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Elucidating the Role of Pattern Recognition Receptors in
Understanding, Treating, and Targeting Cancer

Veronica Marie Ringel-Scaia
ABSTRACT

Pattern Recognition Receptors (PRRs) are a group of evolutionarily conserved and
germline-encoded cellular receptors of the innate immune system that are responsible for
recognizing and responding to the entirety of the pathogens a host encounters. The ingenuity of
the innate immune system is that with a comparatively miniscule pool of receptors, these
receptors are capable of responding to a diverse and large array of pathogens and damage
signals. Two highly relevant subsets of PRRs include nucleotide binding domain leucine rich
repeat containing (NOD-like) receptors (NLRs) and Toll-like receptors (TLRs). Both NLRs and
TLRs have been implicated in several diseases, including autoimmune disorders, inflammatory
conditions, and cancer. Mice lacking a specific NLR, NLRP1, are more susceptible to chemically
induced colitis and colitis-associated tumorigenesis. We investigated whether the absence of
NLRP1 in the gastrointestinal tract influenced the composition of the microbiome, and whether it
was responsible for the predisposition of these animals to colitis-associated cancer. By carefully
controlling for non-genotype influences, we found that in fact maternal and housing factors were
greater predictors over genotype of gut flora composition. This study concluded with a clearer
understanding of NLRP1. We next investigated the effectiveness of a novel tumor ablation
therapy, termed High-Frequency Irreversible Electroporation (H-FIRE) in a murine model of
triple negative breast cancer. The chosen 4T1 model closely mimics aggressive human metastatic
triple negative breast cancer, and metastasizes to the same organs. After ablation of the primary
mammary tumor, we saw significant improvements in disease burden and metastases, both of
which were accompanied by PRR activation within the tumor microenvironment, implicating
PRRs in the successful treatment outcome following H-FIRE ablation. Lastly, we generated
novel CRISPR-Cas9 plasmids to genetically manipulate the 7/r4 gene of wild type C57B1/6 mice
in order to recapitulate the LPS-hyporesponsive TLR4 protein of C3H/HeJ mice. This proof-of-
concept study successfully demonstrated that PRRs can be targets for gene editing purposes, and
that nanoparticle delivery leads to enhanced and improved delivery. Collectively, this work
attempts to better appreciate the role of PRRs in understanding, treating, and targeting cancer.
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GENERAL AUDIENCE ABSTRACT

The work presented here focuses on the role of the immune system in the progression of
cancer. Put simply, the properly functioning immune system of a healthy individual should
recognize and eliminate mutated or cancerous cells prior to the development of a tumor, thereby
implying that the progression to a tumor is due to some dysfunction of the immune system. The
immune system is made up of two arms: the innate and adaptive. A key difference between the
innate and adaptive immune systems is that upon an infection, the adaptive response is slow and
specific while the innate response is rapid and broad. Pattern Recognition Receptors (PRRs) are
a group of cellular receptors of the innate immune system that are responsible for recognizing
and responding to the entirety of the pathogens a host encounters. The ingenuity of the innate
immune system is that with a comparatively miniscule pool of receptors, these receptors are
capable of responding to a diverse and large array of pathogens. Two highly relevant PRR
families are nucleotide binding domain leucine rich repeat containing (NOD-like) receptors
(NLRs) and Toll-like receptors (TLRs). Both NLRs and TLRs have been implicated in several
diseases, including autoimmune disorders, inflammatory conditions, and cancer.

In this work, we investigated whether the absence of an NLR protein influenced the
composition of the microbes that reside within the gastrointestinal tract, and whether this absence
was responsible for the predisposition of these animals to colitis-associated cancer. By carefully
controlling for all additional influences, we found that in our mice, the other animals with which
they shared a cage were more influential on the microbes within the gut, rather than the NLR
deficiency. We next investigated a novel tumor ablation therapy in an animal model of breast
cancer, which closely mimics human metastatic triple negative breast cancer and metastasizes to
the same organs. After treatment of the mammary tumor, we saw significant improvements in
disease burden and metastases, both of which were accompanied by PRR activation. Lastly, we
manipulated a TLR gene in mice to demonstrate that PRRs can be targeted for therapeutic gene
editing. Collectively, this work provides evidence that PRRs are a highly useful tool for
improving our understanding of cancer.
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Chapter One

Introduction: Pattern Recognition Receptors and Cancer

Veronica M. Ringel-Scaia

Cancer is a diverse and variable collection of diseases. In order to maximize and optimize
targeting and treating cancer, we must truly understand it, a challenging and noble undertaking.
Due to the heterogeneity of cancer, there are several ways to approach cancer research, each with
unique advantages. The work presented here focuses on the role of the immune system in the
progression of cancer. Put simply, the properly functioning immune system of a healthy
individual should recognize and eliminate mutated or cancerous cells prior to the development of
a tumor, thereby implying that the progression to a tumor is due to some dysfunction of the
immune system. This concept of “immunological surveillance” was first proposed over 50 years
ago,' and has since been accepted as a defining factor of cancer.” The critical role of the innate
immune system in the development of and predisposition to, as well as the prevention of and
treatment for cancer are the overarching themes of this work.

