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The human endothelium extends throughout nearly all tissues in the body, and has an

estimated total surface area of up to seven thousand square meters [1]. This expansive

monolayer of endothelial cells (ECs) serves as the interface between materials circulating

in the bloodstream and the internal tissues of the body. Even in its quiescent state, the

endothelium is actively signaling and reacting in order to support the basic functions of

the vascular system – transporting oxygen, nutrients, and waste. A closer look reveals that

the cells that make up this endothelial lining are diverse in their phenotypes and functions,

dependent on the organ or tissue in which they reside. When activated under inflammatory

conditions or in other disease states, endothelial cells further differentiate themselves through

expression of surface antigens. Being a large, easily accessible surface that interfaces with

almost all other tissues in the body, and consisting of distinctly identifiable subcategories as

well as some universal characteristics, the endothelium is an attractive therapeutic target.

Of particular interest in this dissertation is applying gene therapies to treat or prevent

inflammation.

We describe a polymeric delivery system for nucleic acids that can be modulated by

exchanging polymer end-groups and conjugating cell surface targeting molecules to the de-

livery vehicle. We show that conjugating EC targeting antibodies to the surface of a cationic

poly(amine-co-ester) (PACE) nucleic acid delivery vehicle enhances its transfection efficiency

in cultured human ECs. This can enable delivery of gene therapies to ECs, either in vitro

as cellular components of an engineered vascular graft, ex vivo in donated human organs

for transplantation, or for targeting the endothelium in vivo. In the work presented here we

apply the EC-targeted polymeric delivery vehicle to deliver siRNA against IL-15, a cytokine



involved the activation of T cells during acute inflammation.

Our work with transplant-declined human organs motivated the development of a new

digital pathology tool for color-based quantification of histologic specimens, which we have

applied to quantify vascular assembly in engineered grafts as well as vascular pathologies in

human and animal tissue samples. We demonstrate the benefits of an automated program

for color-based detection of pathological features in histologic specimens, in particular in a

setting in which large numbers of images are generated.

We propose further investigations into the antibody-targeted PACE polyplex delivery

platform including a broader exploration of targeting in different cell types in vitro and in

vivo. The work described in this dissertation aims to advance the therapeutic potential of

targeted nanocarriers for treating pathologies in the endothelium.
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Chapter 1

Introduction and Background

1.1 The Vascular Endothelium as a Therapeutic

Target

1.1.1 Homeostatic Functions and Properties of the Endothelium

The endothelium lines the luminal surface of vessels throughout the vascular system and

has an active and essential role in its functioning. The primary functions of the vascular

system are to deliver nutrients and oxygen to tissue throughout the body, clear cellular and

metabolic waste products, and to participate in immune surveillance, which is discussed

further in Section 1.1.2 [2, 3]. The vascular system is not uniform, but rather is made up of

vessels of varying sizes and cellular compositions that reflect their function [4, 5].

Throughout this branching vasculature, the endothelium lining the lumen of all vessels

is comprised of a single layer of endothelial cells (ECs). ECs carry out the functions of

the circulatory system at a cellular and molecular level. Even when the endothelium is

considered to be at rest, ECs are actively engaged in maintaining this quiescent state [6, 7].

Anti-coagulating factors produced and regulated by ECs maintain blood fluidity [8, 9]. ECs

also regulate blood flow by producing vasodilators that act on smooth muscle cells [2] and

1



1.1. THE VASCULAR ENDOTHELIUM AS A THERAPEUTIC TARGET 2

control vessel wall permeability [6, 10].

In addition to these universal EC functions, organ-specific ECs carry out distinct

functions. Just as the vessels comprising the vascular system are varied in structure and

function, so too are the endothelial cells lining its walls [5, 11]. Importantly, ECs are

the point of exchange between materials in the bloodstream and the extravascular tissues.

This contributes to the unique EC phenotypes seen in different parts of the body; different

organs necessitate different degrees or types of exchange with the circulatory system. For

example, the brain endothelium forms the blood brain barrier (BBB) where ECs express

tight junctions (Figure 1.1A). Materials passing across the endothelium must be selectively

transported through the ECs rather than passing through gaps or fenestrations. Conversely,

in tissues where greater exchange across the endothelium is needed, there are spaces

between endothelial cells through which macromolecules can pass (Figure 1.1B-C) [6].

The heterogeneity in EC phenotypes throughout the circulatory system has implications for

the feasibility of using functionalized nanocarriers to actively target drug or nucleic acid

delivery to the endothelium [12]; targeting is discussed further in Section 1.3.

The human endothelium can be studied in vitro and in animal models by isolating ECs

from human tissues. Attention must be paid to the tissue source, as ECs from different

organs present unique phenotypes and protein expression profiles, and form microvasculature

in different patterns [13]. Furthermore, isolated ECs may not maintain these properties

once cultured in vitro. Throughout this dissertation we use primary human umbilical vein

endothelial cells (HUVEC) as an in vitro endothelium model.

1.1.2 Role of Endothelial Cells in Immune Surveillance

Along with transporting nutrients and waste, two of the most critical roles of endothelial

cells are to maintain a state of quiescence under homeostatic conditions, and to recruit and

activate leukocytes under acute inflammation. ECs actively maintain a quiescent state by

sequestering P-selectin, which helps tether leukocytes to the EC surface, in Weibel-Palade
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Figure 1.1: Heterogeneity of capillary endothelium. From Augustin et al., 2017. [11]

bodies and suppressing expression of other adhesion molecules such as E-selectin and L-

selectin, which have similar roles in binding leukocytes [2]. Upon cytokine stimulation of

ECs, P-selectin is released to the cell surface, and expression of E-selectin and L-selectin is

upregulated [14]. Being fixed in place, EC interactions with leukocytes are critical for the

recruitment of circulating T cells to the site of inflammation [15].

Inflammation can occur in response to T cells interacting with the presentation of an

antigenic peptide on the surface of an antigen-presenting cell (APC), such as a macrophage,

dendritic cell or B cell [16]. T cell activation is dependent on a direct interaction between

the APC and the T cell receptor. While the professional APCs above present antigens to T

cells in circulation, non-professional APCs, including ECs, can also present antigens through

similar mechanisms [16, 17, 18, 19]. This often occurs as a result of a viral or bacterial

infection, and the infected cells present the foreign antigen. As described further in Section

1.1.3, antigen presentation by ECs within an allograft can lead to inflammation and acute

graft rejection.

Once activated, CD4+ helper T cells release cytokines and bind to APC surface receptors

to stimulate and guide the inflammatory response. CD8+ cytotoxic T cells (TC), once

activated, release cytotoxins including perforin, which permeabilizes the cell membrane, and

granzyme B, which activates caspase-driven apoptosis [20]. TC cells can then invade through

the endothelial layer and damage the parenchyma [21].

In this dissertation we investigate the role of interleukin (IL)-15 surface presentation
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Figure 1.2: Trans-presentation of IL-15 in complex with IL-15Rα.

on ECs in the recruitment, activation, and proliferation of leukocytes. IL-15 binds tightly

to its receptor, IL-15Rα, and can activate CD8+ effector memory T (TEM) cells via trans-

presentation to IL-2Rβ/γ receptors (Figure 1.2) [22, 23, 24]. Human ECs primed with

interferon (IFN)-γ then activated by complement express on their surface IL-15 in complex

with IL-15Rα [25]. This boosts the responses of allogeneic CD8+ TEM cells which express IL-

2Rβ/γ on the CD8+ TEM cell surface. Preventing this interaction with a blocking antibody

limits CD8+ TEM cell activation, suggesting that reducing IL-15 expression is a useful target

for preventing immune-mediated damage to transplanted allografts [25, 26]. In Chapter 2,

we use siRNA against IL-15 to knock down this cytokine in human ECs.

1.1.3 Endothelium in Solid Organ Transplantation & Engineered

Vascular Grafts

The immune surveillance role of the endothelium presents a challenge in the context of

solid organ transplantation. The endothelium of an allograft is the initial point of contact

and exchange with the host circulation. By presenting antigens that are alloreactive to

the recipient, grafted ECs can elicit a strong immune response by mechanisms described

in Section 1.1.2, which can ultimately lead to acute rejection of the graft [17]. Transplant

recipients are often treated with immunosuppressants to reduce the risk of graft rejection;

however, these treatments weaken the immune system overall and leave the graft recipients
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vulnerable to infections.

Even considering the immunogenic properties of allogenic ECs, the viability of a graft

post-implantation relies on a functional and perfused graft endothelium that integrates with

the host circulatory system. As described in Section 1.1.1, vascular networks, including

microvasculature, are essential for carrying oxygen and nutrients and eliminating waste

products throughout a tissue. Damage or dysfunction of the endothelium in a graft

can be detrimental to the transplantation outcome. Graft endotheliopathies may be pre-

existing in the donor or may arise during procurement, cold storage, or reperfusion after

transplant. Microvasculature is particularly susceptible to damage and dysfunction as the

small capillaries can easily become occluded.

Despite these challenges, transplantation from a living or deceased donor is the most

effective treatment for end-stage organ diseases. The gap between the number of solid organ

transplants occurring each year and the number of patients on the transplantation waiting

list indicates an unmet clinical need for transplantable organs [27, 28]. Three strategies to

overcome this shortage are being investigated and deployed as complementary approaches.

First, a reduction in the demand for transplantable organs may be achieved through

preventative care and improved treatments of existing conditions, such as diabetes and

hypertension [29]. Of relevance to the work described in this dissertation, examples of

therapies that target the endothelium specifically are discussed in Section 1.1.4.

Second, ex vivo treatment of donor organs between procurement and implantation may

increase the pool of transplantable organs by improving the health and predicted outcome

of marginal organs that may have otherwise been discarded. A high discard rate of organs

from higher-risk donors is a major contributor to the shortage of transplantable organs

[30]. Direct access to treat the endothelium of a donor organ can be reached using ex vivo

normothermic machine perfusion (NMP). This enables delivery of fibrinolytic agents, anti-

inflammatory drugs, or gene therapies that alter the expression of genes involved in antigen

presentation and T cell attachment and activation. An otherwise marginal organ may be
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considered to be suitable for transplantation following ex vivo treatment to clear vascular

obstructions or suppress the immunogenicity of the allograft [31]. In Chapter 3 we describe

a digital pathology tool for quantitative analysis of biopsies that we developed and have

used to evaluate biopsies taken from human organs following NMP [32]. The efficiency

of therapeutic delivery to the endothelium during the short window between procurement

and transplantation can be increased with the use of nanocarriers targeted to EC surface

antigens. Targeting approaches and examples of endothelium-targeted vehicles are discussed

in Section 1.3.

A third strategy aims to increase the availability of graft tissue through the engineering

of functional tissues from cultured cellular components. A significant barrier to engineering

larger tissues or whole organs is the need for an integrated microvascular network in the

graft in order to support the survival of tissues thicker than 400 um [33, 34]. Microvascular

networks can be assembled from human cells in the lab by manipulating cultured endothelial

cells [35]. By incorporating ECs along with other tissue-specific cell types comprising a graft,

a functional endothelium that supports the graft following implantation can be achieved.

Engineered tissues that incorporate channels for fluid transport or EC-lined microvessels

have better viability in vitro and following implantation in vivo, compared with identical

grafts made without channels or ECs [36]. Printing tissues using bio-inks containing different

cell types, substrates, and growth factors has enabled precise construction of 3D vascularized

tissue grafts [37, 38, 39, 40].

Prior to assembly into a graft with multiple cell types, each cell type can be individually

pre-treated to optimize the functionality and other properties of that tissue component. For

off-the-shelf tissue engineered grafts, the endothelial cell source will likely be allogenic to

the recipient, and thus introduces the risk of acute rejection. Gene therapies or other anti-

inflammatory treatments can be applied to ECs prior to graft assembly to generate tissues

that are less immunogenic. A strategy for modulating expression of the cytokine IL-15 in

ECs is investigated in Chapter 2. Treatments aimed at improving the assembly of ECs into
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microvascular networks, such as growth factors or miRNAs, can also be delivered to cells

during graft construction.

1.1.4 Treating the Endothelium

The endothelium serves unique specialized functions throughout different organ systems in

the body, however its ubiquity throughout all tissues makes it a useful and accessible target

for therapeutics aimed at treating a wide range of conditions. As described above, the

endothelium plays a critical role in inflammatory responses, making ECs a useful therapeutic

target for preventing or reducing inflammation [17]. ECs also have an active role in vascular

diseases such as atherosclerosis, thrombosis, and ischemia-reperfusion injury, in which the

therapeutic target is primarily in the vascular lumen. The endothelium also has a critical

role in the outcome of diseases that affect other tissues in the body, including cancer and

respiratory diseases, in which the ECs or extravascular tissues are treated.

Many therapeutics that target the vascular lumen are used to clear obstructions in the

vasculature that can lead to ischemia. These obstructions can be caused by a build-up of

plaque (atherosclerosis) or by blood clotting (thrombosis), and are commonly treated with

anticoagulants such as thrombomodulin (TM), tissue plasminogen activator (tPA) [31, 41].

Reactive oxygen species (ROS) can build up in the endothelium as a result of inflammation

or ischemia-reperfusion injury. Enzymes that quench ROS such as catalase and superoxide

dismutase can be administered to protect ECs against oxidative stress [12]. For several of

these treatments, there have been promising results demonstrating delivery of the therapeutic

agent in delivery vehicles designed to target ECs, which is discussed further in Section 1.3.

In addition to treatments for vascular diseases, treating certain vascular beds can also be

motivated by diseases in the surrounding tissues. In many forms of cancerous tumors, the

surrounding microvasculature becomes angiogenic and ECs develop abnormal morphologies

that can contribute to intravasation and metastasis of cancerous cells [42]. Treating tumor

vascular beds to either inhibit angiogenesis or normalize the growth of vascular structures
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has been found to be an effective strategy for treating tumors [42, 43, 44].

Pulmonary vascular beds can also be a therapeutic target [45, 46, 47]. In the ongoing

COVID-19 pandemic, infection with the SARS-CoV-2 virus can cause inflammation in the

lungs leading to acute respiratory distress syndrome (ARDS). One indicator of severe illness

due to Sars-CoV-2 infection has been found to be damage to the pulmonary endothelium.

Lung endothelial cells can amplify inflammation through expression of leukocyte adhesion

molecules [48]. Therapeutics that act on the lung endothelium may help treat or prevent

severe cases of COVID-19 [49, 50, 51, 52, 53, 54, 55, 56].

Another highly regulated surface of exchange between the blood stream and extravascular

tissue is in the brain, where the endothelium is part of the blood brain barrier (BBB).

Treatments aimed at the brain endothelium may be employed not only for the treatment

of the endothelium itself, but also as a way of creating an entry point for drug delivery to

the brain [57]. Using delivery vehicles functionalized with a ligands that bind to specific

receptors on ECs in the BBB can promote transcytosis of the delivery vehicle and cargo

[58, 59, 60, 61], although there appears to be a limit to the extent that this approach can

shift the balance of NP biodistribution to the peripheral tissues and the brain: generally,

less than 1% of the injected dose goes to the brain [62]. Cell-specific targeting strategies are

discussed in Section 1.3.

