (3.3 mmol) in 200 mL anhydrous CH2Cl2 was 
treated with PI103 766 mg (2.2 mmol). After 5 minutes at 0 °C, the reaction mixture was stirred 
at room temperature for 3 h. The reaction mixture was washed with water (2 X 100 mL), dried 
over anhydrous sodium sulfate and the solvent was rotary evaporated under reduced pressure. 
The crude product was purified by silica gel column chromatography using 20 % tetrahydrofuran 
in chloroform as column eluent. Column purified product was dissolved in 8 mL column eluent, 
precipitated into 20 % ether/hexane using two 50 mL conical centrifuge tubes (40 mL 
ether/hexane mixture/tube) and kept at -20 °C overnight to complete the precipitation. The 
precipitate was collected by centrifugation, washed with 20 % cold ether/hexane and dried under 
high vacuum. Yield = 962 mg (78.0 %). (B) 1H-NMR spectrum of PI103-SMA monomer (3). 1H 
NMR (300 MHz, DMSO-d6) δ 1.84 (s, 3H), 2.74 (t, J = 6.3 Hz, 2H), 2.91 (t, J = 6.3 Hz, 2H), 
3.83 (t, J = 4.4 Hz, 4H), 4.10 (t, J = 4.4 Hz, 4H), 4.33 (s, 4H), 5.65 (s, 1H), 6.02 (s, 1H), 7.23 (d, 
J = 8.2 Hz, 1H), 7.55 (t, J = 8.0 Hz, 1H), 7.61 (dd, J = 4.9 Hz, J = 7.7 Hz, 1H), 8.10 (s, 1H), 8.32 
(d, J = 7.9 Hz, 1H), 8.59 – 8.71 (one doublet and one singlet merged, 2H). (C) ESI-Mass 
spectrum of PI103-SMA (3) monomer. MS (ESI, m/z): calculated for C29H28N4O8 (M): 560.2, 
found: 561.3 [M+1]+ and 583.4 [M+Na]+.  
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Figure S4.2. Synthesis and characterization of FITC monomer. (A) Methacryloyloxyethyl 4-(tert-
butoxycarbonylamino)butanoate (6): 4-(Tert-butoxycarbonylamino) butanoic acid 5 was prepared 
from 4-amino butanoic acid (4) following Buchini et al.[1] Compound 5 2.03 g (10 mmol) in 60 
mL CH2Cl2 was treated with DMAP 1.22 g (10 mmol), N,N'-dicyclohexylcarbodiimide 2.27 g (11 
mmol) and 2-hydroxylethyl methacrylate 1.3 g (10 mmol). The reaction mixture was stirred at 
room temperature for 5 h. The byproduct dicyclohexylurea was filtered off, and the filtrate was 
rotary evaporated under reduced pressure. The crude product was purified by silica gel 
chromatography using 4.5 % methanol/chloroform as eluent. Yield: 3.05 g (96.8 %, contains 2-3 
% DCU). MS (ESI, m/z): calculated for C15H25NO6 (M): 315.2, found: 338.2[M+Na]+. Fluorescein 
Monomer (9): Methacryloyloxyethyl 4-(tert-butoxycarbonylamino)butanoate (6) 3 g (9.5 mmol) 
in 20 mL 40 % trifluoroacetic acid indichloromethane was stirred at room temperature for 3.5 h. 
Solvent was rotary evaporated and the residue was precipitated in 30 % ether/hexane using two 50 
mL conical tubes (40 mL/tube). This was centrifuged after keeping at -20 oC for 2 h. The oily 
product at the bottom was collected by carefully decanting the supernatant. This process was 
repeated two more times. The oily product (7) was purged with air for 6 h to remove the traces of 
solvents and subsequently used for the next step without any further purification. 
Methacryloyloxyethyl 4-aminobutanoate TFA salt (7) 658 mg (2 mmol) in 10 mL N,N-
dimethylformamide (DMF) was treated with triethylamine 1.12 mL (8 mmol) under ice-cold 
condition. After 10 min, ice bath was removed, and the mixture was stirred at room temperature 
for 20 min. 5-Carboxyfluorescein succinimidyl ester (8) 800 mg (1.7 mmol) was added as solid 
and stirring was continued for 8 h protected from light. The solvent was concentrated under 
reduced pressure and the residue was purified by silica gel chromatography with 8 % 
methanol/chloroform as eluent to obtain (9). Yield = 810 mg (83.07 %). (B) 1H-NMR spectrum of 
monomer methacryloyloxyethyl 4-(tert-butoxycarbonylamino)butanoate (6). 1H NMR (300 MHz, 
CDCl3) δ 1.43 (s, 9H), 1.81 (pent, J = 7.1 Hz, 2H), 1.94 (s, 3H), 2.37 (t, J = 7.3 Hz, 2H), 3.16 (q, 
J = 6.4 Hz, 2H), 4.35 (s, 4H), 4.66 (s, 1H), 5.59 (s, 1H), 6.12 (s, 1H). 1H-NMR spectrum of 
Fluorescein monomer (9). 1H NMR (300 MHz, MeOH-d4) δ 1.91 (s, 3H), 1.97 (t, J = 7.1 Hz, 2H), 
2.48 (t, J = 7.2 Hz, 2H), 3.48 (t, J = 6.7 Hz, 2H), 4.35 (s, 4H), 5.62 (s, 1H), 6.09 (s, 1H), 6.53 (d, J 
= 8.6 Hz, 2H), 6.61 (d, J = 8.6 Hz, 2H), 6.69 (s, 2H), 7.30 (d, J = 8.0 Hz, 1H), 8.18 (d, J = 8.0 Hz, 
1H), 8.41 (s, 1H). (C) ESI-Mass spectrum of monomer methacryloyloxyethyl 4-(tert-
butoxycarbonylamino)butanoate (6). MS (ESI, m/z): calculated for C15H25NO6 (M): 315.4, found: 
338.2 [M+Na]+. ESI-Mass spectrum of Fluorescein monomer (9). MS (ESI, m/z): calculated for 
C31H27NO10 (M): 573.2, found: 575.2 [M+2H]2+ and 596.6 [M+Na]+. 
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Figure S4.3. PI-103 Drugamer Synthesis and Characterization. (A) Table of PI-103 drugamer 
polymerization stoichiometry and results (B) 1H-NMR spectrum of purified PI-103 drugamer in 
DMSO-d6 (C) 1H-NMR spectrum of PI-103 drugamer using a Fasudil HCl internal standard in 
DMSO-d6 for drug weight percentage of drugamer calculation (D) Gel permeation 
chromatography of PI-103 Drugamer using differential refractive index detector (E) HPLC PI-
103 standard curve used for quantification of drug release kinetics from drugamer (mean ± SD, n 
= 3) (F) 1H-NMR spectrum of purified control drugamer in CDCl3. MW, molecular weight; DP, 
degree of polymerization; HPLC, high performance liquid chromatography; AUC, area under the 
curve. 
 