The two arms of the immune system, innate and adaptive, are distinct yet intimately
connected. The faster acting and “first line of defense” innate immune system is responsible for
reacting to the initial onslaught to the system in a broad and rapid manner. Conversely, the
adaptive, or acquired, immune system is classified by slower onset, highly specific response to
fight off an infection, and as the name indicates is “acquired” following exposure to specific

pathogens. Briefly, specialized cells of the innate immune system phagocytose, or digest, the



invading pathogen and present unique antigens associated with the pathogen to cells of the
adaptive immune system, leading to the activation and proliferation of lymphocytes specifically
targeting the antigen. Counterpart to the elegant precision of adaptive immune responses, the
innate immune system relies on a handful of receptors and cell types to recognize all the
potential invading pathogens that may come into contact with the host. By some estimates, there
exist over one trillion unique microbial species;’ the ingenuity of the innate immune system lies
in the ability of a comparatively small pool of cell types and receptors to respond to such a
diverse array of pathogens.

Pattern Recognition Receptors (PRRs) are a broad class of germline-encoded cellular
receptors of the innate immune system that are responsible for sensing features of pathogens.”
PRRs can be divided into families based on protein domain composition: Toll-like receptors
(TLRs), C-type lectin receptor (CLRs), nucleotide-binding oligomerization domain leucine-rich
repeat containing (NOD-like) receptors (NLRs), Rig-I-like receptors (RLRs), and AIM2-like
receptors (ALRs).* These five families can be further sub-divided into either membrane-bound or
intracellular receptors. As depicted in Figure 1, TLRs and CLRs are membrane-bound, while
NLRs, RLRs, and ALRs reside in the cytosol.5 The domains of several of these PRRs are
evolutionarily conserved across a multitude of species, from cnidarians to mammals.® Upon
recognition of either a pathogen-associated molecular pattern (PAMP) or damage-associated
molecular pattern (DAMP) by a PRR, the primary outcome is the activation of potent cellular
responses to eliminate the pathogen. PRR activation can lead to transcription of pro-
inflammatory cytokines and chemokines as well as interferons,” depicted in Figure 1

converging on the NF-kB pathway. Non-transcriptional consequences of PRR activation include



induction of phagocytosis, autophagy, cell death, and cytokine processing, and ultimately the
activation of the adaptive immune system.

A delicate balance exists whereby the immune system must both protect the host from
external pathogens and insults, while simultaneously maintaining discipline to suppress
overzealous responses.’” Nowhere in the human body does this balancing act provide more
context than in the gastrointestinal system. Under normal conditions, PRRs within the gut are
responsible for both directly and indirectly maintaining immune system homeostasis. There are
over 24 distinct NLRs and NLR-like proteins in humans, which can be divided into three primary
sub-groups: inflammasome-forming NLRs, regulatory NLRs, and reproductive NLRs. The
inflammasome is a multi-protein complex responsible for the cleavage and activation of the
potent pro-inflammatory cytokines, IL-13 and IL-18, as well as a unique form of cell death
called pyroptosis.® Among their many vital roles, inflammasome-forming NLRs function to
sustain proper intestinal epithelial cell regeneration and repair, cell death, and a well-balanced
inflammatory microenvironment. Inflammatory Bowel Disease (IBD) is associated with
excessive gastrointestinal inflammation, dysregulation of immune tolerance, and damage to the
epithelial cell barrier within the gastrointestinal tract. Chapter two provides an extensive review
of the role of NLR inflammasomes in IBD, highlighting the precarious balancing act of
maintaining homeostasis, which we referred to as “The Goldilocks Conundrum.” The evidence
indicates that NLR inflammasomes have both protective and detrimental effects in
gastrointestinal health and disease, with both increased and decreased NLR inflammasome
activity having equally detrimental effects on the progression of IBD and associated gut

tumorigenesis.