1.2 Nucleic Acid Delivery to the Endothelium

1.2.1 Therapeutics Targeting messenger RNA

Modulating mRNA is a powerful way of reaching ‘undruggable’ protein targets. In this

section we focus on two oligonucleotide-based therapies: small interfering RNA (siRNA),

which modulates mRNA levels through the RNA interference (RNAi) pathway, and antisense

oligonucleotides (ASOs) which modulate splicing or block translation [63].

RNA interference (RNAi) is a mechanism in eukaryotic cells that silences gene expression
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by sequence-specific cleavage of mRNA, which blocks translation. RNAi is initiated by the

presence of double stranded RNA (dsRNA) in the cytoplasm, which endogenously, can arise

from either microRNA (miRNA) or small interfering RNA (siRNA) pathways [64]. The

dsRNA is cleaved into short (21 – 26 bp) dsRNA molecules, then one strand is assembled

into the RNA-induced silencing complex (RISC). This guides binding to the complementary

target mRNA sequence, which is then cleaved by endonucleases in RISC (Figure 1.3) [64].

Synthetic siRNA can be delivered to cells or tissues to silence protein expression [65].

It is widely used as a research tool, and is now gaining momentum as a therapeutic agent

[66, 67, 68]. Twenty years after RNAi was first discovered in Caenorhabditis elegans by

Fire and Mello and colleagues, the first siRNA drug, patisiran, achieved FDA approval in

2018 [69, 70]. Since 2018, three additional siRNA drugs have been approved by the FDA –

givosiran, lumasiran and inclisiran – and dozens more are in clinical trials [70, 63].

ASOs are single stranded chemically modified oligonucleotides (12 – 30 nucleotides in

length) that bind to sequence-specific mRNA, pre-mRNA, or miRNA targets by Watson-

Crick base pairing [71]. ASOs can be designed to target mRNA in a variety of ways to either

elevate or reduce translation. ASOs can block translation by binding to a target sequence

on mRNA, block miRNA-mediated suppression by binding to a target sequence on miRNA,

or modulate splicing (exon skipping or exon inclusion) by binding to a target sequence on

pre-mRNA. ASOs can also be designed to promote cleavage of pre-mRNA or mRNA by

RNAse H1 or argonaute 2 [71].

ASOs predate siRNAs as a therapeutic technology. Therapeutic applications of ASOs

were first proposed in 1978. The first ASO drug, fomivirsen, was approved by the FDA in

1998, the same year in which the RNA interference pathway was discovered [63]. There are

currently nine FDA-approved ASO therapies. The approval of nusinersen in 2016 to treat

spinal muscular atrophy (SMA) represented a breakthrough in treatment for SMA and in

the development and commercialization of ASO therapeutics. Nusinersen promotes inclusion

of exon 7 in survival motor neuron 2 (SMN2) by binding to intron 7, which increases the
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Figure 1.3: RNA interference pathway. From Giacca, M., 2011. [64]

production of fully functional SMN protein mRNA [71].

Both ASO and siRNA therapeutics are powerful because they can theoretically be

designed to silence any gene. Targeting therapeutics at the protein level through small

molecule-protein interactions requires more structural precision in the development of the

drug, compared to designing complementary base pairing interactions to target mRNA or

pre-mRNA sequences [70]. With siRNA drugs, RISC complexes can turn over to cleave

multiple target mRNA strands so that gene silencing is propagated and has a prolonged

effect [72]. Once inside the target cell silencing effects can be sustained for several weeks
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in non-dividing cells, however in rapidly dividing cells the siRNA may be diluted below an

effective dose within 7 days [73]. An important advantage of ASO therapies is the ability to

modulate splicing and target different steps of RNA processing.

The primary hurdle in designing nucleic acid therapies is in designing a suitable delivery

approach that protects the oligonucleotide cargo from degradation, enables efficient uptake

into cells, and delivers a sustained gene silencing effect in the relevant organ. Strategies

for encapsulating and delivering nucleic acids are described throughout the remainder of

Chapter 1. In Chapter 2, we use siRNA to silence human IL-15 expression in HUVECs, a

target chosen for its role in CD8+ T cell activation as described in Section 1.1.2.

1.2.2 Nucleic Acid Delivery Challenges and Approaches

There are a number of barriers that must be overcome for broader clinical usage of nucleic

acid therapies. The bioavailability of naked oligonucleotides is limited by their size and

negative charge, renal clearance, and susceptibility to degradation by nucleases which are

present throughout tissues [70].

Oligonucleotides can be protected from degradation by encapsulation in nano-scale

delivery vehicles (Figure 1.4). Viral vectors [74], lipid nanoparticles (LNPs) [75, 76, 77] and

cationic polymers are commonly used as nucleic acid delivery vehicles. Polymeric vehicles

for nucleic acid delivery are discussed further in Section 1.2.3. Bioconjugation of siRNA

to stabilizing molecules such as cell penetrating peptides, aptamers, or lipids can also help

protect ASOs or siRNAs from degradation [78, 63]. Delivery vehicles and conjugate molecules

can also be designed to enhance cellular uptake, deliver to specific tissues, or optimize for

efficient intracellular trafficking (Figure 1.4). The three FDA approved siRNA drugs and

several phase 3 siRNA drugs are delivered either in LNPs or conjugated to a receptor targeted

molecule N-acetylgalactoasamine (GalNAc) [70]. Backbone modifications to ASO drugs are

used to protect the oligonucleotide from degradation while preserving RNA binding and

RNAse H1 activation. Most commonly these include phosphorothioate (PS) linkages and
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Figure 1.4: Extracelular and intracellular barriers to siRNA delivery. From Chen et al.,
2019. [79].

the replacement of ribofuranose rings with morpholino rings to create phosphorodiamidate

morpholino oligomers (PMOs) [63].

While delivery vehicles and bioconjugates can prolong the bioavailability of siRNA, they

are still subject to renal clearance (for drugs or vehicles <10 nm in diameter) and clearance by

phagocytic cells in the liver and spleen [68, 80]. In one study, selective siRNA delivery to the

renal glomerular basement membrane (GBM) was achieved due to filtration of nanoparticles
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(10 - 100 nm in diameter) through endothelial fenestrations (≈100 nm) in the glomerulus, and

subsequent disassembly of the nanoparticles in the proteoglycan-rich GBM, where released

siRNA was able to pass through the smaller pores of the GBM [81]. Accumulation of

nanoparticles in the liver has been taken advantage of to deliver siRNA to treat inflammation

[82] or alcoholic liver disease and fibrosis [83] in the liver. A novel approach using in vivo self-

assembly of siRNA vehicles has recently been described in which liver cells are programmed

to synthesize and package siRNAs into secretory exosomes for delivery to other tissues in

the body, so that the liver does not need to be avoided but is rather the first destination

in this therapeutic approach [84]. siRNA can also be delivered locally using nanocarriers to

enhance sustained release and prolong gene silencing at the delivery site [85].

Delivery vehicles vastly improve the effectiveness of oligonucleotide therapeutics

compared to administering free nucleic acid. Controlling certain properties of nanomedicines

such as size, shape, charge density, and stealth coatings can help overcome rapid clearance

and protect siRNA from enzymatic degradation [86, 87]. Targeting based on morphological

properties of the target tissue (for example, fenestrated or sinusoidal endothelia) or by

affinity-based targeting approaches can also help siRNA nanomedicines reach the relevant

cells [12, 88].

1.2.3 Polymeric Delivery Vehicles for Nucleic Acids

Nucleic acid delivery vehicles fall in to one of two categories, viral and non-viral. Viral vectors

are currently the predominant delivery method for clinical nucleic acid delivery applications.

Around 70% of nucleic acid therapies currently in clinical trials around the world use

viral vectors [89]. Non-viral lipid-based vectors have been developed as an alternative to

viral vectors due to safety concerns regarding the immunogenicity of viral proteins [77].

Biodegradable polymeric delivery vehicles represent further innovation toward producing

biocompatible nanocarriers with low immunogenicity [90, 91].

Polymeric delivery vehicles are a large and versatile category of delivery materials
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that are highly customizable. Physical and chemical properties of polymers can be easily

modified to design vehicles for a broader range of types and sizes of nucleic acid cargos

than can be delivered with viral vectors [91]. Cationic polymers are used for gene

delivery because they efficiently condense nucleic acid cargos due to electrostatic interactions

[79, 89]. Polycations often contain amine groups which give the polymer a positive charge.

Diethylaminomethyl (DEAE) dextran was one of the earliest cationic polymers to be used for

gene delivery, however it is highly cytotoxic [89, 92]. Other polycations that are commonly

used today – including polylysines, polyethylenimines (PEI), poly(2-N-(dimethylaminoethyl)

methacrylate) (PDMAEMA), and polyamidoamine (PAMAM) – have improved transfection

efficiency over earlier methods, however the cytotoxicity of these polymers remains as a

major limitation [89, 90].

In order to efficiently encapsulate nucleic acids an excess of polymer is typically used when

formulating polycation delivery vehicles, resulting in particles with a net positive charge.

This positive charge also promotes interaction with the cell surface, which contributes to the

efficient transfection seen with cationic polymers. However, cationic polymers can disrupt the

cell membrane and cause mitochondrial and lysosomal damage [93]. This can be overcome

by introducing other polymer blocks that reduce the charge density [94].

Poly(beta-amino ester)s (PBAEs) are biodegradable tertiary-amine containing polymers

[95]. The structure of PBAEs can be finely tuned to control hydrophobicity and other

properties of the polymer [96]. The use of PBAEs for transfecting endothelial cells has

been thoroughly investigated [35, 96, 97, 98]. From a large library of PBAE polymers

generated using high-throughput combinatorial chemistry, polymers exhibited cell-type

specific transfection efficiencies [98]. There was a high correlation in transfection performance

between different types of endothelial cells, whereas there was little correlation between either

EC type and an epithelial cell line. Additional non-viral vectors that have been investigated

for nucleic acid delivery to the endothelium are shown in Figure 5 [96].

In Chapter 2 we investigate a family of biodegradable poly(amine-co-ester) (PACE)
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polymers for delivery of siRNA to the endothelium. PACEs are synthesized by

copolymerization of an amino-diol, a diester, and a lactone, generating a mildly cationic

polymer with tunable properties that can form solid nanoparticles or polyplexes with nucleic

acid cargos [99, 100]. Like PBAEs, PACEs can been synthesized with different monomer

compositions and chemical end groups [100, 101]. In Chapter 2 we explore chemical

modifications to PACE that enhance nucleic acid loading and transfection in ECs. We also

conjugate a thiol-reactive group to PACE, which we use to bind EC-targeting antibodies to

the surface of PACE polyplexes.

1.3 Targeted Delivery to the Endothelium

1.3.1 Methods of Targeting

Nanomedicines can efficiently deliver imaging agents and therapeutic doses of drugs and

nucleic acids to the desired tissue [102]. Vehicles designed specifically for nucleic acid delivery

are described in Section 1.2.3. Doxil®, a liposome-encapsulated chemotherapy drug, was the

first nanomedicine to reach FDA approval in 1995 [103]. In the nearly three decades that

followed, many nanomedicines have reached the clinic including one of the first siRNA drugs

described in Section 1.2.1 [70]. In addition to promoting stability and enabling sustained

cargo release, nanocarriers of many kinds can be modified to target specific cells or tissues.

However, despite numerous reports demonstrating the benefits of cell specific targeting of

delivery vehicles, there are currently no targeted nanomedicines approved by the FDA [104].

Tissue- or cell-specific targeting can be achieved using passive targeting, ‘active’ or

affinity-based targeting, or a combination of both. Passive targeting approaches make use

of nanocarrier properties such as material composition, size, shape, or surface charge to

promote accumulation in certain tissues (Figure 1.5) [86, 87, 105, 106].

Affinity-based targeting approaches, sometimes referred to as ‘active’ targeting, make use

of ligand receptor interactions to promote accumulation of delivery vehicles in specific tissues
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Figure 1.5: Effect of size (a), shape (b), and charge (c) on nanoparticle distribution.
From Blanco et al., 2015. [86].

or cell types (Figure 1.6) [68, 107]. Ligands are typically attached to the surface of a delivery

vehicle either through electrostatic interactions, covalent linkages via click chemistry or thiol

coupling, biotin-avidin binding interactions, or nucleic acid hybridization, among others

(Figure 1.7) [108]. These interactions and reactions can be used to conjugate a variety

of nanocarriers (viral vectors, LNPs, polymers). Monoclonal antibodies are commonly used

for targeting, however many different kinds of ligands can be conjugated to delivery vehicles

to achieve similar effects. Arginine-glycine-aspartic acid (RGD) containing peptides bind to

integrins and are widely used for enhancing cellular uptake of particles, along with other cell

adhesive peptides [109, 110, 111, 112]. Applications of RGD peptides for targeting tumor

microvasculature are described in Section 1.3.3. Hyaluronic acid (HA) conjugated to PEI has

been used to target liver sinusoidal endothelial cells (LSECs), which express HA receptors

[113]. Nucleic acid aptamers can also be developed to target specific cell surface molecules

[114, 115]. More nuanced details of individual targeting ligands have also been investigated;

one study found that using multiple ligands targeting distinct adjacent epitopes on a single

target molecule (CD31) enhanced nanoparticle binding to ECs [116].

A third method of targeting nanocarriers is through ‘biomimetic camouflage’ approaches;
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Figure 1.6: Modalities for targeted siRNA delivery vehicles. From Lorenzer et al., 2015.
[68].

lipid membranes either derived from or designed to mimic other cell types, such as circulating

leukocytes, are used to encapsulate drugs. These vehicles effectively evade clearance from

immune cells, and they interact with and deliver cargo to inflamed endothelial cells via

leukocyte receptor interactions [117]. Two or more targeting approaches can be combined;

in one study, inflamed endothelium was targeted by generating ICAM-1 antibody-targeted

neutrophil derived nanovesicles [118].

In Chapter 2 we investigate new formulations of poly(amine-co-ester) (PACE) polyplexes

that target siRNA delivery to endothelial cells. We make use of some properties of
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Figure 1.7: Strategties for antibody functionalization of delivery vehicle surface. From
Sivaram et al., 2018. [108].

polymeric vehicles that are not based on specific affinity interactions, including PEGylation

and polymer end-group chemistry optimization, and we also incorporate affinity-based

targeting through conjugation of antibodies to the surface of the polyplexes. We adapt

a recently developed method of introducing cell surface targeting antibodies to the surface

of nanoparticles through a versatile mouse IgG1 Fc-binding monobody linker [119, 120].

The monobody linker contains a single cysteine residue which enables site specific binding

to a thiol-reactive maleimide group exposed on the surface of the delivery vehicle. Once the

monobody is conjugated to the surface, any mouse IgG1 antibody can be coupled to the

delivery vehicle.