 
PI-103 Drugamer Polymerization Stoichiometry and Results 

Monomer MW [g mol-1] Target DP Mol % Wt % Calculated DPa 
PEGMA 950 950 16.25 65 76 15 
PI-103-SMA 560.56 6.25 25 17 6 
FIMA 573.55 1.5 6 4 1.4 
REMA 591.15 1 4 3 1 
[M]:[CTA]:[I] 
25:1:0.25 

Total monomer conversiona [%] 
92 

Total MW [g mol-1]a 
19,000 

Drug loading [wt%] 
13.25 

abased on monomer conversion determined by 1H-NMR  
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Figure S4.4. AntiFl lentiviral construct design and validation. (A) Six constructs were 
transduced in macrophages and assessed for the surface expression of FITC-E2. AntiFl- β, γ, 𝛿, 
and 𝜻 exhibited successful FITC-E2 surface expression as indicated by fluorescent detection. (B) 
AntiFl- γ, 𝛿, and 𝜻 transduced GEMs were then compared to controls (antiFl-𝛼 and WT) for their 
ability to load drugamer. 500nм PI-103 drugamer was incubated with GEMs for 15 minutes, 
followed by a 2X PBS wash. Of the constructs tested, AntiFl-𝜻 had highest drugamer loading 
and was selected for subsequent experiments. AntiFl- β, γ, and 𝛿 proved to be functional 
receptors as well. (C) AntiFl construct designs and validation. MFI values correspond to 
histograms (A) and (B) to quantify FITC-E2 expression and drugamer binding, respectively, for 
each construct and compared against CD19t and WT controls. GEMs, genetically engineered 
macrophages; AntiFl, Anti-fluorescein receptor; CD19t, truncated CD19; MFI, median 
fluorescence intensity; fluor, fluorescence. 
 