The coexistence of microbes in the gastrointestinal tract, despite the near-constant
potential for translocation to and subsequent inflammation of the mucosa, is one of the most
prominent examples of innate immune tolerance. Evidence has strongly suggested that a function
of NLR family members in the gastrointestinal system is likely associated with their recognition
of the host microbiome and their modulation of a balanced host immune response following loss

9,10

of epithelial cell barrier integrity” . Not only are NLR-deficient animals more susceptible to

chemically-induced colitis and colitis associated tumorigenesis, but cohousing wild type animals

1716 50 it makes sense that the next

with these mice is sufficient to partially transfer susceptibility
logical step was to investigate the microbiomes of different NLR-deficient mice. The dysbiotic
microbiome of Nlrp6” mice was first reported in 2011, represented by overabundance of
Prevotellaceae and reduction in Lactobacillus’. Shortly thereafter, mechanistic studies reported
that the abundance of Prevotellaceae was directly due to an attenuation of goblet cell mucin
production'’. Within the NLR field, it became accepted that a significant role of NLRP6 was
regulation of the intestinal microbiome, and assumptions were made that the increased
susceptibility to colitis and colitis-associated tumorigenesis was due, at least in part, to the
dysbiotic microbiome in these animals. We sought to investigate the microbiome composition of
mice lacking NLRPI, propelled by the hypothesis that the driving factor for the increased
sensitivity of NlrpI”" animals to colitis would closely mimic that of Nlrp6” animals. As detailed
in chapter three, we found that by carefully controlling for all potential influences, maternal and
housing strategy were higher predictors of microbial compositions rather than genotype.
Interestingly, the role of NLRP6 in regulating the microbiome has recently been called into
question by two studies that also suggest maternal and caging are greater predictors of the

18,19

microbial composition rather than genotype ™ . The work presented in chapter three moves the



NLR field forward by providing strong evidence that littermates should always be used in future
studies evaluating NLRs in the context of gastrointestinal inflammation and microbiome
interactions.

As previously mentioned, pyroptosis is a possible outcome of inflammasome activation.
Pyroptosis is a type of programmed cell death that is caspase-1 or caspase-11/4/5 dependent, and
is lytic in nature, characterized by cell swelling, loss of membrane integrity, and release of
cellular contents®*. As the Greek origin of the name indicates (“pyro” meaning fire), pyroptosis
is an inflammatory form of cell death. Within the tumor ablation field, the consensus is that the
ablation must induce “immunogenic cell death” in order to elicit a robust systemic anti-tumor
immune response”'. Following murine mammary tumor ablation with high-frequency irreversible
electroporation (H-FIRE), we observed not only consistent ablation of the primary tumor, but
additional reductions in metastatic lesions in the lung and metastatic colonies in circulation.
Chapter four of this work describes the immune response following H-FIRE ablation. The goal
of chapter four is to provide evidence that the so-called “immunogenic cell death” of the tumor
ablation field is mechanistically consistent with pyroptosis. A clearer understanding of the type
of cell death following tumor ablation is instrumental in progressing the field forward and
achieving not only better tumor ablation, but also better systemic immune responses.

Due to their utility, an interesting point to consider is whether it might be possible to
manipulate PRRs to achieve therapeutic advantage. Since first being utilized for highly precise
genome engineering, the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-
Cas9 system has revolutionized targeted genome editing®. The precision and relative ease of
design of CRISPR-Cas9 gene editing technology effectively allows for genome engineering on a

significantly grander scale than ever before possible. Single nucleotide polymorphisms (SNPs) in



TLR genes have been linked to a variety of infectious diseases and cancers (reviewed in >). A
single point mutation in the third exon of the 77r4 gene of C3H/HelJ mice substitutes a histidine
for a proline residue in the TIr4 protein, which causes these mice to have a marked

hyporesponsive phenotype to LPS***

. By engineering a CRISPR construct to target the LPS
locus of the murine 7/r4 gene, we attempted to mutate wild type C57Bl/6 Tir4 to resemble that
of the C3H/HeJ LPS-hyporesponsive defective Tlr4 protein, as outlined in chapter six. One
significant problem with utilizing CRISPR-Cas9 is delivery of the large DNA construct to the
tissue of interest. To circumvent this, we encapsulated our CRISPR-Cas9 plasmid in PLGA
nanoparticle. The utility of nanoparticle delivery in gastrointestinal cancers is outlined in chapter
five.

Collectively, all of the projects presented here represent an innate immune perspective on

cancer, and aim to elucidate the role PRRs play in understanding, treating, and targeting cancer.
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Figure 1: Convergence of pattern recognition receptor families on NF-kB signaling
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Figure 1: Convergence of pattern recognition receptor families on NF-kB signaling. The
PRR families include membrane associated C-type lectin receptors (CLRs) and Toll-like
receptors (TLRs), and the cytosolic receptors Nod-like receptors (NLRs), AIM2-like receptors
(ALRs), and RIG-I-like receptors (RLRs); which all play a role in NF-«B signaling. CLRS, such
as Dectin-1, recruit the adaptor Syk to their cytoplasmic domain upon binding a ligand at the
carbohydrate recognition domain (CRD). Upon ligand binding, TLRs hetero- or homo-dimerize,
resulting in a conformational change in the receptor that leads to the recruitment of adaptor
molecules MyD88, Mal, TRIF, and/or TRAM to their TIR domain. RLRs, such as RIG-I, have
two N-terminal caspase-recruitment-domain (CARD) domains and recruit mitochondria anti-
viral signaling (MAVS) via CARD-CARD interaction to activate NF-kB signaling upon
recognition of RNA viruses. The NLRs are comprised of a central NACHT domain, LRR, and
either CARD or PYD, or both in the case of NLRP1; ALRs such as AIM2 also possess a PYD.
NLRs including NODI1 indirectly stimulate NF-xB, but the predominant role of NLRs and ALRs
in NF-«B signaling is processing the output pro-IL-1f and pro-IL-18 into mature IL-1f3 and IL-18
by the multiprotein complex known as the inflammasome, which is dependent on the adaptors

ASC and Caspase-1.