1.3.2 Delivery Vehicle Targeting in the Endothelial Environment

Endothelial cells experience constant blood flow across their luminal surface, so delivery

vehicles do not have extended contact with ECs. The endothelial environment is also

dense with serum proteins and hematopoietic cells that could affect the interaction between
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delivery vehicles and ECs. These properties support the motivation to develop targeted

nanomedicines that bind to the endothelium. Particles in the blood stream also face rapid

clearance from circulation, primarily in the liver for most nano-sized medicines. Targeting

delivery vehicles to endothelial surface marker PECAM-1 (CD31) was recently shown to

enhance mRNA delivery to the endothelium and prevent accumulation in the liver [121].

It is important to assess targeting methods in a setting that mimics the vascular

environment [104]. Many studies employ microfluidic chambers that mimic the flow

conditions of the vasculature. Endothelialized microfluidic chips are lined with ECs on

the luminal walls of the channels [122]. These chambers allow for precise control over

parameters such as flow rate and vessel diameter, and often many conditions can be tested

simultaneously. However, as discussed in Section 1.1.1, cultured ECs do not always replicate

in vivo phenotypes [13]. Furthermore, vasculature in vivo is made up of multiple cell types

such as pericytes and smooth muscle cells, and extracellular matrix materials, all of which

may have an impact on the properties of ECs, a factor that may limit the correlation between

nanocarrier targeting in vitro versus in vivo.

A method for testing targeted nanocarriers in explanted human vessels was recently

developed by Lysyy and Bracaglia and colleagues, and was used to test the targeted nucleic

acid delivery vehicles described in Chapter 2 [123]. This ex vivo perfusion system maintains

many of the advantages of using a benchtop microfluidic system as opposed to an in

vivo animal model, such as being able to rapidly screen multiple conditions and vehicle

formulations, while creating a binding environment that is truer to physiological conditions.

Another method of testing nanocarrier targeting in human tissues ex vivo was described in

Section 1.1.3; transplant-declined human organs placed on a normothermic machine perfusion

system provide an organ-specific endothelium for testing formulations of targeted delivery

vehicles [124].

While in vitro and ex vivo flow chamber systems are essential tools for the development

of targeted therapeutics, it is important to note that targeting via receptor-ligand binding
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Figure 1.8: Targeted nanomedicines in vivo. From Woythe et al., 2021 [104].

does not work as a ‘homing’ mechanism; binding interactions only occur at a close range

(<0.5 nm) [104, 107, 125]. A targeted nanoparticle that binds with high affinity to a specific

EC marker in vitro will not necessarily reach and bind to the intended endothelial target in

vivo. Further explorations into which binding properties, such as valency or binding kinetics,

are most critical for designing targeted nanocarriers are being investigated [104, 126].

These binding interactions can be further impeded by other proteins and cells that the

targeted vehicle may encounter (Figure 1.8) [104]. Ligands on the surface of delivery

vehicles may be blocked by adsorption of serum proteins. Most surface antigens that have

been used for targeting are not exclusively expressed in a single cell type, but rather are

expressed to varying degrees in different cell types that a targeted delivery vehicle may

encounter. In the following section (Section 1.3.3) we discuss endothelial cell surface antigens

that have been shown to work well for targeting delivery vehicles.
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1.3.3 Cell Surface Antigens for Endothelium Targeting

The endothelium is heterogeneous in cell morphology and protein expression, as described in

Section 1.1.1 [11]. Adaptable antibody-based targeting platforms can be used to target

organ-specific endothelia. As an example, angiotensin-converting enzyme (ACE) and

thrombomodulin (TM) are both enriched in the pulmonary endothelium relative to other

vascular beds and can be used to target nanocarriers to the lung endothelium [127].

EC phenotypes are also dynamic in response to changing physiological states [5]. This

could work against targeting efforts if surface markers are shed or internalized in response

to disease states or to ligand binding. Conversely, these dynamic properties could be an

advantage for targeting specific areas of the endothelium where there is inflammation,

vascular obstruction, nearby solid tumor growth, or other physiological changes (Figure

1.9) [12].

Surface expression of selectins and other adhesion molecules on cytokine-activated ECs

has been used to target therapeutic delivery to inflamed regions of the vasculature [12].

E-selectin has been targeted using antibody-conjugated nanoparticles [128, 129, 130], a

thioaptamer-conjugated to nanoparticles [131], and nanoparticles conjugated to an E-selectin

binding molecule Sialyl Lewis A [132]. Inflammation in the endothelium can also be treated

by targeting delivery to other molecules that are upregulated in inflammatory ECs including

integrins [133], cell adhesion molecules VCAM-1 and ICAM-1 [134], transglutaminase [135],

and von Willebrand factor [136].

As described in Section 1.1.4, ECs near tumors develop specific molecular and

morphological phenotypes. These pathological features can be used to target nanomedicines

to the microvascular beds surrounding a tumor. In a recent study, a screen of cancer-related

antigens on breast tumor associated ECs (BTECs) identified CD105 (endoglin) as a target

for selective delivery to BTECs over normal ECs, likely related to the role of CD105 in

angiogenesis [137]. Angiogenesis in tumor microvascular beds can also be modulated by

targeting drug delivery to integrins, in particular αvβ3 and αvβ5, which are overexpressed
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Figure 1.9: Endothelial antigens for targeting vascular pathologies. From Glassman et
al., 2020. [12].

in angiogenic ECs relative to quiescent ECs [43]. Other potential target proteins that

are overexpressed in tumor ECs include VEGF, VCAM-1, and matrix metalloproteinases

(MMPs) [106]. Cargo of EC-targeted vehicles can be delivered to the ECs themselves to

normalize their signaling and junctions, or to the cancerous cells via transcytosis through

the endothelium or by passing through gaps in the affected endothelial layer.

Transmembrane proteins that are highly expressed in ECs relative to other cell types,

abundant on all ECs throughout the vascular system, and persist on the cell surface regardless

of other conditions or disease states are also useful for developing endothelium-targeted

delivery vehicles. Several studies have performed side-by-side comparisons of two or more

EC surface antigens including PECAM-1, ICAM-1, ICAM-2, VCAM-1, E-selectin and TfR-1

[74, 123, 126, 134]. In chapter 2 we functionalize the surface of poly(amine-co-ester) (PACE)

polyplexes with antibodies against platelet endothelial cell adhesion molecule-1 (PECAM-1,

or CD31) as a demonstration of our targeted delivery system in cultured ECs. We selected

CD31 due to its abundant expression on ECs in culture and in vivo [138, 139].



Chapter 2

End Group Modified

Poly(amine-co-ester) Polyplexes for

Targeted Nucleic Acid Delivery to the

Endothelium

The polymer synthesis described in this chapter was performed by Alexandra Piotrowski-

Daspit, Ph.D (PACE-PEG-Maleimide) and Hee Won Suh, Ph.D (end group modified

PACEs).

2.1 Abstract

Successful gene delivery to the endothelium is limited by a need for delivery vehicles that

efficiently transfect endothelial cells (ECs) under physiologically relevant conditions. A

family of cationic poly(amine-co-ester) (PACE) polymers is highly effective at encapsulating

and transfecting nucleic acids in a variety of in vitro and animal models. The tunable

properties of PACE terpolymers enable precise optimization of polymeric vehicles for different

23



2.2. INTRODUCTION 24

delivery settings. In this study we identify a modified PACE polymer with a primary amine-

containing end group that is optimal for transfection of human endothelial cells. We then

incorporate a PEGylated PACE polymer to enhance the stability and reduce the toxicity

of the delivery vehicle. Finally, we employ a new PACE-PEG polymer with a terminal

maleimide group to covalently couple the delivery vehicle with antibodies targeting human

PECAM-1 (CD31) using thiol-based coupling and a Fc-binding monobody adapter. We find

that PACE vehicles formulated using EC-optimized polymer end group modifications and

conjugated to CD31-targeting antibodies are taken up at higher rates compared to non-

targeted vehicles. These results demonstrate the adaptability and customizability of PACE

polymers and of the monobody adapter technology.

2.2 Introduction

Gene delivery to the endothelium has great therapeutic potential [50, 68, 129, 140]. A

significant barrier that must be overcome is in the packaging of nucleic acids into a vehicle

that can deliver therapeutic doses of nucleic acid cargos to endothelial cells. The endothelium

is under a constant state of flow, meaning nanocarriers may not accumulate in desired areas,

and the liver, spleen, and macrophages actively clear particles from circulation. Affinity-

based targeting of delivery vehicles to the endothelium may overcome these barriers [12].

We have recently described the development of poly(amine-co-ester) (PACE) polymers

[99, 100]. PACEs are a family of cationic polymers that efficiently encapsulate and serve

as a delivery vehicle for nucleic acids (pDNA, mRNA, siRNA, and miRNA) in vitro and

in vivo [83, 100, 141, 142]. PACE polymers are composed of three monomers: an amino-

substituted diol, a lactone, and a diester. The amino-diol gives the polymer a cationic charge

due to the tertiary amine, whereas the lactone and diester monomers confer hydrophobicity.

The relative content of each monomer determines the physical properties of the polymer

and delivery vehicles, as well as the encapsulation efficiency, stability, release profile,
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and biocompatibility. Varying monomer compositions have been systematically examined,

demonstrating that this family of polymers offers a precise control over delivery vehicle

properties [100]. This has been used to optimize PACE vehicles for specific applications,

including the identifying optimal formulations for different types of nucleic acids, or for

different routes of administration in vivo.

The PACE family has recently been further expanded to introduce new functionality

and points of control over properties of the polymer and the delivery vehicles it can form.

It was recently reported that PACE polymers can be actuated, by exposure to elevated

temperatures (37◦C – 100◦C), to significantly improve transfection of mRNA in vitro and

in vivo [143]. The improvement in transfection was associated with a hydrolysis-driven

reduction in polymer molecular weight and change in polymer end group composition. This

motivated the systematic generation of a library of PACE polymers conjugated to different

amine-containing end group molecules [101]. Polymer performance metrics including mRNA

encapsulation, cellular uptake, endosomal escape, and transfection varied significantly

between end groups within the same cell type in vitro. Subsequently, different PACE end

groups have been found to be optimal for transfecting different cell types in vitro and different

tissues or with different administration routes in vivo.

Recent investigations into the customizability of PACE delivery vehicles have

characterized the role of polyethylene glycol (PEG) surface coatings on transfection efficiency

in different settings. PEG groups can promote stability and reduce cytotoxicity of cationic

gene delivery polymers, but incorporation of PEG into delivery vehicles significantly reduces

transfection efficiency in vitro [142, 144, 145]. PEG can enhance transfection in vivo, however

the extent of enhancement depends on the tissue and route of administration [142, 146]. For

example, PACE-mediated delivery to mucosal tissues such as the lung epithelium can benefit

from PEG coatings to penetrate the mucosal barrier [142].

We sought to further develop the customizable properties of PACE polymers to design

a PACE delivery vehicle optimized for specific binding and cargo delivery to human ECs.
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To that end, we screened a subset of end-group modified PACE polymers that had shown

high endosomal escape and transfection efficiency in other cell lines. We next synthesized

a PEGylated PACE polymer with a thiol-reactive maleimide group conjugated to the end

of the PEG group, PACE-PEG-Maleimide (PACE-PEG-Mal or PP-Mal). The maleimide

group at the end of the hydrophilic 5 kDa PEG chain is exposed to the outer surface of the

polyplex where it can engage in thiol-based coupling of molecules to the polyplex.

Here, we screened a selection of end group modified PACE polymers for siRNA

transfection efficiency in human umbilical vein endothelial cells (HUVECs). We formulated

PACE with siRNA against interleukin (IL)-15, a target that is relevant to our work in

pretreatment of human organ grafts to prevent peri-transplant injuries. Human ECs primed

with interferon (IFN)-γ and activated by complement express IL-15 on their surface in

complex with IL-15Rα [23, 25]. This boosts the responses of allogeneic CD8+ effector

memory T (TEM) cells which express IL-2Rβ/γ on their surface. Blocking this interaction

limits host + TEM cell activation, suggesting that reducing IL-15 expression is a useful target

for preventing immune-mediated damage to transplanted allografts [24, 25, 26].

After identifying PACE-E2 as an end group derivative that optimized siRNA transfection

in HUVECs, we generated CD31-targeted PACE-E2 polyplexes using a two-step coupling

reaction and a monobody adapter system. An engineered Fc-binding monobody (Mb)

containing a single C-terminal cysteine residue, which orients the Mb on the polyplex surface,

enabled site specific coupling to the PACE-E2 polyplexes [119, 120, 147]. The Mb selectively

binds the Fc region of mouse IgG1 antibodies, which we used to bind either an anti-human

CD31 or an isotype matched control antibody to the surface of PACE polyplexes, generating

Ab-Mb-polyplexes (either CD31-Mb-polyplexes or Iso-Mb-polyplexes). Our results using

antibodies against CD31 to target to human ECs show proof-of-principle for a customizable

and adaptable targeted nucleic acid delivery vehicle platform with PACE polymers.
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2.3 Materials and Methods

2.3.1 Polymer Synthesis, Purification, and Characterization

Poly(amine-co-ester) (PACE) polymers were synthesized by enzyme (C. antarctica lipase

B) catalyzed terpolymerization of pentadecanolide (PDL), methyldiethanolamine (MDEA),

and sebacic acid (SA) monomers following previously published methods, with some

modifications [99, 100, 143]. 10 mol% PDL was used for all polymers unless otherwise noted.

Monomers were dissolved in diphenyl ether and allowed to oligomerize at 1 atm under argon

at 90◦C for 24 hours, after which polymerization proceeded under vacuum (2 mmHg) at 90◦C

for an additional 48 hours (Supplemental Figure A.1). For PACE-PEG synthesis, 5K

MW PEG was an additional monomer. For PACE-PEG-Maleimide synthesis, 5K MW PEG-

Maleimide was an additional monomer. For end group modified PACE polymers, amine-

containing end groups were conjugated to PACE after polymerization, following previously

published methods [101]. Polymers were purified following previously published methods

and the composition and molecular weight were analyzed using proton NMR (Aligent DD2

400 MHz NMR Spectrometer) and GPC (Ultimate 3000 UHPLC; Thermo Fisher Scientific)

[100].

2.3.2 Polyplex Formulation

Polyplexes were formulated at a polymer to nucleic acid ratio of 100:1 or 50:1 by weight

as noted. PACE polymers were dissolved in DMSO at 100 mg/mL and incubated with

shaking (350 rpm) overnight at 37°C. Polymer blends were made by combining PACE-PEG-

Maleimide or PACE-PEG with PACE-E2 at a concentration of 3%, 10%, or 30% PEGylated

PACE by weight. Control or IL-15 targeting siRNAs, or Cy5-labeled DNA or mRNA, was

mixed with PACE polymers in sodium acetate buffer (25 mM, pH 5.8), vortexed for 25

seconds, then incubated for 10 minutes, RT (Figure 2.1B). For in vitro experiments, cells

were treated at a concentration of 100 nM nucleic acid or 0.1 mg/mL polymer weight as
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noted.