 
 
Anti-fluorescein receptor construct designs and validationa. 

Shorthand 
name 

Construct design 
details 

FITC-E2 
expression 
[Yes/No] 

FITC-E2 fluor 
[Red 670/14 
MFI] 

PI-103 
Drugamer 
binding 
[Yes/No] 

PI-103 
Drugamer 
fluor [Red 
670/14 MFI] 

AntiFl-𝛼 FITC-E2-
GGGS-CD19t No 318 Yes 945 

AntiFl-β 
FITC-E2-IgG4 
Hinge-GGGS-
CD19t 

Yes 1846 -- -- 

AntiFl-γ FITC-E2-
GGGS-Her2tG Yes 2457 Yes 1209 

AntiFl-𝛿 
FITC-E2-IgG4 
Hinge-GGGS-
Her2tG 

Yes 28044 Yes 1633 

C 
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AntiFl-ε 
FITC-E2-IgG4 
Hinge-CD28tm-
T2A-Her2tG 

No 350 -- -- 

AntiFl-𝜻 FITC-E2-
GGGS-EGFRt Yes 1065 Yes 2044 

Controls      

CD19t Truncated CD19 
(no scFv) No 298 -- -- 

Wild Type N/A -- -- -- 301 
an = 1 - 3 
 
 
 
 
 
 
 
 
 
 
Figure S4.5. PI-103 drugamer binding to AntiFl-𝜻 and control GEMs (A) AntiFl-𝜻 GEMs which 
express an anti-fluorescein single chain variable fragment (scFv) and control truncated (CD19t) 
GEMs (no scFv) were bound with 0 – 1600 nм PI-103 drugamer, followed by PBS washes and a 
rest overnight. Flow cytometry histograms show the drugamer-bound GEM populations 
distribution as a function of drugamer fluorescence (based on rhodamine tag on drugamer). (B) 
Confocal imaging of untransduced macrophages and AntiFl-𝜻 GEMs on day 1 after binding with 
500 nм PI-103 drugamer (rhodamine, pink). Total scans confirmed the increased co-localization 
of drugamers to AntiFL-𝜻 GEMs compared to untransduced control macrophages at a 63X 
objective and 1.5x digital zoom. Z-slices at different cell depths were used to determine 
drugamer location (surface-bound or internalized) with respect to the cell nucleus (DAPI, blue) 
and the cytoskeleton (WGA, green). GEMs, genetically engineered macrophages; DAPI, 6-
diamidino-2-phenylindole; WGA, wheat germ agglutinin. 
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Figure S4.6. CMP8-SMA monomer synthesis. (A) CMP8-SMA monomer (11) was synthesized 
via HBTU coupling chemistry. To a solution of mono-2-(methacryloyloxy)ethyl succinate (2) 345 
mg (1.5 mmol) in 300 mL CH2Cl2 at 0 ⁰C, was added N,N,N',N'-tetramethyl-O-(1H-benzotriazol-
1-yl)uronium hexafluorophosphate (HBTU) 682 mg (1.8 mmol) and N,N-diisopropylethylamine 
(DIEA) 525 µL (3 mmol). After stirring at 0 ⁰C for 10 min, the reaction mixture was stirred at RT 
for 20 min. DMAP 31 mg (0.25 mmol) and 9a-[(4-chlorophenyl)methyl]-7-hydroxy-4-[4-(2-
piperidin-1-ylethoxy)phenyl]-2,9-dihydro-1H-fluoren-3-one (10, CMP8) (660 mg, 1.25 mmol) 
were added as solids and the stirring was continued at room temperature for 3 h. Solvent was 
concentrated under reduced pressure and the resulting oily crude residue was purified by silica gel 
column chromatography using 10 % methanol in chloroform to obtain CMP8-SMA (11). Yield = 
740 mg (80 %). 1H NMR spectrum accounted for all the protons of the monomer. ESI-MS 
calculated for C43H46ClNO8 (M): 740.3, found: 741.3 [M+1]+. (B) 1H-NMR spectrum of CMP8-
SMA monomer (11) (C) ESI-Mass spectrum of CMP8-SMA monomer (11) 
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Figure S4.7. CMP8 drugamer synthesis. (A) Synthesis of poly(tquat-co-CMP8SMA-co-FIMA): 
CMP8-SMA (100 mg, 1.3 × 10-1 mmol), tquat[2, 3] (317 mg, 9.0 × 10-1 mmol), FIMA (52 mg, 9.0 
× 10-2 mmol) and 4-cyano-4-(phenylcarbonothioylthio)-pentanoic acid (CTP, 6.3 mg, 2.3 × 10-2 
mmol) were dissolved in 1.4 mL anhydrous DMSO in a 5 mL round bottom flask. Finally, 20 µL 
DMSO solution (65mg/mL concentration) of 4,4’-azobis(4-cyanovaleric acid) (ABCVA, 1.3 mg, 
4.5 × 10-3 mmol) was added. The molar ratio of monomer to chain transfer agent to initiator 
ratio ([M]0:[CTA]0:[I]0) was 50:1:0.2. The flask was then sealed with a rubber septum and 
degassed by purging the solution with nitrogen for 30 min. The flask was then placed in a pre-
heated oil bath at 70 °C for 18 h. The solution was cooled to room temperature and precipitated in 
diethyl ether and centrifuged. The supernatant was decanted, and the polymer was re-dissolved in 
DMSO (2 mL) and again subjected to ether precipitation (2 times). Yield = 374 mg. Synthesis of 
poly(CB-co-CMP8SMA-co-FIMA): Poly(tquat-co-CMP8SMA-co-FIMA) 300 mg was treated 
with 6 mL trifluoroacetic acid at 4 ⁰C. After 5 minutes at 4 ⁰C, the reaction mixture was stirred at 
room temperature for 4.5 hours. Polymer solution was precipitated in diethyl ether, and 
centrifuged. The precipitated polymer was washed with ether and dried under high vacuum for 2 
h. The polymer was further purified by PD10 desalting columns and lyophilized for 2 days. Yield 
= 147 mg. Target DP: 50 (B) 1H-NMR spectrum of poly(CB-co-CMP8SMA-co-FIMA) in 
deuterated trifluoroacetic acid (C) CMP8 drugamer composition as determined by 1H-NMR. 
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CMP8 Drugamer composition as determined by 1H-NMR 
Monomer MW [g mol-1] Mol % Wt % of monomer Wt % of drug 
CB 215 83 62 -- 
CMP8-SMA 740 8 20 14.6 
FIMA 574 9 18 11.3 