Figure reprinted from Journal of Leukocyte Biology, DE Rothschild, DK McDaniel, VM Ringel-
Scaia, IC Allen, “Modulating Inflammation through the Negative Regulation of NF-xB
Signaling,” pp. 1131-1150, (2018), with permission from John Wiley and Sons, under license
number 4533690006969. Full citation: DE Rothschild*, DK McDaniel*, VM Ringel-Scaia*, IC
Allen. (2018). Modulating Inflammation through the Negative Regulation of NF-kB Signaling.

Journal of Leukocyte Biology. 2018;103:1131-1150. PMID: 29389019.
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Chapter Two

The Goldilocks Conundrum: NLR Inflammasome Modulation of

Gastrointestinal Inflammation during Inflammatory Bowel Disease

Veronica M. Ringel-Scaia, Dylan K. McDaniel, and Irving C. Allen

Reprinted from Critical Reviews™ in Immunology, Volume 34, VM Ringel-Scaia, DK McDaniel,
IC Allen, “The Goldilocks Conundrum: NLR Inflammasome Modulation of Gastrointestinal
Inflammation during Inflammatory Bowel Disease,” pp. 283-314, (2016), with permission from
Begell House, Inc. Full citation: VM Ringel-Scaia, DK McDaniel, IC Allen. (2016). The
Goldilocks Conundrum: NLR Inflammasome Modulation of Gastrointestinal Inflammation
during Inflammatory Bowel Disease. Critical Reviews in Immunology. 2016;36(4):283-314.

PMID: 28322135. DOI: 10.1615/CritRevimmunol. 2017019158.

Running Title: NLR Modulation of IBD and cancer

ABSTRACT:
Recent advances have revealed significant insight into Inflammatory Bowel Disease
(IBD) pathobiology. Ulcerative colitis and Crohn’s disease, the chronic relapsing clinical

manifestations of IBD, are complex disorders with genetic and environmental influences. These
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diseases are associated with the dysregulation of immune tolerance, excessive inflammation, and
damage to the epithelial cell barrier. Increasing evidence indicates that pattern recognition
receptors, including Toll-like Receptors (TLRs) and nucleotide-binding domain and leucine-rich
repeat-containing proteins (NLRs), function to maintain immune system homeostasis, modulate
the gastrointestinal microbiome, and promote proper intestinal epithelial cell regeneration and
repair. New insights have revealed that NLR family members are essential components in
maintaining this immune system homeostasis. To date, the vast majority of studies associated
with NLRs have focused on family members that form a multi-protein signaling platform, termed
the inflammasome. These signaling complexes are responsible for the cleavage and activation of
the potent pleotropic cytokines, IL-1f3 and IL-18, and facilitate a unique form of cell death
defined as pyroptosis. In this review, we summarize the current paradigms associated with NLR
inflammasome maintenance of immune system homeostasis in the gastrointestinal system. New
concepts related to canonical and non-canonical inflammasome signaling, and the implications of

classical and alternative inflammasomes in IBD pathogenesis are also reviewed.

KEYWORDS: microbiome; immune system; colon; pattern recognition receptor; Nod-like

receptor; cancer

ABBREVATIONS:
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IBD Inflammatory Bowel Disease
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TLR Toll-like Receptor

NLR Nucleotide-binding domain and leucine-rich repeat-containing proteins
PRR Pattern Recognition Receptor

RLR RIG-I-like Helicase Receptor

CLR C-type lectin receptor

PAMP Pathogen associated molecular pattern
DAMP Damage associated molecular pattern

ROS Reactive oxygen species

CARD Caspase activating and recruitment domain
ASC Apoptosis-associated speck-like protein containing a CARD
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NAIP NLR family, apoptosis inhibitory protein
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AOM Azoxymethane

DSS Dextran sulfate sodium

PARP Poly(ADP-ribose) polymerase

TMS1 Target of methylation-inducing silencing 1
ICE IL-1p cleaving enzyme

LPS Lipopolysaccharide

CIAS1 Cold induced auto-inflammatory syndrome 1
SNP Single nucleotide polymporphism