2.3.3 Polyplex Characterization

Polyplex size and surface zeta potential was characterized by dynamic light scattering (DLS)

using a Zetasizer Pro (Malvern Panalytical). Polyplexes were diluted to 40 µg/mL in

deionized water for DLS measurements. Polyplexes were imaged by transmission electron

microscopy (TEM, FEI Tecnai Osiris 200kV) using a tungsten stain. Nucleic acid loading was

quantified using a Quant-iT PicoGreen dsDNA assay or a Quant-iT RiboGreen RNA assay

(Thermo Fisher Scientific, Waltham, MA, USA). PicoGreen or RiboGreen reagent was added

to polyplexes and fluorescence was measured with a plate reader. Fluorescence intensity

was compared to a standard curve of DNA oligo, siRNA, or mRNA and encapsulation in

polyplexes was calculated by subtracting the fluorescent signal in polyplex samples from the

signal in a solution of free nucleic acid of equivalent concentration.

2.3.4 Monobody-Antibody Conjugation of Polyplexes

Monobody development has been described previously [147, 148, 149]. We used the

monobody clone FCM101 with a C-terminal cysteine residue for site-specific thiol-mediated

covalent coupling [147, 148].

Polyplexes were formulated with a polymer blend of 10% or 30% PACE-PEG-Maleimide

(wt%) and PACE-E2. Centrifugal filtration in 100K MWCO filter tubes (MilliporeSigma,

Burlington, MA, USA) was used for buffer exchange from sodium acetate buffer (25 mM,

pH 5.8) to MES buffer (0.05 M, pH 5.5). Polyplexes were concentrated from 1 mg/mL to

5 mg/mL then washed with MES buffer and resuspended in MES buffer at a concentration

of 5 mg/mL. A 2 mg/mL solution of monobody (Mb) in TCEP/TBS buffer, pH 7.5 was

added to polyplexes to a final ratio of 20:1 polymer:Mb (w/w). Polyplex-monobody mixture

was incubated for 1 hour at room temperature on an orbital shaker set to 250 rpm. Mb-

polyplexes were then washed with PBS using centrifugal filtration and resuspended in PBS
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at a concentration of 5 mg/mL. A 1 mg/mL solution of anti-hCD31 or isotype control

antibody in PBS was added to polyplexes to a final ratio of 18:1 polymer:Ab (w/w). Mb-

polyplex:antibody mixture was incubated for 1 hour at room temperature on an orbital

shaker set to 250 rpm (Figure 2.4A). For in vitro experiments, Ab-Mb-polyplexes were

diluted to 1 mg/mL in PBS then added to cells to a final concentration of 0.1 mg/mL. For

ex vivo isolated vessel perfusion system (IVPS) experiments, Ab-Mb-polyplexes at 5 mg/mL

in PBS were injected directly into the perfusion loop for a final concentration of 0.1 mg/mL.

Polyplex size and surface zeta potential was characterized throughout the conjugation

procedure by dynamic light scattering, as described above. To measure nucleic acid loading

and Mb binding to the polyplexes, filtrate samples were collected following each buffer

exchange step and analyzed by Quant-iT PicoGreen or RiboGreen assays, as described above,

and by SDS-PAGE electrophoresis. Mb-Ab-polyplexes were imaged by transmission electron

microscopy (TEM, FEI Tecnai Osiris 200kV) using a tungsten stain.

2.3.5 Evaluation of Polyplex Stability

CD31-Mb-polyplexes and Isotype-Mb-polyplexes formulated with Cy5-DNA were diluted to

1 mg/mL in PBS or PBS + 10% FBS and stored for up to one week at 37◦C with shaking

(350 rpm), or at 4◦C. At each time point, 40 µg of polyplexes was removed and diluted

in 1 mL deionized water for DLS measurement of size and zeta potential. To evaluate the

effectiveness of polyplexes in delivering nucleic acid cargo after storage, polyplexes were

stored in PBS or PBS + 10% FBS at 37◦C, shaking (350 rpm), or at 4◦C for 24 hours and

7 days. At each time point, polyplexes were delivered to HUVECs at a concentration of

0.1 mg/mL in complete media for 2 hours, 37◦C. Cells were uplifted and analyzed by flow

cytometry as described below.
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2.3.6 Polyplex Delivery in vitro

Human umbilical vein endothelial cells (HUVECs) were obtained from the Yale Vascular

Biology and Therapeutics tissue culture core. HUVECs pooled from three donors were

isolated from fresh umbilical veins by collagenase digestion and cultured on 0.1% gelatin-

coated flasks containing M199 medium (Gibco) supplemented with 20% FBS, 1% P/S, and

1% endothelial cell growth supplement (ECGS). Cells were plated into multi-well plates

coated with 0.1% gelatin at a concentration of 100,000 cells/mL and grown overnight. Fresh

media was added to cells prior to treatment. For IL-15 siRNA delivery, IFN-γ (100 ng/mL)

was added to the media to stimulate IL-15 expression.

Fresh polyplexes in sodium acetate buffer or Ab-Mb-polyplexes in PBS were added

dropwise to cells at a concentration of 100 nM nucleic acid or 0.1 mg/mL polymer, as

noted. Polyplexes were left on cells for 2, 18, or 24 hours, where noted. Polyplex delivery

of dye labeled oligos and siRNA was assessed by measuring cellular uptake of encapsulated

dye-labeled DNA using flow cytometry, or by measuring IL-15 expression and knockdown

using RT-qPCR.

2.3.7 Polyplex Toxicity in vitro

Cell viability following polyplex treatment was measured using flow cytometry staining

(SYTOX Green, propidium iodide, or Annexin V; Thermo Fisher Scientific) or using

CellTiter-Glo 2.0 luminescent cell viability plate reader assay (Promega).

2.3.8 Polyplex Delivery to Human Umbilical Arteries in An

isolated Vessel Perfusion System

An isolated vessel perfusion system (IVPS) was set up as previously described [123]. Briefly,

de-identified human umbilical cords were obtained from Yale-New Haven Children’s Hospital

(New Haven, CT) from scheduled cesarean sections (C-section). Umbilical arteries were
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dissected from the cord on ice and cut into 10 cm segments. Vessels were cannulated and

assembled into perfusion chambers connected to tubing running through a peristaltic pump.

Vessel chambers were immersed in a 37◦C water bath and vessels were perfused in a closed

loop with 5 mL complete M199 media at a flow rate of 2.5 mL/min. After 15 minutes of

perfusion, 100 µL of polyplexes (5 mg/mL in PBS) were injected into the perfusion loop as

a bolus. Vessels were perfused for 30 minutes or 1 hour, where noted. Vessel chambers were

then disassembled and vessels were prepared for analysis by flow cytometry and confocal

microscopy as described below.

2.3.9 Flow cytometry

For in vitro experiments, cells were washed three times with warm cell culture media and

once with HBSS. Cells were then detached with TrypLE Express (Thermo Fisher Scientific),

washed with PBS, and resuspended in 1%BSA/PBS. Cells were then stained with either

SYTOX Green or propidium iodide (Thermo Fisher Scientific) to exclude dead cells. Cells

were stained with a PE conjugated human IL-15 antibody (R&D Systems) for 30 minutes at

room temperature. Cells were then washed with FACS buffer and analyzed using an Attune

NxT flow cytometer.

For IVPS experiments, vessels were removed from perfusion chambers and filled with

warm collagenase solution (0.1% in PBS) (Worthington Biochemical). After 10 minutes at

37◦C, vessels were flushed with 1 mL of FACS buffer (1% BSA/PBS), collecting the flow

through. Cells were pelleted and resuspended in FACS buffer containing Alexa Fluor 488

labeled anti-human CD105 (Thermo Fischer Scientific) or an isotype control (Alexa Fluor

488 mouse IgG2a, BD Pharmingen). Cells were stained for 1 hour on ice, then washed with

FACS buffer and analyzed using an Attune NxT flow cytometer.
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2.3.10 Microscopy

For in vitro polyplex uptake imaging, HUVECs were plated on gelatin-coated glass-bottom

well plates and grown for 24 or 48 hours until fully confluent. Cells were treated with

Cy5-labeled DNA loaded polyplexes in complete media for two hours at 37◦C. Following

treatment, cells were washed with media three times then fixed with 2% PFA in cell culture

media for 10 minutes at room temperature. Cells were then washed with PBS, permeabilized

with 0.1% Triton X-100, then stained with Alexa Fluor 555 conjugated phalloidin (Thermo

Fisher Scientific) for 60 minutes at room temperature. Cells were then washed with PBS and

stained with Hoechst and imaged using an EVOS FL Auto 2 microscope (Thermo Fischer

Scientific).

Polyplex uptake in perfused human umbilical arteries was visualized by whole-mount en

face confocal microscopy, as described previously [123]. A 2 mm segment of the perfused

artery was stained with Alexa Fluor 488 labeled anti-human CD105 (Thermo Fischer

Scientific) for 1 hour on ice. Vessel segments were washed twice with 1% BSA/PBS, then

stained with Hoechst (1 ug/mL in 1% BSA/PBS) (Sigma) for 10 minutes. Vessel segments

were mounted on microscope slides and coated with glycerin. Images were captured with an

LSM 410 spinning-disc confocal microscope and processed using Zen (Carl Zeiss).

2.3.11 Statistical Analysis

Results were analyzed using GraphPad Prism (version 9.3.1 for macOS).

2.4 Results and Discussion

2.4.1 PACE Polymer Synthesis and Functionalization

PACE polymers were synthesized by enzyme catalyzed terpolymerization of an amino-

substituted diol (MDEA), a lactone (PDL), and a diester (SA) following previously published
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methods (Figure 2.1A, Supplemental Figure A.1) [99, 100, 143]. Methyldiethanolamine

(MDEA) provides a tertiary amine, giving the polymer a mildly cationic charge which

promotes complexation with nucleic acids. The lactone monomer, pentadecanolide (PDL),

confers hydrophobicity which can enhance the stability and reduce cytotoxicity of the

resulting polyplex. A long chain diester monomer, either sebacic acid (SA) or diethyl sebacate

(DES), adds additional control of hydrophobicity. The 10 wt% PDL PACE polymers used

in this study are viscous at room temperature and form polyplexes upon dissolution in an

aqueous buffer (sodium acetate buffer, pH 5.8) and vigorous mixing with a nucleic acid

solution (Figure 2.1B) [100]. From a library of 30 end group modified PACE polymers

generated in a previous study, we selected 6 polymers to test with ECs; we selected this

set of polymers based on their previously identified high endosomal escape and transfection

efficiency in Expi293F cells (Figure 2.1C) [101].

Having previously found that incorporation of a PEG-PACE block copolymer

improved polyplex stability and reduced cytotoxicity, and motivated by enabling further

functionalization of PACE polyplexes, we synthesized a new PACE polymer, PACE-PEG-

Maleimide (PACE-PEG-Mal or PP-Mal) that terminates with a maleimide group at the end

of a 5 kDa PEG chain (Figure 2.1D). PACE-PEG-Mal can be combined with other end

group modified PACE polymers to form blended polyplexes. The thiol reactive maleimide

end group on PP-Mal enables coupling of the polymer, or a polyplex made with this polymer,

to an exposed thiol.

We used a monobody designed with a single cysteine residue at the C-terminus as an

adapter to attach antibodies targeting an EC-specific surface antigen to the surface of

polyplexes formulated with a blend of PP-Mal and PACE-E2 (Figure 2.1E) [147, 148, 149].

2.4.2 Screen of End Group Modified PACE Polymers

A library of PACE polymers conjugated to a variety of amine-containing end groups was

generated in a previous study [101]. We sought to identify end group modified PACE
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Figure 2.1: PACE end group synthesis and polyplex surface conjugation. (A)
Poly(amine-co-ester) (PACE) is synthsized by copolymerization of pentadecanolide (PDL),
methyldiethanolamine (MDEA), and sebacic acid (SA). (B) PACE polyplexes are formulated by
mixing polymer and nucleic acid solutions in sodium acetate buffer. (C) End group modified
PACE polymers. (D) 5 kDa poly(ethylene glycol) (PEG) or PEG-Maleimide can be added as
additional monomers in PACE synthesis to create PACE-PEG or PACE-PEG-Mal. (E) Polyplexes
formulated with a blend of PACE-PEG-Mal can be conjugated to a monobody adapter in order to
attach antibodies to the polyplex surface.
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polymer(s) that efficiently transfect endothelial cells. To screen for the best performing

polymer, we first characterized the size, PDI, and surface charge of polyplexes formulated

using each of the six end group modified PACE polymers shown in Figure 2.1. Polyplexes

were formulated with siRNA as the nucleic acid cargo. All polyplexes were between 70 –

110 nm in diameter with PDIs between 0.25 – 0.4 (Figure 2.2A). With the exception of

PACE-E2, all of the polymers formed polyplexes with a positive surface charge between 22-

28 mV (Figure 2.2B). PACE-E2 polyplexes were the smallest in diameter, and had a more

positive surface charge of 38 mV (Figure 2.2A,B).

We then transfected human umbilical vein endothelial cells (HUVEC) with siRNA

targeting IL-15 encapsulated in polyplexes formulated using each of the six end group

modified PACE polymers, as well as a ‘classic’ carboxyl end group PACE and a commercial

transfection reagent (Lipofectamine RNAiMAX, Thermo Fisher Scientific). Knockdown

efficiency of IL-15 mRNA after 24 hours was measured by RT-qPCR. We found that PACE-

E2, which terminates in a primary amine (Figure 2.1C), delivered the highest knockdown

percentage relative to cells treated with a control siRNA (Figure 2.2C). PACE-E14 also

terminates in a primary amine and performed significantly better than RNAiMAX and

other PACE polymers (Figure 2.2C). HUVECs are known to be difficult to transfect

with siRNA, so it was not unexpected to see only ∼50% knockdown with the commercial

reagent. Furthermore, PACE-E2 polyplexes delivered a more sustained knockdown effect

than RNAiMAX following a single siRNA treatment (Supplemental Figure A.2A).