 
 
 
 
Figure S4.8. Jurkat AntiFl-𝜻 expression and CMP8 drugamer binding. Jurkat cells were co-
transduced with AntiFl-𝜻 and eBFP2-ERdd. Anti-fluorescein scFv (FITC-E2) expression in 
AntiFl.BFP Jurkats was high compared to wildtype and unstained controls. AntiFl.BFP Jurkats 
incubated with CMP8 drugamer had decreased scFv fluorescence intensity, indicating that CMP8 
drugamer loading was successful and that scFv was no longer available for anti-fluorescein 
antibody binding. 
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Chapter 5. CONCLUSIONS AND FUTURE DIRECTIONS 
 

Ciana L López 

 

5.1 SUMMARY 
 

The investigations presented herein expand on previous work that validate the incredible 

versatility of drugamers in a variety of disease contexts with improved targeting, controlled drug 

release properties, and straight-forward synthetic schemes. In each application, incorporation of 

functional monomers at precisely tuned ratios facilitated design of soluble drugamers with 

targeting ligands and fine-tuned drug release. We also present the first investigations combining 

drugamers with virus-like particles and cell-based therapeutics and demonstrate that their modular 

design allows for efficient co-delivery and small molecule drug activity to complement biologic 

mechanisms. 

First, the use of inhalable antibiotic drugamers, which were initially designed to treat 

intracellular pulmonary infections, was expanded for the treatment of extracellular pulmonary 

infections caused by Klebsiella pneumoniae (Kp). These drugamers are linear random copolymers 

composed of ciprofloxacin prodrug and mannose comonomers. The incorporation of multiple units 

of mannose allows for effective targeting of the mannose receptor on alveolar macrophages. Once 

the polymer is taken into the endolysosomal compartment, the release of the drug cargo is triggered 

by cleavage of a peptide linker creating local drug reservoirs that lead to enhanced whole lung 

pharmacokinetic properties. Drugamer treatment significantly improved survival compared to an 

equivalent dose of parent ciprofloxacin. Drugamer treatment also decreased bacterial burdens, lung 
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injury, and neutrophilic inflammation, suggesting that the improved delivery of antibiotic was able 

to improve homeostasis and prevent the excessive host response associated with Kp infections.  