AMP Anti-microbial peptide

LeTx Lethal Toxin

MDP Muramyl dipeptide

GWAS Genome wide association studies

GBP Guanylate-binding proteins

NBD Nucleotide binding domain

LRR Leucine-rich repeat

FIIND Function to find domain

CARD Caspase activating and recruitment domain
CRC Colorectal cancer

senGC Sentinel goblet cell
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I INTRODUCTION

In the gastrointestinal (GI) tract, there is a delicate alliance between the immune system
and microbiota. When optimally balanced, this alliance facilitates host immunity against
pathogens, drives tolerance towards innocuous antigens, and protects the host against a diverse
range of autoimmune and inflammatory disorders.' Indeed, we now appreciate that any shift in
this balance towards either a more aggressive or attenuated host immune response targeting
elements of the microflora can have dramatic and often unpredictable consequences in disease
pathogenesis. Inflammatory bowel disease (IBD) is one of the most common diseases associated
with aberrant inflammation in the GI tract. IBD is a complex disorder with genetic, immune
system, microbiome and environmental influences that can be sub-divided into two distinct
forms, ulcerative colitis (UC) and Crohn’s disease (CD) (Fig. 1). Both of these disorders are
associated with dysregulated inflammation either restricted to the colon or throughout the
gastrointestinal tract, respectively. The loss of immune system homeostasis in the gut is a
hallmark feature of IBD and is commonly found associated with dysbiosis.

Immune system homeostasis in the GI tract is maintained by pattern recognition receptors
(PRRs). In the context of IBD, the prevailing literature has focused on the role of Toll-like
receptor (TLR), nucleotide-binding domain and leucine-rich repeat containing (NLR), RIG-I-like
Helicase Receptors (RLR), and C-type lectin receptors (CLR) family members.”® These PRR
families sense highly conserved pathogen associated molecular patterns (PAMPs) and damage
associated molecular patterns (DAMPs) and modulate the ensuing innate immune response
following microbial exposure, damage, and cellular stress. The biological signaling cascades
associated with each of these PRRs can have significant effects on IBD pathogenesis beyond the

direct modulation of inflammation, including the regulation of cell proliferation and death, tissue
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repair and remodeling, and the production of potent signaling molecules, such as reactive oxygen
species (ROS), in the gut.* To maintain immune system homeostasis in the GI tract, PRR
activation is required to be robust and sufficient to facilitate the host immune response against
pathogens and damage, while also being sufficiently constrained and permissive to promote a
healthy gut microflora and avoid prolonged activation. Persistent stimulation and chronic
dysregulation of PRR signaling in the GI tract is associated with significant collateral damage
and a shift in the microbiome towards dysbiosis, which can contribute to chronic inflammation,
autoimmunity, and cancer.” Thus, we have previously described this phenomenon as a
“Goldilocks conundrum”, where PRR expression, activation, and repression must be constantly
maintained in balance to promote immune system homeostasis.>”

Over the last few years, we have witnessed a significant expansion in the number of
reports associated with the contribution of NLR family members in IBD pathobiology.” These
studies have shed new insight on the complex mechanisms modulated by NLRs in the GI tract.
In large part, the interest in exploring the role of NLRs in IBD stems from human genetic
association studies that have linked single nucleotide polymorphisms (SNPs) in several NLR
family members with either UC or CD.® The most well-known of these mutations are in NOD2
and are associated with CD pathogenesis in patient sub-populations.” However, beyond NOD2,
genome-wide association studies (GWAS) have identified a number of other risk alleles in NLR
genes associated with IBD, including mutations in NOD1 and NLRP3 and dysregulated
expression of a variety of NLR genes have recently been found in IBD patient populations.’
Beyond these mutation and gene expression findings, mechanistic and functional insight in
human subjects is currently lacking. The overwhelming majority of data pertaining to NLR

function in IBD has been derived from mouse models.
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There are over 24 distinct NLR and NLR-like proteins in humans, of which only about
half have been well characterized.®'® These initial characterization studies have revealed that the
NLR family members can be divided into 3 primary sub-groups: inflammasome forming NLRs,
regulatory NLRs, and reproductive NLRs.'' Of these sub-groups, the vast majority of studies
have focused on identifying and characterizing the inflammasome forming NLRs. NLR
inflammasomes are macromolecular platforms that sense cytosolic PAMPs and DAMPs,
resulting in the maturation of pro-IL-1p and pro-IL-18 into their bioactive cytokines (Fig. 2).'* In
addition to IL-1f and IL-18 maturation, inflammasome activation can also result in a unique