2.4.3 Incorporation of PACE-PEG in PACE-E2 Polyplexes

We found that while PACE-E2 effectively delivered siRNA to HUVECs, it also caused

some toxicity. However, incorporation of 2.5% PACE-PEG (PP) in polyplexes significantly

improved cell viability (Figure 2.2D). This is consistent with previously reported data

[100, 142]. Incorporation of small amounts of PEGylated PACE into PACE polyplexes

increases hydrophilicity, which reduces interactions with soluble proteins and with the cell
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Figure 2.2: Screen of end group modified PACE polymers for optimal siRNA
transfection in human endothelial cells. (A) Hydrodynamic diameter (bars) and PDI (red
diamonds) and (B) zeta potential of of polyplexes formulated with end group modified PACE
polymers encapsulating siRNA against human IL-15. (C) Percentage of IL-15 knockdown in
HUVECs using end group modified PACE polymers, unmodified PACE-COOH, and Lipofectamine
RNAiMAX (Thermo Fisher Scientific). Percent knockdown is calculated relative to cells treated
with a non-targeting control siRNA. (D) In vitro cytotoxicity of PACE-E2 polyplexes. (E)
Cellular uptake of PACE-E2 polyplexes formulated with 0%, 2.5%, or 10% PACE-PEG (weight%)
encapsulating dye-labeled oligo following 24 hours of treatment in static culture. (F) Percentage
of IL-15 knockdown in HUVECs by siRNA encapsulated in PACE-E2 polyplexes formulated with
0%, 2.5%, or 10% PACE-PEG (weight%). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

surface. As a result, stability may be improved while transfection efficiency is often lost

[94, 100]. Transfection and knockdown efficiency were not diminished with up to 2.5%

PACE-PEG, however incorporation of 10% PACE-PEG into PACE-E2 polyplexes resulted

in a decrease in cellular uptake of dye-labeled oligos that corresponded with a decrease in

siRNA mediated IL-15 knockdown (Figure 2.2E,F; Supplemental Figure A.2B,C).
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2.4.4 PACE-PEG-Maleimide Polyplexes

The E2 primary amine end group was found to be optimal in transfecting HUVECs relative

to other PACE polymers. Polyplexes formulated with a blend of PACE-E2 and PACE-PEG

were more stable and less cytotoxic than polyplexes made with PACE-E2 only, but delivered

a weaker knockdown effect with siRNA. To further optimize a PACE delivery vehicle for

delivery to the endothelium, we synthesized PACE-PEG-Maleimide (PACE-PEG-Mal or

PP-Mal) as a tool for conjugating cell surface binding molecules such as antibodies to the

surface of polyplexes, as described in Section 1.3 (Figure 2.1D,E). To validate PP-Mal as an

effective polymer for forming polyplex delivery vehicles, we first characterized unconjugated

polyplexes made with this polymer.

To generate polyplexes incorporating both PACE-E2 and PP-Mal, we blended the two

polymers in DMSO (100 mg/mL) using either 3%, 10%, or 30% PP-Mal by weight prior

to polyplex formulation. Blended PP-Mal/PACE-E2 polyplexes were between 70 – 100 nm

in diameter, consistent with PACE-E2 polyplexes made without any PEGylated polymer

(Figure 2.3A). Increasing PP-Mal content reduced the surface charge of polyplexes, with

30% PP-Mal/P-E2 polyplexes having a close to neutral zeta potential of +6 mV (Figure

2.3B). The hydrophilic PEG groups orient on the outer surface of the polyplex, shielding

the cationic charge of the base PACE polymer.

Next, we measured the encapsulation efficiency of PACE-E2 polyplexes. PACE-E2

polyplexes exhibited high loading efficiency (98.6% encapsulation). Incorporation of up to

30% PP-Mal in PACE-E2 polyplexes did not significantly affect the encapsulation efficiency

of siRNA relative to polyplexes made without any PP-Mal (Figure 2.3C). We evaluated

the cellular uptake of unconjugated PP-Mal/PACE-E2 polyplexes by transfecting HUVECs

with polyplexes loaded with a fluorescently labeled DNA oligo for 24 hours. The trend in

percentage of cells having taken up polyplexes, gated based on untreated cells, was consistent

between PP/PACE-E2 polyplexes and PP-Mal/PACE-E2 polyplexes (Figures 2.2D and

2.3D). As expected, increasing PP-Mal content resulted in a reduction of cellular uptake.
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Figure 2.3: Forumulation of blended PACE-E2 polyplexes with PACE-PEG-
Maleimide. (A) Hydrodynamic diameter (bars) and PDI (black diamonds) and (B) zeta
potential of polyplexes formulated with blends of PACE-PEG-Mal and PACE-E2 polymers (0%,
3%, 10%, and 30% PP-Mal by weight) encapsulating siRNA against human IL-15. (C) siRNA
loading of PACE-E2 polyplexes with varying PACE-PEG-Mal content. (D) Cellular uptake of
PP-Mal/PACE-E2 polyplexes encapsulating dye-labeled oligo following 24 hours of treatment in
static culture. **p<0.01; ****p<0.0001.

We observed a significant reduction in cellular uptake of 10% PP-Mal/PACE-E2 polyplexes

relative to both 3% and 30% PP-Mal/PACE-E2 polyplexes. This correlated with a very

slight reduction in loading with 10% PP-Mal (98.3%), however this reduction in loading is

unlikely to account for the difference in uptake that we observed (Figure 2.3D).

While the percentage of cells having taken up 30% PP-Mal/PACE-E2 polyplexes

remained fairly high (∼75%) in this setting despite the addition of PEG, it should be

noted that the uptake studies of non-conjugated polyplexes (Figures 2.2, 2.3, and

Supplemental Figure A.2) are carried out with HUVECs exposed to polyplexes in static

culture for a full 24 hours. A larger difference in uptake between polyplexes with different

PEG content was seen at shorter time points. To better mimic a physiological setting in

which ECs have only passing exposure to nanocarriers, uptake studies of Ab-Mb-conjugated

polyplexes were performed by exposing HUVECs to Ab-Mb-polyplexes for only 2 hours
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in static culture followed by several washes to remove any unbound or loosely associated

polyplexes. However, 2 hours was insufficient time to observe uptake of all non-conjugated

polyplexes, so 24 hour time points were used to validate the delivery of non-conjugated

polyplexes. Described further in Section 2.4.6, the ability to bind to and be taken up by

cells after a brief exposure period (2 hours) demonstrates the benefits of antibody conjugation

targeting the endothelium.

2.4.5 Conjugation of PACE-PEG-Maleimide/PACE-E2 Poly-

plexes Using Monobody Adapter

To conjugate EC targeting antibodies to the surface of PP-Mal/PACE-E2 polyplexes

via the monobody adapter shown in Figure 2.1E, we adapted a method that was

recently developed to conjugate the monobody adapter to the surface of poly(lactic acid)-

poly(ethylene glycol) (PLA-PEG) nanoparticles [149]. Several modifications were made to

accommodate the differences in polymer composition, size and stability between dye-loaded

PLA-PEG nanoparticles and dye-labeled nucleic acid loaded PACE polyplexes, resulting

in the conjugation protocol depicted in Figure 2.4A and described in Section 2.3.4. For

example, PLA-PEG nanoparticles can be pelleted by centrifugation at high speeds then

redispersed in buffer in order to remove excess Mb and change the buffer, whereas we used

centrifugal filters at lower speeds to prevent pelleting of polyplexes during these steps.

To evaluate the stability of the PP-Mal/PACE-E2 polyplexes throughout the conjugation

protocol we measured the size, PDI, and surface charge by dynamic light scattering (DLS)

at each step of the conjugation procedure (Figure 2.4A, DLS Samples 1-5).

30% PP-Mal/PACE-E2 polyplexes increase slightly in size throughout the conjugation

procedure, with an increase in hydrodynamic diameter from 85 nm (fresh polyplexes) to 130

nm (following Mb binding and buffer exchange) (Figure 2.4B). There was no increase

in size following the addition of either CD31 or isotype antibodies. Freshly prepared

10% PP-Mal/PACE-E2 polyplexes had a large PDI of 0.7, much larger than that of fresh
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30% PP-Mal/PACE-E2 polyplexes. 10% PP-Mal/PACE-E2 polyplexes exhibited a more

monodisperse population following Mb binding and buffer exchange, however after incubation

with both CD31 and isotype antibodies, the size of the conjugated 10% PP-Mal/PACE-E2

polyplexes roughly doubled in size from 150 nm to 300 nm (Figure 2.4B). This may be

due to aggregation of the polyplexes during the antibody binding incubation, however the

PDI (black squares) and the size distribution plot indicate a monodisperse population as

opposed to a small population of large aggregates. With both polyplex formulations, the

PDI decreased over the course of the reactions. This could be due to the constant agitation

during the hour-long incubation periods, or due to loss of small particles or large aggregates

during the buffer exchange steps.

Both formulations of polyplexes had similar positive surface charges when freshly

prepared, and the zeta potentials became more neutral over the course of the conjugation,

possibly due to the accumulation of protein (Mb then Ab) on the surface of the polyplexes

(Figure 2.4C).

Next we sought to assess whether conjugated Ab-Mb-polyplexes can be stored at 4◦C

for later usage, and to determine how long conjugated polyplexes remain stable under

physiological conditions. Both CD31-Mb-polyplexes and Isotype-Mb-polyplexes made from

a 30% PP-Mal/PACE-E2 starting formulation maintained a stable size with a low PDI for

up to 72 hours shaking at 37◦C in both PBS and PBS + 10% FBS, after which the polyplexes

increased in size from ¡200 nm to ¡300 nm through day 8. (Figure 2.4D). After observing

that the Ab-Mb-polyplexes remained intact for up to 8 days shaking at 37◦C, we also tested

the binding functionality of Ab-Mb-polyplexes after 24 hours or 8 days of storage (see Section

2.4.6).
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Figure 2.4: Conjugation of PACE-PEG-Maleimide/PACE-E2 Polyplexes Using
Monobody Adapter. (A) Schematic overview of the reaction protocol developed for
conjugating the C-terminal monobody cysteine to thiol reactive maleimide groups on the surface
of PP-Mal/PACE-E2 polyplexes. Samples were collected for dynamic light scattering (DLS)
measurements at steps 1 - 5. (B) Hydrodynamic diameter (bars) and PDI (black diamonds) and
(C) zeta potential of either 10% or 30% PP-Mal/PACE-E2 polyplexes encapsulating Cy5-labeled
DNA oligos throughout the conjugation procedure. Numbers along the x-axis correspond to DLS
sample collection points labeled in (A). (D) Stability of Ab-Mb-polyplexes over time at 37◦C,
shaking (350 rpm). Ab-Mb-polyplexes were resuspended at 1 mg/mL in either PBS (red lines) or
PBS + 10% FBS (blue lines). At each time point, 40 µg of polyplexes was collected and diluted in
1 mL deionized water for DLS measurement.

2.4.6 Uptake of Endothelium-Targeted Polyplexes in vitro and ex

vivo

We treated HUVECs with 0.1 mg/mL CD31-Mb-polyplexes or Isotype-Mb-polyplexes loaded

with Cy5-labeled DNA oligo to evaluate the effect of Ab-Mb-conjugation on polyplex uptake
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by ECs. Cells were treated for 2 hours in complete medium at 37◦C, then washed thoroughly

to remove unbound or loosely associated polyplexes from the cells and analyzed by flow

cytometry. Both 10% and 30% PP-Mal/PACE-E2 CD31-Mb-polyplexes were taken up

significantly more than Isotype-Mb-polyplexes (Figure 2.5A-C). Cells treated with both

10% and 30% PP-Mal/PACE-E2 Isotype-Mb-polyplexes showed some uptake relative to

untreated cells (Figure 2.5A,C), however CD31-targeting increased the mean fluorescence

by 13-fold over Isotype-Mb-polyplexes with the 10% PP-Mal/PACE-E2 formulation and

9-fold over Isotype-Mb-polyplexes with the 30% PP-Mal/PACE-E2 formulation (Figure

2.5B). Formulating polyplexes with a higher PP-Mal content (30%) did not lead to increased

cellular uptake compared to 10% PP-Mal/PACE-E2 polyplexes.

To test the functionality of the Ab-Mb-polyplexes following storage at 4◦C or 37◦C, we

measured uptake of 30% PP-Mal/PACE-E2 Ab-Mb-polyplexes after 24 hours and 8 days

of storage. Following overnight storage under all three conditions (4◦C, 37◦C shaking, or

37◦C shaking + 10% FBS), 30% PP-Mal/PACE-E2 CD31-Mb-polyplexes maintained their

binding specificity for ECs relative to Isotype-Mb-polyplexes, however the Ab-Mb-polyplexes

that were stored in 10% FBS had significantly lower uptake than Ab-Mb-polyplexes stored

in PBS (Figure 2.5D). We hypothesize that this is due to adsorption of serum proteins

to the polyplex, blocking interactions between the attached antibodies and the EC surface

proteins, as described in Section 1.3.2 (Figure 1.8).

After 8 days of shaking at 37◦C, 30% PP-Mal/PACE-E2 CD31-Mb-polyplexes stored

in PBS without FBS maintained specific binding to ECs relative to Isotype-Mb-polyplexes

stored under the same conditions, however the fluorescence intensity of the transfected cells

was much lower than the intensity that was seen with freshly conjugated Ab-Mb-polyplexes

(Supplemental Figure A.3). This may have been caused by either loss of dye-labeled

oligo from the polyplexes, bleaching of the fluorophore, or diminished binding of the CD31-

Mb-polyplexes due to loss of antibody on the polyplex surface, or a combination of these

factors. CD31-Mb-polyplexes stored in PBS + 10% FBS were not taken up by ECs, likely
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Figure 2.5: Uptake of endothelium-targeted polyplexes in vitro. (A) Flow cytometry
histogram plots of Cy5 fluorescence intensity. 10% PP-Mal/PACE-E2 Ab-Mb-polyplexes are shown
on the left in red, 10% PP-Mal/PACE-E2 Ab-Mb-polyplexes are shown on the right in dark red.
CD31-Mb-polyplexes are in solid lines, Isotype-Mb-polyplexes are in dashed lines with lighter
coloring. Untreated cells are shown in grey. (B) Fold increase in mean fluorescence intensity (MFI)
between CD31-Mb-polyplexes and Isotype-Mb-polyplexes, error bars represent the SEM. (C) MFI
of cells treated with 10% or 30% PP-Mal/PACE-E2 CD31-Mb-polyplexes or Isotype-Mb-polyplexes
for 2 hours in complete media at 37◦C. (D) MFI of cells treated with 30% PP-Mal/PACE-E2
Ab-Mb-polyplexes that had been stored under various conditions prior to cell treatments. 30% PP-
Mal/PACE-E2 Ab-Mb-polyplexes were stored at 1 mg/mL in PBS or in PBS + 10%FBS at 4◦C
(static) or 37◦C (shaking, 350 rpm) for 24 hours. Following storage, polyplexes were delivered to
cells at 0.1 mg/mL final concentration for 2 hours in complete media at 37◦C. Uptake of stored Ab-
Mb-polyplexes was evaluated by flow cytometry. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

attributable to protein adsorption blocking Ab binding as described above (Supplemental

Figure A.3).