Next, we showed that radiant star drugamers could reformulate the TLR7/8 agonist 

resiquimod and be encapsulated within self-assembling I53-50-V5 (“V5”) protein nanoparticles 

for a vaccine application. This polymer was synthesized from a hyperbranched core and 

incorporated a random distribution of resiquimod prodrug, anionic mono-2-

(methacryloyloxy)ethyl succinate (SMA), and a small amount of rhodamine fluorescent tag 

comonomers. The SMA imparted a negative charge on the polymer, which allowed for association 

with the inner luminal surface of the self-assembling protein nanoparticle. The degree of 

polymerization of the drugamer was also optimized to allow for efficient packaging of the dense 

polymer material. In vitro release studies showed that packaging of the drugamer did not inhibit 

drug release, which was hydrolysis-mediated and sustained over a week. Co-delivery of the 

nanoparticle-packaged drugamer in vivo resulted in more potent humoral immune responses 

against V5 compared to V5 mixed with a 55-fold higher dose of parent resiquimod, while also 

minimizing systemic toxicity.   

Lastly, we demonstrated that fluorescein-tagged drugamers could be loaded onto immune 

cell therapeutics via a genetically encoded anti-fluorescein receptor. Loading on Genetically 

Engineered Macrophages (GEMs) was primarily surface-displayed and stable over the course of 

10 days. Drugamers containing phosphoinositide-3-kinase (PI3K) inhibitor drugamers were 

loaded onto Genetically Engineered Macrophages (GEMs) for delivery to cancer cells. Estrogen 

receptor analog drugamers were loaded onto T cells to activate intracellular protein activity.  

 

5.2 FUTURE DIRECTIONS 
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5.2.1 Inhalable drugamers to treat pulmonary infection 
 

In Chapter 2 we showed that inhalable antibiotic drugamers significantly improved survival 

in mice with bacterial Kp pneumonia compared to treatment with an equivalent dose of parent 

drug. In our studies the fluoroquinolone antibiotic, ciprofloxacin, was used in our drugamer 

formulation because it is a frontline approach to treatment of susceptable Kp infections. However, 

the drugamer platform is widely adaptable to other classes of antibiotics as well as other drug 

classes. Combination therapy against Kp infections is fairly common (53% compared to 47% 

monotherapy in one meta-analysis) and have been more effective in respiratory infections (29% 

failure vs. 67% failure for monotherapy).[1] It might be possible to enhance survival and bacterial 

clearance further by co-delivery of carbapenem (e.g. meropenem or ertapenem) drugamers.[2, 3] 

Our lab has successfully synthesized meropenem monomers that could easily be incorporated into 

a mannose-targeted, VC-linker drugamer (Figure 5.1A). Initial safety and tolerability studies 

following intratracheal administration of the parent drug, meropenem, up to 50 mg/kg showed no 

significant effect on weight or % neutrophil influx indicating meropenem drugamers would be a 

viable option.  

Another exciting direction would be to stimulate an immunomodulatory defense 

mechanism to compliment antibiotic drugamer treatment. Extracellular pathogens such as 

Streptococcus pneumoniae have been shown to activate type I IFN cascades in the lungs to 

promote eradication of infection, indicating that STING agonists could have therapeutic benefits 

against Kp.[4] While there are challenges associated with the timing of treatment with 

immunostimulatory drugs that would need to be carefully optimized, there is potential to enhance 

infection clearance and gain understanding of underlying immune responses to inflammatory 

pneumonia. Our drugamer platform supports all-in-one combination therapy that could allow for 
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spatial and temporal control to enhance respective drug efficacy. We’ve shown that RAFT-based 

drugamers can be synthesized with different classes of drugs (e.g. Resiquimod-co-Galunisertib 

drugamer for anti-cancer therapy, Figure 5.1B) and are confident that well-defined combination 

drugamers could be reproducibly synthesized for infection therapeutics as well.[5]   

 

 
Figure 5.1  Alternative synthetic approaches to improve therapeutic efficacy of drugamer 

against Klebsiella pneomoniae infections. (A) A VC-Meropenem monomer could 
be co-polymerized with mannose-MA. (B) Combination drugamers have been 
successfully synthesized using RAFT, including this tert-co-polymer containing 
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TLR-agonist, Resiquimod and TGFb-inhibitor, Galunisertib. *Fluorescein and 
rhodamine methacrylates were also included for successful binding to GEMs (as 
described in Chapter 4).      