13-18 The core unit of the

form of inflammatory cell death, termed pyroptosis or pyronecrosis.
inflammasome is composed of a specific NLR(s); the apoptosis-associated speck-like protein
containing a caspase activating and recruitment domain (CARD) (ASC; encoded by the gene
PYCARD); and a specific caspase (typically Caspase-1). NLRP1, NLRP3, NLRP6, NLRC4, and
the functionally related protein Absent in melanoma 2 (AIM2) have been clearly shown to form
inflammasome complexes; whereas, NLRC5, NLRP7, NLRP12, and NAIP co-factors are less
defined, but also appear to contribute or directly function through inflammasome formation
under cell type-, species-, stimuli-, and/or temporal-specific mechanisms.'*® These NLR and
NLR-like proteins sense specific PAMPs and/or DAMPs and form a specific NLR
inflammasome following recognition and activation.” In general, the mechanisms and signals
associated with NLR activation are currently unclear. However, two mechanisms have been
proposed: direct ligand binding or indirect milieu sensing.” Evidence supporting both
mechanisms is prominent in the literature. For example, AIM2 directly binds dsDNA and NAIP5

directly binds to flagellin fragments.*>*”** Conversely, NLRP3 does not appear to directly bind

any specific PAMP or DAMP associated ligand/s, acting instead through indirect milieu sensing.
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NLRP3 has been suggested to sense changes in the intracellular environment and/or disruptions
in the cytosol associated with pathogen infection, cellular damage, and stress.”” These changes
include K' efflux, generation of mitochondrial ROS, lysosomal damage, and/or cathepsin B
release.'”

Despite extensive study, there are still a significant number of unsolved mysteries in NLR
biology.”® In the context of IBD, the clinical relevance of NLR inflammasome function is still
unclear, cell type specific effects have yet to be extensively characterized, and the role of NLRs
outside of direct host-microbe sensing remains largely unexplored. Likewise, the seemingly
conflicting data from an exponentially increasing number of mouse studies has generated a
highly complex and often misinterpreted mechanistic overview of NLR biology in the gut. In this
review, we summarize our current understanding of the emerging concepts associated with NLR
inflammasome formation and maintenance of immune system homeostasis in the GI tract. We
discuss new and emerging concepts in NLR inflammasome biology, provide an overview of the
current mouse model literature, discuss insights pertaining to human IBD pathobiology, and

attempt to reconcile divergent mouse model findings.

II. NLR INFLAMMASOMES
A. The Canonical Inflammasome

The previous paradigm in innate immunology and the PRR field was that inflammasome
organization and signaling proceeds through a relatively simple, linear process. In the “classical”
inflammasome formation model, the cell requires “Signal 1” for transcriptional priming (Fig. 2).

In essence, the stimulation of TLRs results in increased transcription and translation of pro-IL-
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1B. Similarly, this process also results in increased pro-IL-18; however, pro-IL-18 is
constitutively expressed in a variety of cell types and increases following TLR stimulation.’'
These pro-form cytokines are maintained in the cytosol in their immature states until
inflammasome formation occurs to drive post-translational processing and cleavage into the
mature cytokines. In the classical model, the adaptor protein ASC (encoded by the PYCARD
gene) links the NLR sensor to caspase-1 to form the basic inflammasome sub-unit. ASC includes
a pyrin domain and a CARD.* The ASC protein interacts with NLR family members through
pyrin-pyrin interactions, which trigger the formation of a large multimer of dimers termed the
ASC speck.*® Following speck formation, monomers of pro-caspase-1 are recruited and form
CARD-CARD interactions with ASC. This interaction induces the self-cleavage of pro-caspase-
1 and results in the formation of a heterotetrameric, active caspase-1. Both pro-IL-1 and pro-IL-
18 are proteolytic targets of caspase-1, and are thus cleaved when caspase-1 becomes activated.
Several inflammasome forming NLR proteins contain CARD domains, such as NLRC4, and can
thus activate caspase-1 without ASC.”> However, IL-1p and IL-18 generation is significantly
enhanced with ASC speck formation and various co-factors are typically involved in pattern
recognition to assist NLRC4 with signaling.”” Following cleavage and activation, IL-1f and IL-
18 require a “Signal 2”, which typically includes exogenous ATP, to facilitate release from the
cell (Fig 2).

This classical overview of NLR inflammasome formation and function has been
predominately based on studies conducted utilizing knockout mouse models and human cell
lines. However, it has long been realized that significant differences exist between human and

mouse processing and secretion of IL-1B/IL-18 and pyroptosis. For example, human cells