To evaluate the effect of conjugating antibodies to the polyplex surface in a setting that

better mimics the in vivo environment, we delivered Ab-Mb-polyplexes to human umbilical

arteries using a recently developed isolated vessel perfusion system (IVPS) [123]. After

perfusing the vessels with 0.1 mg/mL Ab-Mb-polyplexes for 1 hour at 37◦C in complete

media, we did not see a difference in uptake by vessel ECs between CD31-Mb-polyplexes
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and Isotype-Mb-polyplexes. Both the CD31-Mb-poyplex treated vessels and and Isotype-Mb-

polyplex treated vessels had similar amounts of uptake as analyzed by confocal microscopy

and flow cytometry (Supplemental Figure A.4). We observed that some regions of the

endothelium that had sustained more damage during perfusion were brighter in the Cy5

channel, suggesting that either polyplexes or free dye was accumulating non-specifically on

those regions. We hypothesize that free Cy5-labeled oligo or free excess Cy5 dye leaked out

of the polyplexes during perfusion and accumulated on the vessel walls. Previously we had

not seen any non-specific accumulation or uptake of free DNA on ECs in vitro, however the

vessel lumen, and in particular areas of cell death, may be more susceptible to this non-

specific interaction. Further investigations into using PACE polyplexes in the IVPS loop are

proposed in Section 4.2.1.

2.5 Conclusion

We developed a polymeric nucleic acid delivery vehicle with enhanced transfection of human

endothelial cells by combining three strategies: cell-specific antibody binding interactions,

EC-optimized polymer end group chemistry, and a PEG coating that promotes stability and

reduces cytotoxicity.

We found that PACE-PEG-Maleimide (PP-Mal) content affects the polyplex size and

stability through conjugation, as well as the transfection efficiency of the resulting CD31-

targeted Ab-Mb-polyplexes. However, increasing the amount of PP-Mal from 10% to 30%

did not increase the uptake of CD31-Mb-polyplexes, suggesting that there is a point at

which additional maleimide groups does not aid in either conjugation to the monobody

adapter, or in binding of additional antibodies to the Mb-polyplex surface. Additional PP-

Mal concentrations should be evaluated in order to determine the optimal maleimide content

for cell surface targeting.

The monobody adapter technology can be used to bind any antibody. In the context of
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treating the endothelium, this enables careful selection of surface antigens based on organ

specific EC phenotypes or disease-state specific antigen presentation on ECs. In addition,

the monobody linker can be applied to any delivery vehicle with an exposed thiol reactive

group. By changing antibodies and polymer blends, this targeting system can readily be

adapted for use with PACE vehicles optimized for delivery to any organ. This makes the

monobody adapter system compatible with the highly tunable properties of the PACE family

of polymers.

We have demonstrated a significant benefit in cellular uptake with targeted polyplexes,

compared to unconjugated or isotype-conjugated polyplexes, however the performance of

these Ab-Mb-polyplexes in ex vivo or in vivo settings should be further explored. In addition,

an in-depth analysis of polyplexes formulated with different combinations and concentrations

of each of the end group modified PACE polymers and PACE-PEG-Mal is needed in order

to apply this technology more broadly.



Chapter 3

A Digital Pathology Tool for

Quantification of Color Features in

Histologic Specimens

The work described in this chapter was done in collaboration with Jenna DiRito, PhD. This

chapter is adapted from Reschke & DiRito et. al., 2021 [32].

3.1 Abstract

In preclinical research, histological analysis of tissue samples is often limited to qualitative or

semi-quantitative scoring assessments. The reliability of this analysis can be impaired by the

subjectivity of these approaches, even when read by experienced pathologists. Furthermore,

the laborious nature of manual image assessments often leads to the analysis being restricted

to a relatively small number of images that may not accurately represent the whole sample.

Thus, there is a clear need for automated image analysis tools that can provide robust and

rapid quantification of histologic samples from paraffin-embedded or cryopreserved tissues.

To address this need, we have developed a color image analysis algorithm (DigiPath) to

quantify distinct color features in histologic sections. We demonstrate the utility of this tool

46
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across multiple types of tissue samples and pathologic features, and compare results from

our program to other quantitative approaches such as color thresholding and hand tracing.

We believe this tool will enable more thorough and reliable characterization of histological

samples to facilitate better rigor and reproducibility in tissue-based analyses.

3.2 Introduction

Histological analysis of tissue biopsies–either formalin-fixed, paraffin-embedded (FFPE)

or cryopreserved—remains a cornerstone of preclinical research [150, 151, 152, 153, 154].

Nevertheless, there are well acknowledged issues with the reliability of the standard semi-

quantitative assessments typically performed on these samples [151, 155, 156]. These

issues can potentially be circumvented in clinical settings by carefully controlled workflows

that ensure consistency in sample preparation and reduce inter-observer variability [157].

However, replicating these conditions in preclinical research often presents a variety of

challenges depending on the nature of the analysis to be performed and whether the

researchers have access to an expert pathologist [153].

Even if researchers have access to a trained pathologist, the volume of tissue typically

involved in preclinical research can make manual analysis of each individual image

impractical. Studies in animal models with large numbers of replicates can yield an

overwhelming abundance of tissue. Similarly, studies utilizing non-transplanted human

organs—an area of emphasis in our laboratory—require evaluation of large amounts of tissue

per organ in order to properly characterize these highly heterogenous samples. In two recent

examples, we evaluated 1000’s of images collected from dozens of biopsies [31, 124]. In these

instances, manual forms of color image analysis—where the researcher must evaluate each

individual image one by one—are simply not feasible.

Digital color thresholding is a commonly used method to automate the analysis of features

of interest in color images of histologic samples [153, 158, 159, 160]. In these methods, a
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threshold value is identified for each of the three RGB (Red, Green, and Blue) color channels

to isolate a specific subset of color shades. However, color features in standard histologic

stains (e.g. hematoxylin and eosin, H&E) are typically blended shades of the three RGB

colors. As a result, what is visually distinct to the eye can be difficult or even impossible

to isolate using a simple color thresholding approach. To overcome this limitation, more

sophisticated approaches have been developed that can identify single features of interest

within specific stains [161, 162, 163]. While useful for certain focused applications, these

approaches are limited by their lack of adaptability to any color feature of interest regardless

of histochemical stain. Thus, there remains a need for software that has the efficiency and

reproducibility of the existing automated methods but is also easily adaptable to many

different types of histological features and stains within a single workflow.

The aim of this work was to address the need for more rapid, reliable and adaptable

methods of digital analysis in histological specimens. To that end, we developed and

validated an automated image analysis approach (DigiPath) that uses a color-based

classification algorithm to identify and rapidly quantify areas of interest in color images. We

demonstrate that this approach is accurate, reliable and significantly faster than a standard

method of hand tracing areas of interest. We also show that it can be used for assessment of

a wide array of different histological features in human and animal biopsy specimens. Based

on the evidence presented here, we believe DigiPath can enable comprehensive, reproducible,

and rapid analysis of histology specimens in preclinical research.

3.3 Materials and Methods

3.3.1 Organ Retrieval and Storage

All non-transplanted organs were provided under an existing research protocol with New

England Donor Services (NEDS) after obtaining research consent from the donor families. In

the U.S., since the donor is deceased, this research is not considered human subject research
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as defined in the HHS Policy for Protection of Human Research Subjects 45 CFR 46.102.

HIPAA is still invoked with these specimens and all organs used have been de-identified.

After in situ flushing of the abdominal organs with either cold University of Wisconsin

or Custodial Histidine-Tryptophan-Ketoglutarate (HTK) preservation solution, organs were

procured, packed in ice, and placed in static cold storage prior to experimentation per

standard clinical practice.

3.3.2 Kidney Normothermic Machine Perfusion

Kidneys were prepared and perfused for one hour on the ex vivo normothermic machine

perfusion circuit as previously described [164]. Biopsies were collected at the end of the

perfusion period.

3.3.3 Biopsy and Staining Procedures

Wedge biopsies were collected and fixed in 10% formalin for a minimum of 24 hours.

Formalin fixed biopsies were paraffin embedded, sectioned to 4 µm, and stained with

either hematoxylin and eosin (H&E), Sirius red, martius scarlet blue (MSB), or terminal

deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) stain in the Yale Histology

laboratory. Immunofluorescent TUNEL staining was performed on 6 µm cryosections using

the In Situ Cell Death Detection Kit, TMR red (Sigma).

3.3.4 Mouse Model of Steatohepatitis

C57BL/6J mice were from the National Cancer Institute as previously described [165].

All experiments were performed in specific pathogen-free facilities and were performed in

accordance with the regulations adopted by the National Institutes of Health (NIH) and

approved by the Animal Care and Use Committee of the Yale University. Eight-week old

male C57BL/6J mice were placed on a high-fat diet (HFD; 45% fat, D12451 Research Diets)
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or chow as a model for steatohepatitis and chronic liver injury. After 10 weeks of a HFD

animals were given a vehicle or digoxin at multiple dosages (low - 0.125 mg/kg, medium

- 0.5 mg/kg, high - 2.5 mg/kg) twice a week by gavage feeding and continued with HFD

feeding for a total of 15 weeks. At the end of the protocols, whole livers were collected for

histological analysis and stained with H&E. Images were collected at 10X magnification in

the Ouyang Laboratory.

3.3.5 Brightfield Imaging

Three sections per biopsy were tiled at 20x magnification using an EVOS FL Auto 2

microscope (ThermoFischer Scientific). All new images were captured as 24-bit RGB color

images with 3.2 million pixels (12 MB) at a resolution of 58522 pixels per inch. Following

image collection, images were manually parsed into “edge” versus “continuous” images to

distinguish images that were wholly contained within the section (continuous) versus images

that were partially tissue and partially blank space (edge). Edge images were excluded

to avoid artifacts in analysis. Continuous images were then loaded into the program for

quantification.

3.3.6 Hand Tracing Analysis

Users generating the hand tracing results were given explicit instructions on how to use the

Freehand selections tool in ImageJ. While hand tracing each image, users recorded their

screens for accurate measurements of the time it took to do each image analysis. After hand

tracing each image, users measured the areas and created binary masks of their outlines.

3.3.7 Color Threshold Analysis

Images were opened in ImageJ. The ‘Threshold Color’ window was opened, and a set of Red,

Green, and Blue thresholds was chosen in Red/Green/Blue (RGB) space using the default
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thresholding method. The selection was converted to a binary mask, which was saved for

evaluating accuracy relative to hand tracing.

3.3.8 DigiPath Program

The DigiPath custom program was developed in MATLAB (Version R2019b; The

Mathworks, Inc. 2019) with the Image Processing Toolbox (The Mathworks, Inc. 2020)

installed. The complete code, entitled ‘DigiPath.mlapp’, is available as a packaged app on

Mathworks.com, and in the Supplemental Materials.

3.3.9 Image Analysis Using Custom MATLAB Program

After eliminating edge images from each experimental set of 24-bit color images, two to four

training images that were representative of any variations in staining were selected by the

user. The images analyzed in this study had 800,000 pixels (3 MB per image; Figures 3.1,

3.2), 1.4 million pixels (5.3 MB per image; Figure 3.4), or 3.2 million pixels (12 MB per

image; Figures 3.3, 3.5). The program was initiated, and positive and negative regions

were selected as prompted by drawing polygons of any shape and size on the displayed

training images. The complete image set was run through the algorithm using the Color

Map and Positive Color List generated in the training steps. Binary mask overlays of regions

the program had identified as positively stained were reviewed visually. Images for which

the program-determined regions did not line up with visually identifiable features were run

through the program a second time using an updated Color Map and Positive Color List.

Results are represented by plotting the percent of the image area with positive staining.

Each point represents one image field within a biopsy. The significance of differences between

biopsies was calculated using one-way ANOVA.
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3.3.10 Evaluation of DigiPath Performance

Area of microvascular obstructions was quantified in six 20X images of kidneys stained with

H&E using three quantitative methods: hand tracing, color thresholding, and DigiPath

analysis. A set of three independent users analyzed the same six images using each method.

A consensus hand-traced standard was generated for each image by including areas that

were selected by all three users. This was used as a standard for comparison to areas found

by color thresholding or DigiPath. A confusion matrix was generated where the hand-

traced classification of the images served as the ‘true’ positive and negative values, and the

classification by color thresholding or DigiPath were positioned as the ‘predicted’ positive

and negative values. Metrics including sensitivity, specificity, and accuracy were calculated

from each matrix. Three correlation coefficients, F-score, Matthew’s Correlation Coefficient

(MCC), and Youden’s J Statistic, were calculated to assess the performance of the color

thresholding and DigiPath methods in the hands of each independent user. The significance

of differences between methods was calculated using two-way ANOVA.

3.3.11 Correlation Metrics

Three correlation metrics were derived from a confusion matrix of all possible classification

outcomes (FP – false positives, FN – false negatives, TP – true positives, and TN – true

negatives). Youden’s J Statistic represents ‘informedness’ – the probability that the program

will make an informed decision [166]. This takes into account both sensitivity and specificity.

J =
TP

TP + FN
+

TN

TN + FP
− 1 = sensitivity + specificity − 1

The F-score is a measure of accuracy and is derived from sensitivity and precision values

[167].

F =
2TP

2TP + FP + FN
= 2 × precision× sensitivity

precision + sensitivity
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MCC is a measure of both markedness and informedness and accounts for the proportion of

occurances of each possible classification outcome [168, 169, 170].

MCC =
TP × TN − FP × FN√

(TP + FP )(TP + FN)(TN + FP )(TN + FN)

3.3.12 ImageJ Quantification

Immunofluorescent TUNEL images were processed using the Watershed and Analyze

Particles functions in ImageJ. The total number of DAPI positive (blue) and TUNEL positive

(red) cells were quantified.

3.4 Results

3.4.1 DigiPath Yields More Efficient Results When Compared to

Hand Tracing Methods

Hand tracing is frequently used as a standard method to quantify areas of interest in

IHC stained tissue sections from pre-clinical biopsy specimens. We therefore compared

DigiPath to traditional hand tracing as a gold standard. Three independent users were asked

to quantify areas of microvascular obstruction in human kidney biopsies that underwent

normothermic machine perfusion (NMP) using both hand tracing in ImageJ and DigiPath.

These microvascular obstructions (not classic thrombi) are structures unique to the serum

free perfusate conditions of NMP and are easily identifyable on histology [31]. With DigiPath,

we observed that features were systematically 1-3% smaller as compared to hand tracing.

This result is consistent with a small and systematic over estimation of size by users when

hand tracing features (Figure 3.1A and Figure A.5). We also found that images with

more positive area (e.g. Image 4) were subjected to higher inter-user variability (21% error

of the mean) with either method (Figure 3.1B). Nevertheless, there was general agreement
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in quantified area between hand tracing and DigiPath methods (Figure 3.1B). Although

inter-user variability was observed, we found that each user reported similar relative trends

in the amount of positive area (i.e. User 1 values < User 2 values < User 3 values).