 
 
5.2.2 Protein vaccines  

 

While the antigen used for this initial study here was the protein nanoparticle itself, it is 

also worth exploring modalities for delivery of different types of antigens. Since we have 

demonstrated encapsulation of both adjuvant drugamer and nucleic acid cargos with VLPs 

separately, the possibility of dual encapsulation should be investigated to develop a potent mRNA-

based vaccine. Acid-degradable (e.g., hydrazone) conjugation of genetic cargos to radiant star 

polymers could facilitate co-encapsulation within VLPs to facilitate protection from enzymatic 

degradation prior to delivery to a cellular target.[6] If dual encapsulation is difficult, alternatively, 

SpyCatcher-tagged antigens have been attached to SpyTag-decorated VLPs.[7] By a similar 

mechanism targeting ligands could be used to deliver vaccines to specific immune cell types as a 

means of controlling immune response elicited.[8, 9] While it could be impactful to co-delivery 

antigen and adjuvant within our VLP system, others have shown that packaging of antigen and 

adjuvant in separate VLPs may also lead to effective vaccination, due to efficient lymphatic 

trafficking.[10] 

Encapsulation of the TLR7/8 agonist resiquimod was able to elicit a potent humoral 

immune response by co-delivery of radiant star drugamer within a protein nanoparticle. Such a 

response indicates vaccination by antigen processing via the MHC II pathway. Depending on the 

disease target for the vaccine and whether applied as a prophylactic or therapeutic agent, it may be 

desired to elicit an adaptive immune response. Vaccines achieve such a response by successful 

presentation of an antigen via MHC class I pathway. The drugamer platform could be used to 
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incorporate other types of small molecule adjuvants, such as STING agonists, that are known to 

activate type-I interferon responses, upregulate antigen cross-presentation, and induce CD8+ T 

cell immune responses.[11] 

 

5.2.3 Biologic-secreting GEMs for treatment of pulmonary infections 
 

Macrophages are an emerging class of cell therapeutics because they can rapidly traffic 

and become tissue-resident within key sites of disease and inflammation.[12-14] Beyond their 

investigation for cancer therapies as described in Chapter 4, their use has been investigated in other 

disease settings. Trapnell et al. showed that pulmonary transplantation of macrophages was safe, 

well-tolerated, and corrected murine models of hereditary pulmonary alveolar proteinosis (hPAP) 

lung disease for 9 months – 1 year following just one intratracheal administration.[13, 15-17] 

Transplanted cells became tissue resident AMs. The striking long-term localization of these 

therapeutic macrophages in such lung disease contexts indicates their potential for treatment of 

LRIs like Kp. 

Macrophages are key to host defense at every stage of Kp infection. Upon initial exposure, 

detection of Kp-associated endotoxins induces the expression of interleukin-1 (IL-1) and tumor 

necrosis factor alpha (TNF𝛼) within one hour and a subsequent neutrophilic exudate at 6 – 12 

hours.[18] Circulating monocytes are also recruited to the lungs around 24 hours. Phagocytic 

neutrophils and macrophages (both resident and recruited) clear bacteria and apoptotic cells.[14, 

19, 20] Around 48 hours macrophages secrete interferon gamma (IFN𝛾), granulocyte colony 

stimulating factor (GCSF), and interleukin-12 (IL-12) to recruit and activate leukocytes. 

Antimicrobial peptides (AMPs) such as cathelicidin-related AMP (CRAMP) are also secreted by 

as important mediators of host defense against Kp.[21-27]  
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Given the endogenous roles of both IL-12 and AMPs in pulmonary infection clearance, 

others have investigated the use of oral, parateral and intranasal treatment with such recombinant 

proteins.[19, 22, 26] Unfortunately, protease degradations, poor pulmonary biodistribution, and 

off-target toxicity have prevented sustained therapeutic efficacy. We hypothesized that 

transplantation of biologic-secreting GEMs could facilitate local, extended delivery of 

therapeutic proteins such as antimicrobial peptides and immunomodulatory cytokines (i.e., 

IL-12 and CRAMP) to resolve Kp infections. We have conducted preliminary studies as 

described below towards the goal of validating this hypothesis:  

 

AIM 1. Determine murine GEM trafficking to K. pneumoniae pulmonary infection niches 

 

To study pulmonary trafficking of GEMs, we use GEMs that express eGFP:ffluc, a 

common gene construct that contains a fluorescent tag (enhanced green fluorescent protein, eGFP), 

and a light-emitting enzyme firefly luciferase (ffluc) that catalyzes oxidation of D-luciferin 

substrate.[13] Using IVIS bioluminescent imaging, we visualized GEMs in live mice over time.  