typically do not require the exogenous ATP associated with Signal 2 for IL-1f and IL-18 release
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following PAMP stimulation; whereas, this is essential for mouse cells. Adding a level of
complexity to this observation, ATP is only needed in the context of PAMP stimulation, as most
pathogens are capable of initiating complex signaling cascades and generated sufficient levels of
Signal 2 to promote cytokine release without exogenous stimulation. Likewise, whole pathogen
exposure also negates the need for Signal 1, as the PAMPs and DAMPs associated with the
infection also serve as the transcriptional priming step. Recently, the mechanism associated with
the differences between mouse and human cells has come to light. It is now recognized that
inflammasome formation can occur through either the “classical” pathway or a newly described
“alternative” pathway (Table 1).** Specifically, classical inflaimmasome formation, as defined in
mouse monocytes/macrophages, requires Signal 1 (transcriptional priming) and Signal 2 (ATP);
whereas, inflammasome signaling in human cells can proceed without the dual signals and can
also occur independently of exogenous ATP, pyroptosome formation, and pyroptosis (Table 1).
This “alternative” inflammasome activation was defined in the context of the NLRP3
inflammasome following LPS exposure.’* Mechanistically, the alternative inflammasome signals
through a TLR4-TRIF-RIPK1-FADD-Caspase 8 cascade, all up-stream of NLRP3 activation in
humans.”* While more mechanistic insight is certainly needed to better define this mechanism, it
is now clear that inflammasome formation and function are much more complex than initially
thought and a multitude of questions pertaining to this alternative inflammasome remain
unanswered. For example, it is unclear if there is cell type specificity for classical and alternative
inflammasome formation. The vast majority of studies have characterized and defined
inflammasome function in monocyte/macrophage populations, but significantly less is known
beyond these leukocyte populations. It is also unclear as to whether or not this is a stimuli

specific or an NLR specific effect. The alternative inflammasome was defined following LPS

21



exposure and in the context of NLRP3 activation. It is unclear if this applies to other
PAMPs/stimuli or additional NLR inflammasomes. Finally, it is also unclear if these differences
are species specific. NLR family members are highly conserved and it is unclear if the alternative
inflammasome functions in other mammals or even in other cell types in humans and mice. This
question was partially addressed in the study that defined the alternative inflammasome,
whereby, this mechanism was observed in both human and pig monocytes.*

In addition to direct inflammasome formation, some NLRs also require co-factors for
inflammasome formation. These co-factors function to assist with signal recognition or to
stabilize the activated NLR. The best-characterized co-factors are the NLR family, apoptosis
inhibitory protein (NAIP) proteins. These co-factors have been characterized in mouse models
associated with NLRC4 inflammasome formation and signaling. Because NLRC4 has a CARD
protein, rather than a pyrin domain, the exact mechanism underlying inflammasome formation
remains a bit unclear. However, recent findings have revealed that NLRC4 forms complexes
with NAIP proteins to facilitate signaling. In this model, the NAIP proteins directly recognize the
respective PAMPs through receptor-ligand interactions and subsequently complex NLRC4 to
facilitate inflammasome formation. In mice, NAIP1 detects the type III secretion system needle,
NAIP2 senses the type III secretion system rod protein, while NAIP5 and NAIP6 detect flagellin,
prior to interactions with NLRC4.?'">*° However, only a single NAIP orthologue has been
identified in the human genome and it functions similar to the murine NAIP1 protein to sense the
type III secretion system needle.’® Thus, the mechanism used by NLRC4 in human cells to sense
flagellin is still unclear, but does not appear to utilize the same NAIPS/NAIP6 mechanism

described in mice.
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Pyroptosis, a unique form of inflammatory cell death that is also associated with
inflammasome formation, is similar to apoptosis in that both rely on the activation of specific
repertories of caspases to trigger programmed cell death. Apoptosis relies on a set of initiator
caspases (caspase-2, -8, -9, -10) that respond to apoptotic signals and cleave effector caspases
(caspase-3, -6, -7). These effector caspases proceed to cleave target proteins to drive apoptotic
cell death. Conversely, pyroptosis is defined by the activation of a sub-set of inflammatory
caspases (caspase-1, -4, -5, -11), which encode both the initiator and effector functions to
orchestrate cleavage of target proteins and modulate cell death pathways. Pyroptosis is defined
by the following unique characteristics: (1) the activation of an inflammatory caspase; (2) pore
formation in the plasma membrane; (3) low levels of DNA damage and an intact nucleus; and (4)
poly(ADP-ribose) polymerase (PARP) activity is not required.’’ Pyroptosis and inflammation are
intimately linked in host-pathogen responses. Indeed, pyroptosis is an efficient mechanism to
restrict pathogens by destroying their protective, intracellular niche within infected cells.”’