While DigiPath produced similar results to hand tracing, we found that DigiPath

significantly reduced the time of analysis. To quantify 5 images by hand, users took on

average 98.5 ± 80.3 minutes. However, when using DigiPath to quantify those same 5 images,

users took on average 7.6 ± 1.7 minutes in total. This number includes the time it took users

to set parameters in training images and process images of interest. A repeated measure

mixed-model two-way ANOVA showed that the method of analysis (i.e. DigiPath vs. hand

tracing) significantly affected cumulative analysis time (Figure 3.1C). We also conducted a

Bonferroni multiple comparisons test to evaluate the difference in cumulative analysis times

between DigiPath and hand tracing at each image number up to 5 images. Due to the high

variability between users in the hand tracing analysis time, at 5 images the difference in

cumulative analysis time between DigiPath and hand tracing was not statistically significant

(p=0.062). However, we observed a trend of decreasing p values between DigiPath and hand

tracing as the number of images increased (3 images: p=0.613, 4 images: p=0.098, 5 images:

p=0.062).

We next extrapolated how long it might take to analyze 500 images, a typical number

of images in our prior studies, we estimate that we would save at least ∼167 hours of

quantification time compared to hand tracing (Figure A.6). Analyzing 500 images by hand

tracing is unrealistic and would be unlikely to be carried out in a study. Nonetheless the

extrapolation from the average hand tracing time per image provides a conservative estimate

of the amount of time that can be saved by quantifying color image features with DigiPath.

It also demonstrates how DigiPath analysis can enable a far more in-depth quantitative

analysis than is practical with a manual approach.
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Figure 3.1: DigiPath is a more efficient method for quantification than hand tracing.
(A) Representative image from an H&E section of a kidney during NMP. Obstructions are
quantified using hand tracing or DigiPath by three individual users (User 1 – magenta, User 2
– yellow, User 3 – cyan). (B) Total area quantified using hand tracing or DigiPath methods from
three users. (C) Total time elapsed for hand tracing (circles, black line) or DigiPath (squares, gray
line) methods across three users for 5 separate images. Mixed-model ANOVA showed a significant
difference between the DigiPath and hand tracing cumulative analysis times (**p=0.0027).

3.4.2 DigiPath Achieves Greater Correlation With Hand-Traced

Standards Than Color Thresholding

Standard thresholding methods - which pick a specific threshold value of intensity for each

of the three colors to distinguish between feature versus background - are reliable only under

conditions where the pathologic features are predominantly a single distinct color (Red,

Green, or Blue). However, typical pathologic features (and tissue backgrounds) are mixes of

the individual Red, Green, and Blue color channels meaning that cannot be easily separated

this way without either setting the threshold too high (leading to high false negative rates) or

setting the threshold too low (leading to high false positive rates). To compare the accuracy



3.4. RESULTS 56

of DigiPath to a standard color thresholding approach, three independent users quantified a

set of six images using both DigiPath and color thresholding in ImageJ.

The results from both DigiPath and standard thresholding were analyzed against a hand-

traced standard. We found that the color thresholding method resulted in a tradeoff between

sensitivity (accurate inclusion of all positive regions) and specificity (accurate exclusion

of all negative regions). This effect can be seen in the image masks generated from the

thresholding results; at the same color threshold setting, some microvascular obstructions

are undercounted whereas other areas with no obstruction are incorrectly counted (Figure

3.2A). Conversely, DigiPath improved sensitivity in identification of positive areas without

significantly impacting the exclusion of negative areas.

DigiPath showed greater overall correlation to hand-traced standards than color

thresholding by three metrics: Youden’s J Statistic (J-score), F-score, and Matthew’s

Correlation Coefficient (MCC). Each of these metrics are derived from a matrix of all possible

classification outcomes (false positives, false negatives, true positives, and true negatives)

and are commonly used to analyze the performance of binary classifications [169]. Across

three users, DigiPath consistently classified regions of microvascular obstruction in kidneys

with significantly greater correlation to hand-traced standards than was achieved using color

thresholding (Figure 3.2B).

3.4.3 DigiPath Enables Quantification of Multiple Histological

Features Across Different Stains

We next sought to assess the adaptability of DigiPath for quantification of a variety of

different histological features between liver and kidney. We first assessed the ability of

DigiPath to quantify the degree of steatosis in a series of 3 transplant-declined human livers

(Figure 3.3A). Livers 1 and 2 were declined for transplant due to the presence of steatosis,

whereas Liver 3 did not list steatosis as a reason for decline (Table 3.1). We used DigiPath

to quantify the area of fat droplets in biopsies from each liver. DigiPath identified fat droplets
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Figure 3.2: DigiPath achieves better correlation with hand-traced standards than
color thresholding. (A) Representative images of a human kidney section stained with H&E.
Masks of microvascular obstructions were generated by hand tracing (a composite of three
independent user tracings), color thresholding and DigiPath (overlays of three independent users:
User 1 – cyan, User 2 – yellow, User 3 – magenta). Areas of undercounting (orange arrows) and
overcounting (green arrows) from color thresholding are shown. (B) F-score, Matthews Correlation
Coefficient (MCC) and Youden’s J Statistic were calculated to measure the correlation of results
from thresholding and DigiPath methods with the hand-traced standard. Lines represent median.
**p<0.01; ****p<0.0001. Scale bars, 20 µm.
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in both Livers 1 and 2, and negligible droplet area in Liver 3 (Liver 1 median: 29.2%; Liver

2 median: 9.3%; Liver 3 median: 0.7%). Steatosis is reported as the cumulative area of fat

droplets per image area (Figure 3.3A). DigiPath also allows quantification of the variability

of steatotic areas within a single biopsy. We used DigiPath to analyze over 400 20x images

covering two sections of a biopsy from liver 1 and found that the percent steatotic area

in individual image fields ranged from less than 1% to over 60%, with a median of 29%

steatosis (Figure 3.3A). This demonstrates the capability of DigiPath to characterize the

spatial variation of histologic features within a whole biopsy.

Similarly, we found that we could quantify the distribution of fibrosis in livers using the

DigiPath tool on Sirius red stained biopsies. With Sirius red, high collagen levels, associated

with fibrosis, stain red in fibrotic and cirrhotic samples. We assessed two livers with stage 2

fibrosis (Liver 4 median: 10.1%) or no diagnosis of fibrosis (Liver 5 median: 0.3%) (Figure

3.3B) for levels of Sirius red staining. Donor demographics are displayed in Table 3.1.

We next assessed how reliably DigiPath could quantify the same feature identified with

two different stains. To test this, we quantified microvascular obstructions in a perfused

kidney (Kidney 1; Table 3.2) using both H&E and MSB stains prepared on sequential

sections (Figure 3.3C). Serial sections of a kidney biopsy were stained with either H&E or

MSB in order to compare the results from both stains on nearly identical tissue sections.

Microvascular obstructions appeared to have similar distributions between the two stains

(Figure 3.3C). According to a Mann-Whitney test, there were no statistical significances

between H&E and MSB stained sections. Slight differences in median values may be

attributed to the variance of features observed in serial sections and the location of individual

fields captured when tiling whole sections.

3.4.4 DigiPath Quantifies Steatosis in Experimental Mouse Livers

To confirm that DigiPath could quantify features of interest from histological specimens

processed outside of our lab, we next sought to determine if DigiPath could accurately
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Figure 3.3: DigiPath enables quantification of multiple histological features across
different stains. (A) Representative 20x image fields of three livers with varying degrees of
steatosis. Scale bars, 200 µm. Quantification by DigiPath of steatotic area per image field on the
right. (B) Representative images of tiled liver biopsies stained with Sirius red. Scale bars, 200 µm.
Quantification of Sirius red staining displayed on the right. (C) Representative images of perfused
kidneys stained with either H&E (left) or MSB (right). Scale bars, 100 µm. Overlays show area
quantified in a single image. Distribution of positive staining quantified with DigiPath is shown to
the right. Each dot represents one field of view. Lines represent the median. Differences between
groups are not significant (n.s.) according to a Mann-Whitney test.

quantify previously published results [165]. In a model of murine hepatosteatosis, DigiPath

was able to quantify the area of steatosis across a series of images from different animals

(Figure 3.4). DigiPath quantification also confirmed the previously published result that

treatment with oral Digoxin reduces hepatosteatosis in mice (Figure 3.4B) [165]. These
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Table 3.1: Human Liver Demographics.

Liver Age Donor Type Cause of Death Reason for decline

Liver 1 50 DBD Cerebrovascular accident (CVA) Macrovesicular steatosis ~50% 
with evidence of NASH

Liver 2 57 DCD Arrest from presumed electrolyte abnormalities with 
pancreatitis

Older DCD with alcohol history, 
steatosis on imaging and 

abnormal LFTs (peak bili 1.9)

Liver 3 36 DCD Anoxic arrest (respiratory arrest 2/2 secretions -> 
cardiac arrest)

Slow to progress (Extubated 
8:55, arrest 9:39, flush 10:13)

Liver 4 49 DBD CVA witnessed at work, progressed to brain death 
over days with aggressive care

40-45% macrovesicular 
steatosis, moderate inflammation, 

and stage 2 fibrosis

Liver 5 29 DCD Known brain aneurysm undergoing elective 
completion stent assisted coiling with intra-op 

aneurysm rupture early March.  Complex course with 
acinetobacter in CSF, vasospasm and arrhythmias

Transaminases sharply rising in 
2-5k range on 3/14, peaked and 

coming down

Table 3.2: Human Kidney Demographics.

Kidney Age Donor Type Cause of Death Reason for decline

Kidney 1 39 DBD overdose suspected malignancy

Kidney 2 70 DBD history of hypertension and diabetes stroke

Kidney 3 70 DBD history of hypertension and diabetes stroke

results demonstrate DigiPath’s utility to quickly and accurately quantify areas of interest

across treatment groups in preclinical research models. Additionally, DigiPath’s ability

to quantify specimens in different species and with variable sample preparations further

demonstrates the value of this tool in the pre-clinical research setting.

3.4.5 DigiPath Reveals Patterns of Cell Death in Kidney Biopsies

During Cold Storage

To evaluate DigiPath in a novel application, we assessed the degree of cell death in non-

transplanted human kidneys during the course of cold storage (Kidneys 2,3; Table 3.2).
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Figure 3.4: DigiPath quantifies experimental model of mouse hepatosteatosis. (A)
Representative images of tissue from mouse livers on a standard diet (Control; left), High Fat Diet
(middle), or High Fat Diet with a Low Dose of oral Digoxin (right). Area quantified with DigiPath
is shown in green. (B) Quantification of steatotic area in murine models of hepatosteatosis with
variable doses of Digoxin. Control group was fed standard chow. Each dot represents an individual
image. Red dots correspond to images in (A). Error bars represent the standard error of the mean.
Differences between groups are significant according to a student’s t-test.

Based on findings in a recently completed study, we hypothesized that cell death may be

occurring during the course of cold storage in some marginal human organs [31]. We applied

TUNEL staining to biopsies collected from a pair of kidneys after 6, 12, 18, 24, 30, 36, 48,

60 and 72 hours of cold storage (Figure 3.5). DigiPath was able to detect both TUNEL-

positive (brown) and TUNEL-negative (blue) cells (nuclei) in each image (Figure 3.5A).

This enabled us to quantify the amount of TUNEL staining normalized to the total cell

density in each image (Figure 3.5B).
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We observed a significant increase in TUNEL staining area normalized to the TUNEL

negative cell area from 6 hours to 72 hours of cold storage in both kidneys (Figure 3.5B).

The left kidney had a greater proportion of TUNEL positive cells than the right kidney at 72

hours (Left median: 0.16 brown:blue area ratio; Right median: 0.11 brown:blue area ratio;

p<0.0001). We found that quantification of dead cells in ImageJ using immunofluorescent

TUNEL staining yielded similar trends. At 6 hours of cold storage we observed <1% TUNEL

positive cells. At 72 hours of cold storage, we quantified a median of 62.4% and 13.7%

TUNEL positive cells in the left and right kidneys respectively (Figure 3.5C,D). We then

used DigiPath to quantify TUNEL staining in biopsies taken at intermediate time points

and found that both organs had a small early spike in cell death at 12-18 hours, followed

by a larger increase in cell death beginning at 30-36 hours and continuing up to 72 hours

(Figure A.8).

3.5 Discussion

Quantitative analysis of histological samples poses a significant challenge due to the nature

of color images as an overlay of Red, Green, and Blue channels. While tissues stained

with immunofluorescence can be evaluated by measuring each target in its individual color

channel, nearly all features in a color image are made up of a mixture of three colors. As

a result, histological features that are easily identifiable by eye are difficult to encode as a

set of computational rules that an automated program can use to accurately detect features.

Despite the difficulty of generating quantitative results from histology slides, they remain an

important and highly used element of pre-clinical research.

To address this need, we have developed the DigiPath program which is a color-based

classification algorithm that facilitates rapid and reliable quantification of histology features

(Figure A.7). DigiPath can be used to quantify stained features in any RGB color image.

It is particularly advantageous in pre-clinical research settings with large sample numbers, as
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Figure 3.5: DigiPath reveals patterns of cell death in kidney biopsies during cold
storage. (A) Representative images of Left and Right kidneys stained with TUNEL assay after
6 or 72 hours on cold storage. Overlays show area quantified after training DigiPath to recognize
TUNEL-positive (brown) or TUNEL-negative (blue) cells. Scale bars, 50 µm. (B) Quantification
TUNEL staining in Left and Right kidneys at the beginning and end of cold storage using DigiPath.
In (B) the ratio of TUNEL-positive (brown) cell area to TUNEL-negative (blue) cell area is
plotted. (C) Representative images from immunofluorescence TUNEL staining are presented (Red
– TUNEL; Blue – DAPI). Scale bars, 50 µm. (D) Quantification of TUNEL staining in Left and
Right kidneys at the beginning and end of cold storage using immunofluorescence. In (D) the
number of TUNEL positive cells are divided by the number of DAPI cells. Each dot represents one
field of view within the biopsy. Lines represent the median. ****p<0.0001.

it enables high-throughput, quantitative assessment of unlimited numbers of high-resolution

images. To quantify features of interest in the biopsies presented here, we captured 20x fields
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of view covering the entire biopsy. This resulted in up to 400 images per biopsy, depending

on the biopsy size. In this study, we analyzed 25 whole biopsies for a total of over 1,800

images. Assessing this quantity of data by hand is simply not feasible regardless of access to

a trained pathologist. In addition, DigiPath also allows researchers to access more nuanced

information about the spatial heterogeneity of pathologic features. This added information

can enable a more comprehensive characterization of pathologies (e.g. hepatic steatosis)

both within and between biopsies.

DigiPath is a classification algorithm that makes decisions based directly on the

categorization of pixel colors assigned during the training as ‘positive’ or ‘negative’. Since

a typical image contains millions of pixels, selecting positive and negative regions on a few

images generates classification data from hundreds of thousands of pixels. This approach

allows a large training set of pixel color data points to be generated from a relatively small

number of training images and further enables rapid implementation of DigiPath into a

research workflow. DigiPath is therefore distinct from more broadly encompassing machine

learning approach which require extensive training data sets of manually annotated images

in order to account for all possible staining variability. However, for this approach to be

effective, all images to be analyzed must share the same basic color palate. Thus we

recommend that users run a new training set for each batch of samples to be analyzed;

this ensures consistency in the color of pathologic features between the training images and

images intended for quantitative analysis.