Preliminary studies were conducted in healthy mice. Following both intratracheal and IV 

administration routes, eGFP:ffluc GEMs were detected in murine lungs as shown by 1 hour IVIS 

images (Figure S1A and Figure 5.2, respectively). Initial characterization of both administration 

routes importantly suggests that therapeutic GEMs could ultimately be administered by either 

route, however for simplicity, subsequent experiments will focus on intratracheal administration. 

A data analysis tool called InVivoPLOT was used to quantitatively determine GEM distributions 

in mice using defined spatial geometry and organ probability maps based on a statistical mouse 

atlas (Figure S1B).[28] Intratracheal studies showed that there was good distribution of GEMs 
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between the left and right lungs, with slightly more in the larger right lung (62%, Figure S1C). 

GEMs were well-tolerated after both intratracheal and IV administration, with no significant 

changes in mouse weight and temperature (Figure S1E). For both routes, GEMs were undetectable 

via IVIS in healthy mouse lungs by 24 hours. Flow cytometry analysis of BALs collected from 

mice on day 7 after intratracheal administration indicated that 5% of BAL cells were GFP+, 

indicating that a small number of GEMs remained 7 days later (Figure S1D); we expect that GEM 

lung residence time and amount will be prolonged in our Kp infection model and plan to evaluate 

this hypothesis next.  

 
Figure 5.2  IVIS imaging of eGFP:ffluc GEMs in healthy mice following retroorbital 

administration. 250,000 eGFP:ffluc GEMs were administered to healthy albino 
C57BL/6 mice and showed rapid delivery to mouse lungs by 1 hour as detected by 
IVIS bioluminescent imaging. The GEMs are no longer detectable in the lungs by 
24 hours. All images scaled to D0 optimal radiance settings (min = 2.48e4, max – 
4.22e5). 

 

AIM 2. Generation and validation of biologic-secreting GEM therapeutics  

 

Our preliminary studies have shown that murine GEMs can be transduced with lentivirus 

encoding for secretion of murine IL-12 (Figure 5.2A). Transduction is titratable, as shown in 

Figure 5.2B. With increasing lentiviral particles per cell there is increased production of IL-12. 
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This may be advantageous in determining an optimal dose of IL-12 GEMs to elicit therapeutic 

efficacy in Kp models. 

 
Figure 5.2 Generation of IL-12 secreting GEMs as pulmonary infection therapeutics. (A) 

plasmid construct used for constitutive secretion of murine IL-12 from GEMs. (B) 
Expression of IL-12 from GEM was quantified six days after transduction and 
shows titratable dosage of IL-12 dependent on amount of lentiviral particles/cell. 

 

Towards the goal of generating mCRAMP GEMs, we evaluated the microbicidal activity 

of murine CRAMP and found it to inhibit the growth of Kp in a dose-dependent manner (Figure 

5.3A). Generation of a plasmid construct as shown in Figure 5.3B will allow us to determine the 

antimicrobial activity of mCRAMP secreting GEMs in vitro with relative ease.  

 

Figure 5.3 Validation of AMP activity against Kp prior to design of AMP-secreting GEMs (A) 
In vitro assay demonstrated inhibition of Kp at increased concentrations of murine 
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CRAMP (mCRAMP) (B) Proposed plasmid design for lentiviral transduction of 
macrophages to achieve constitutive expression of mCRAMP.  

 

AIM 3. Evaluation of therapeutic GEM efficacy in vitro and in vivo 

 

As a final step, the therapeutic efficacy of IL-12 and CRAMP GEMs will be assessed in a 

murine model of Kp compared to free recombinant protein. A survival study will be conducted as 

a primary read out for therapeutic efficacy. Bacterial burden and host response will be evaluated 

to elucidate the mechanisms and dynamics of these therapeutic cell product.  
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SUPPORTING INFORMATION 
 

Supplemental Methods 

 

Macrophage/GEM Culture: BMDMs were generated by bone marrow isolation from Albino B6 

mice as described previously.[1, 2] Briefly, the bone marrow was flushed from mouse femurs and 

tibias and cultured in Roswell Park Memorial Institute buffer (RPMI; Gibco) supplemented with 

10% FBS (RP10) and 1% penicillin-streptomycin (P/S; Gibco). Macrophage differentiation was 

facilitated by supplementation with 50 ng/mL recombinant murine (rm) macrophage CSF (rm-

CSF; Peprotech) every 3-4 days. On day 6, differentiated BMDMs were replated in RP10 with 

mM-CSF. On day 7, transduction with 1500 lentiviral particles (LPs) per initially plated BMDMs 

occurred in the presence of 2 µg/mL polybrene (Sigma). One week after transduction, GEMs were 

ready for use and were lifted with TrypLE (Gibco) following by scraping of culture dishes and 

washing cells in PBS.   

 

Lentiviral vectors and virus production: mIL12:CD19t and eGFP:ffluc fusion construct plasmids 

were a gift from Dr. Courtney Crane. Lentivirus production was accomplished by co-transfection 

of plasmid into 293T cells along with Vpx, reverse transcriptase (Rev), gag polyprotein (Gag-pol), 

and vesicular stomatitis virus G glycoprotein envelope (vsv-g) as previously described.[3] LPs 

were harvested from the 293T supernatant, purified and concentrated by ultracentrifugation (90 

min, 24 500 rpm, 4 °C), and titered for p24 using the QuickTiter Lentivirus Titer kit (Cell Biolabs). 
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Live imaging analysis: Bioluminescent imaging (IVIS Spectrum, Caliper Life Sciences) was 

conducted following subcutaneous administration of D-luciferin. Image analysis was conducted 

using Living Image Software (Caliper Life Sciences). For 3D imaging analysis of GEMs following 

intratracheal administration, mice were imaged within a body conforming animal mold placed 

within a mirror gantry accessory that was compatible with the IVIS instrument.[96] InVivoPLOT 

analysis was conducted using InVivo Analytics Software. 

 

mIL-12 ELISA analysis: ELISA was conducted using a Mouse IL-12 ELISA kit from Fisher 

(catalog # SM1270) and according to the manufacturer protocols.  

 

In vitro mCRAMP inhibition of Kp assay: mCRAMP (0.1 mg/mL in H2O) was diluted as 

appropriate for the following treatment groups (0.01, 0.1, 1, 10, 100 µg/mL). Kp at 5x104 CFU in 

100 µL of TSB is added to a 96-well plate. Control group includes Kp with H2O. 10 µL of 

mCRAMP at various concentrations are added to the treatment groups. Total volume per well 

remained constant at either 110 µL (100 µL Kp + 10 µL	mCRAMP) or 200 µL	(100	µL	Kp +

100	µL	mCRAMP). All controls and treatment groups were done in triplicate. The 96-well plate 

was incubated for 2 hours at 37 C. After incubation, each well was plated in duplicate on TSB agar 

plates at 10-1 and 10-2 -fold dilutions. Plates were incubated overnight and Kp quantified the next 

day. 

 
 
Supplemental Figures 
 
Figure S5.1 Res-Gal-FITC-Rh drugamer synthesis. (A) 1H-NMR spectrum in MeOD. (B) 
Molecular weight distribution curve determined by gel permeation chromatography. 
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Figure S5.2 Pulmonary residence time of 2 x 106 eGFP:ffluc GEMs following intratracheal 
administration into healthy balb/c mice. (A) 2D IVIS imaging of representative mouse within body 
conforming animal mold in mirror gantry to visualize GEM luminescence with dorsal, ventral, 
left, and right views shows that GEMs are detected in mouse lungs as shown at 1-hour IVIS image 
but the majority were cleared by 24 hours (B) Invivoplot 3D reconstruction of eGFP:ffluc GEMs 
within left and right lungs for 5 mice (C) eGFP:ffluc GEM distribution to left and right lungs 
following intratracheal administration, imaged at 1 hour (D) Percent eGFP+ cells detected from 
bronchoalveolar lavage of whole mouse lungs on day 7 (E) Weight and temperature health 
monitoring indicate intratracheal delivery of GEMs is well-tolerated. n = 5 for GEMs, n = 3 for 
PBS controls. 
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