There are some limitations of DigiPath in its current iteration. As noted, applications of

DigiPath are currently limited to features that can be defined solely by color. The DigiPath

user-interface provides options for filtering features by size, however histological analyses that

rely solely on morphology and do not employ distinguishing color stains cannot be performed

using DigiPath. Hands-on analysis time using DigiPath is greatly reduced relative to hand

tracing, however hands-on time may increase if samples collected in a study were stained on

different days or in different facilities, likely requiring separate training runs for each biopsy.
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While many potential sources of color variation can be controlled within a study (e.g image

collection settings, tissue thickness, staining procedures), there may be some experimental

variables that introduce differences in staining between samples that cannot be avoided.

For example, the histological appearance of a feature of interest may appear differently in

different species. If the researcher is comparing the same feature across different species,

DigiPath results may not be directly comparable between species. Nevertheless, DigiPath

can accommodate many other variable image properties including different tissue thicknesses

and different magnification levels, as long as the training image set is consistent with the

images to be analyzed. DigiPath can also analyze images of any size, depending on the

memory limits of the user’s computer. This is comparable to other commonly used image

analysis software such as ImageJ.

Recent publications have described automated color image analysis methods developed

for specific applications, including blood vessel segmentation and determination of

differentiation potential of mesenchymal stem cells [161, 163]. Other automated color image

analysis programs have been developed to detect specific stains, such as diaminobenzidine

[162]. Like DigiPath, these examples detect features based on color. However, DigiPath’s

versatility allows a researcher to use a single tool for a broad range of color-based

quantification applications. There are a number of programs with image analysis tools

available for download. ImageJ (imagej.nih.gov/ij) is widely used in biomedical research

to view, edit, and analyze both fluorescent and color images [158, 160, 161, 162, 163, 171,

172, 173, 174]. In this study we used ImageJ’s Color Threshold feature and found that this

method consistently resulted in lower correlation with hand-traced standards compared to

DigiPath. QuPath is a recently developed open source image analysis software and a powerful

tool for whole slide image analysis [175]. Other free downloadable image analysis programs

include CellProfiler (cellprofiler.org), BioImageXD (bioimagexd.net), and Advanced Cell

Classifier (cellclassifier.org) [176, 177, 178]. However the descriptions of these programs

focus on applications for confocal or fluorescent images, while color image analysis is not
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emphasized, if described at all. To our knowledge, there are no comparable open-access

programs available for color image analysis. Thus, we believe DigiPath’s adaptability, ease

of use, and transparent classification algorithm make it a useful tool for preclinical researchers

seeking rapid quantitative analysis of histologic samples.

3.6 Conclusion

DigiPath is a highly adaptable tool that enables high-throughput, quantitative analysis of

any color-defined histologic feature. DigiPath is available for download as a free app in

the MATLAB File Exchange (www.mathworks.com/matlabcentral/fileexchange). The app

is accessible to researchers regardless of their level of experience with coding and can be

operated by users who are not formally trained in pathology. The ability to automatically

detect features in histology images based on three-channel RGB color data enables a more

quantitative approach to histological analysis, an experimental technique that is already

essential in pre-clinical research.



Chapter 4

Conclusions and Recommendations

for Future Work

4.1 Conclusions

In this dissertation we discussed homeostatic and pathological properties of the endothelium

and described methods for delivering therapeutics to this distributed tissue network. In

particular we focused on gene delivery and the potential for modulating expression of

proteins involved in acute inflammation. We explored the potential of affinity based targeted

delivery vehicle systems to enhance delivery of therapeutic cargos to the endothelium under

physiological conditions.

In Chapter 2 we explored the PACE family of cationic polymers for gene delivery

applications. We developed new functionalities of PACE polyplexes, which are nucleic acid-

polymer complexes formed using a liquid form of PACE that is synthesized with a low

hydrophobic monomer content. We built on previous studies that had found that PACE end

group compositions had a significant impact on properties such as nucleic acid encapsulation,

cellular uptake, and endosomal escape. We identified an end group modified PACE polymer

– PACE-E2, which terminates in a primary amine – as delivering a significantly greater

67
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siRNA-mediated knockdown of IL-15 in HUVECs relative to unmodified PACE and to PACE

conjugated to other amine-containing end groups. To evaluate our delivery platform, we

targeted IL-15 expression due to its role in activating cytotoxic and helper T cells in acute

inflammation. We then blended PACE-E2 with a PEGylated PACE polymer terminating

in a thiol-reactive maleimide group (PACE-PEG-Maleimide, or PP-Mal) to form polyplex

delivery vehicles with the combined benefits of the E2 end group, the accessibility of reactive

groups for thiol-based coupling, and the stability provided by PEGylation. We used this

reactive group to couple a Fc-targeting monobody to the surface of PP-Mal/PACE-E2

polyplexes via a single C-terminal cysteine residue on the monobody (Mb). The Mb was

engineered to bind the Fc portion of mouse IgG1, and can therefore act as an adapter to

attach mIgG1 antibodies (Ab). In this study we coupled an anti-human-CD31 mAb to

PACE polyplexes. We showed that polyplexes remained intact, with nucleic acid cargo

still encapsulated, throughout the conjugation reactions. We found that blended PACE

polyplexes conjugated to anti-CD31 antibodies via the Mb adapter were taken up by human

endothelial cells at much higher and faster rates compared to unconjugated polyplexes of the

same polymer composition. The same enhancement in uptake was not seen with polyplexes

conjugated to an isotype-matched control Ab.

In Chapter 3 we developed a digital pathology application for color-based quantification

of histologic specimens, and we used this app to quantify pathological features in transplant-

declined human organs and in animal model tissues. In our work with transplant-declined

human organs, we identified a need for a quantitative and high-throughput method for

analyzing the large quantities of tissue biopsies that are generated in this area of research.

As described in Section 1.1.3, organ transplantation creates a window of privileged access to

the organ, and in particular to the endothelium which can be easily accessed via machine

perfusion. Our application, DigiPath, was initially developed to assess the clearance of

microvascular obstructions in human kidneys following ex vivo perfusion with a combination

of tissue plasminogen activator (tPA) and plasminogen. We have also used this versatile tool
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to quantify vascular area in engineered grafts grown in vitro from cultured human endothelial

cells.

4.2 Recommendations for Future Work

4.2.1 Functionalized PACE Polyplexes

In Chapter 2, we used PACE-E2 blended with PACE-PEG-Maleimide to formulate polyplex

delivery vehicles that target delivery of nucleic acids to endothelial cells. In this study

we made polymer blends with 10% and 30% PP-Mal content by weight. Following up on

these data, it will be informative to make polyplexes using a broader range of PP-Mal

content to find an optimal polymer blend that generates stable and effective polyplexes

that efficiently bind to Mbs to generate targeted Ab-Mb-polyplexes. PEGylation has been

shown in many settings to improve nanoparticle stability and stealth properties, but can

affect cellular uptake in different ways depending on the vehicle, cargo, and application. In

vitro we found that increasing PACE-PEG content reduced transfection efficiency, which

was consistent with previous findings using unmodified PACE (Figure 2.2). However, this

previous study showed that higher amounts of PACE-PEG improved transfection in vivo.

For further investigation into the role of PEG in PP-Mal/PACE-2 polyplexes, we can also

vary the length of the PEG groups (in this study, we used 5 kDa PEG or PEG-Mal).

In addition to the effects of PEG content on delivery, increasing PP-Mal theoretically

increases the number of thiol reactive groups available for Mb conjugation. However

we need to determine what effect the suface coverage of Mbs has on Ab binding and

on the targeting performance of Ab-Mb-polyplexes. A thorough analysis of Mb and Ab

conjugation to polyplexes of different polymer compositions is needed in order to reveal any

potential relationships between PP-Mal content, Mb or Ab binding, and polyplex transfection

efficiency.

The end group modified PACE polymers that we tested in HUVECs in this study were
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selected from a larger library based on their high transfection efficiencies and endosomal

escape in an earlier screen of the polymer library in Expi293F cells [101]. They measured the

encapsulation efficiency, cellular uptake, and endosomal escape of each polymer in the library,

and found that endosomal escape efficiency was most highly correlated with transfection

efficiency. The effect of Ab-Mb conjugation on intracellular trafficking and endosomal escape

should be further investigated, as this is a critical factor in determining transfection efficiency.

Targeted delivery of Ab-Mb-polyplexes should be evaluated in a setting closer to in vivo

conditions. In this study we performed preliminary experiments delivering PP-Mal/PACE-

E2 Ab-Mb-polyplexes to human umbilical artery segments in an ex vivo isolated vessel

perfusion loop system (IVPS) [123]. In these experiments we did not find any uptake

improvement from CD31 targeting versus isotype control, and we observed high fluorescence

signal in vessels perfused with unencapsulated dye-labeled DNA oligos. We hypothesize that

the polyplexes may not have withstood the shear forces in the perfusion loop. The tubing is

compressed where it runs through the peristaltic pump mechanism, and there are changes

in tubing diameter where the loop connects to the vessel cartridge. In future experiments

we plan to test this hypothesis by collecting samples from the perfusate to measure polyplex

stability and release of cargo, and vary parameters such as flow rate or tubing size. We also

plan to test polyplexes encapsulating fluorescently labeled mRNA to see if a larger cargo is

less likely to leak out due to the forces in the loop. Alternatively, a microfluidic chamber can

be used to measure the effects of flow rates on Ab-Mb-polyplex binding to cultured ECs.

As a further investigation of applications of Ab-Mb-polyplexes for targeting the

endothelium, we can compare targeted polyplex uptake in different human EC cell lines

(for example, dermal microvascular endothelial cells (HDMEC), or pulmonary microvascular

endothelial cells (HPMEC)) using the same antibody. Because the Mb linker can be used

to attach any compatible mouse IgG1 antibody, we can easily explore polyplex targeting

to surface antigens that are differentially expressed in ECs due to organ-specific functions,

inflammatory signaling, or other physiological conditions.
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We identified PACE-E2 as the best-performing polymer for siRNA transfection in

HUVECs among the end-group modified polymers that we tested. There is evidence that

different end groups perform better for delivery to different cells or organs, through different

administration routes, or with different nucleic acids. An end-group modified PACE, PACE-

E14, was found to deliver the highest mRNA transfection in the lung by intratracheal delivery

of reporter mRNA in mice [179]. PACE-PEG blends with unmodified PACE as well as PACE-

E14 have been thoroughly investigated, however PP-Mal blends and Ab-Mb conjugation

have not been explored. In upcoming experiments we will formulate PP-Mal/PACE-E14

polyplexes conjugated to antibodies targeting the lung epithelium, and deliver these to mice

intratracheally.

4.2.2 Quantitative Histological Analysis

DigiPath was originally developed to aid in analyzing biopsy data from transplant-declined

human organs, as described in Chapter 3. To make as much use of the donated tissue

as possible, multiple biopsies of each organ are collected and cryo-banked. The quantities

of tissues that arise from this practice necessitates a semi-automated workflow to process

and make efficient use of the samples. A key component of this is an image analysis

pipeline that can process images of different kinds. Since the development of DigiPath,

additional image analysis modules (for example, masking or quantifying immunofluorescence

microscopy images) that can plug in to a broader workflow are being developed.

One ongoing study is taking advantage of the high throughput capacity of DigiPath to

systematically evaluate intra-organ and intra-biopsy variation in order to better understand

how representative a single biopsy is of the health of a whole organ. Biopsies of different

kinds (needle or wedge) from different regions of an organ are collected and disparate sections

within each biopsy are stained. Features that identify injury to the organ such as fibrosis or

ischemia are quantified and compared between biopsies, sections, and in some cases a paired

organ from the same donor. DigiPath enables a quantitative assessment of these features
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using of a greater number of images and biopsies than could be processed manually.

The DigiPath app can be expanded upon to include morphology and texture in the

identification of features. In its current format, there is an option to limit the range of sizes

of features that will be detected. This enables some control over ruling out features that are

either too big or too small to be relevant for quantifying the feature of interest. However,

there is currently no option to have the program look for only features of a certain shape

– for example, screening for round features will aid in quantifying lipid droplets, whereas

screening for elongated structures will help identify microvasculature.
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Figure A.1: Synthetic route for PACE (A) and PACE-PEG (B) by enzymatic copolymerization
of pentadecanolide (PDL), methyldiethanolamine (MDEA), sebacic acid (SA), and poly(ethylene
glycol) (PEG).

Figure A.2: (A) Knockdown of IL-15 in HUVEC is sustained for up to 72 hours with
PACE-E2 siRNA polyplex delivery. (B) Addition of 2.5 wt% PACE-PEG significantly reduces
cytotoxicity with minor decrease in transfection and knockdown efficiency (C,D). *p<0.05;
**p<0.01; ***p<0.001; ****p<0.0001.

Figure A.3: (A) CD31-Mb-polyplexes stored at 1 mg/mL in PBS (dark red circles) maintained
specific EC binding over Isotype-Mb-polyplexes stored at 1 mg/mL in PBS (light red circles) after
8 days of storage at 37C, shaking. When stored in PBS + 10% FBS (blue circles), CD31-Mb-
polyplexes did not bind to ECs above nonspecific binding of Isotype-Mb-polyplexes. *p<0.05.
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Figure A.4: (A,B) Confocal images of isolated human umbilical arteries following perfusion with
Ab-Mb-polyplexes. An overlay of Hoechst nuclear stain (blue), endoglin (green), and Cy5 DNA
oligo (red) is shown in (A). (B) shows the isolated Cy5 channel of each field of view shown in
(A). (C) Flow cytometry histograms of Cy5 intensity in ECs (gated by endoglin-positive staining)
isolated from vessels. Mean fluorescence intensity (MFI) is plotted in (D). *p<0.05.
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Figure A.5: Overlays of hand-traced (blue) or DigiPath (green) mask on original H&E obstruction
(red). Orange box defines area of interest.

Figure A.6: Estimated extrapolation of analysis time for hand tracing (black line) or DigiPath
(red line) in larger imaging sets of up to 500 images.
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Figure A.7: The DigiPath app interface is organized into three sections. The ‘Settings’ section is
used to select image folders and file types, assign the number of training images, and choose whether
to exclude background areas. The ‘Run Program’ section is used to initiate the training portion of
the workflow or load previously generated training data, and to run the automated quantification
once the training portion is complete. The ‘Avanced Settings’ section (toggled to visible/invisible)
is a panel with additional options to customize aspects of the analysis such as size thresholds, mask
color, and morphological operations.
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Figure A.8: Quantification of TUNEL staining in Left (top) and Right (bottom) kidneys during
cold storage. The ratio of TUNEL-positive (brown) cell area to TUNEL-negative (blue) cell area
is plotted. Each dot represents one field of view within the biopsy. Lines represent the median.
**p<0.01; ***p<0.001; ****p<0.0001.
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