The mechanistic link between caspase signaling and pyroptosis has recently been found
to involve gasdermin D (GSDMD).*** The critical role of GSDMD in inflammasome signaling
hinges on caspase cleavage and activation of GSDMD from the “pro” full-length protein of 53
kDa to the active 30 kDa N-terminal fragment.*” Interestingly, GSDMD proteolytic cleavage can
be mediated via caspase-1,"" as well as by caspase-11 in mouse cells or caspase-4 in human
cells.”” This potentially indicates some diversity as to the role of GSDMD in canonical or
noncanonical inflammasome function. Functionally, cleaved GSDMD was found to selectively
bind to plasma membranes containing lipids, such as the mitochondrial and bacterial lipid
cardiolipin, and phosphatidylinositol phosphates that are located on the inner leaflet of the

mammalian cell membrane.”® The result of this binding is the formation of oligomeric pores that
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kill mammalian cells, which is restricted to the activated cell and does not kill bystander cells.”®
GSDMD was also shown to directly kill bacteria, but because active GSDMD binds selectively
to phospholipids that are restricted to the inner leaflet of mammalian cell membranes, it remains
unclear whether the antibacterial function of GSDMD is limited to killing bacteria that escaped

the phagosome.®

B. ASC and Caspase-1 in IBD Pathogenesis

ASC is considered an essential adaptor protein for inflammasome function due to its
critical role as a “bridge” between NLRs containing PYD domains and pro-caspase-1 and
significantly enhances the activity of NLRs containing CARD domains.'*** Indeed, ASC is a
major player in multiple inflammatory diseases and implicated in several autoimmune diseases
associated with inflammasome dysfunction.*’ Because of ASC’s central role in inflammasome
formation, Asc” mice are commonly used in murine models to investigate inflammasome
function, as deletion of ASC results in the ablation of all inflammasome function. In murine
models of chemically induced colitis with dextran sulfate sodium (DSS), the absence of ASC has
been consistently shown to have a more severe phenotype than other individual NLR knockout

genotypes,“z'47

implying that loss of all inflammasomes is more detrimental to IBD pathogenesis
than the loss of any individual sensor. In general, these studies all demonstrate that Asc”” mice
present with more severe clinical features associated with colitis progression, including increased
mortality, weight loss, loose stool, dehydration, and decreased colon length. Histopathologically,
mice lacking ASC have increased colon inflammation and significant defects in the epithelial

cell barrier. These barrier defects have been shown to be associated with increased levels of

serum endotoxin, indicating enhanced permeability and bacteria translocation in the As¢”” mice.**
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Colitis sensitivity in the Asc¢”” mice is correlated with ablated levels of IL-1 and IL-18, due to
the loss of inflammasome function.***” Together, these data reveal that NLR inflammasomes
function to attenuate gastrointestinal inflammation during experimental colitis.

Patients with IBD have a significantly increased risk of developing a distinct form of
cancer, defined as colitis-associated cancer.”® One of the distinct advantages of DSS based
experimental colitis models is the ability to robustly study not only gastrointestinal
inflammation, but also colitis-associated cancer. In these models, mice are exposed to the
mutagen azoxymethane (AOM) prior to DSS driven inflammation.* AOM induces mutations in
intestinal epithelial cells, which leads to a well-defined pathological progression to colorectal
cancer, typically adenocarcinoma, in genetically susceptible mouse genotypes. This process is
significantly enhanced when DSS is used to drive inflammation and a wound healing response in
the epithelial cells. Increasing evidence has linked ASC and cancer progression. Indeed, prior to
the discovery of the inflammasome and ASC speck formation, ASC was originally defined as
target of methylation-inducting silencing 1 (TMS1) and was shown to be silenced through

S - 50,51
methylation in human breast and gastric cancers.™

Prior to what we now define as pyroptosis,
these early studies suggested that ASC silencing was associated with reduced apoptosis and
increased cancer severity.”””' Subsequently, ASC expression has also been shown to be reduced
in several cancers including melanoma, colorectal cancer, lung cancer, and oral squamous cell
carcinoma.’*>* Thus, the majority of studies evaluating the Asc¢”™ mice in the DSS models also
included assessments of inflammation driven tumorigenesis using the AOM+DSS model.
Consistent with the experimental colitis findings, mice lacking ASC also demonstrate

significantly increased tumor formation, with some studies identifying large macroscopic polyps

and significantly enhanced morbidity and mortality in the Asc”” mice as early as 30 days after
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AOM treatment.** This indicates that tumor formation occurs approximately twice as rapidly and
much more aggressively in the Asc¢”” mice compared to wild type animals.*> Taken together, it
seems that the As¢” mouse model data is consistent with the ASC expression and silencing
findings in human patient populations, which correlate decreased expression with increased
cancer pathogenesis.

The findings associated with ASC were originally unexpected as the As¢”” mice were
postulated to have reduced inflammation and tumorigenesis due to the loss of pro-inflammatory
IL-1p and IL-18 signaling. Thus, parallel studies were also conducted evaluating caspase-1.
Caspase-1, formally known as IL-1f cleaving enzyme (ICE), is considered the archetypal
member of the inflammatory caspases. In mammals, this family of inflammatory caspases
includes caspase-1, caspase-4, caspase-3, caspase-11 and caspase-12.°° Some differences in these
caspases are observed between mice and humans. For example, in most humans, caspase-12 is
mutated and encodes for a nonfunctional protein.8 In addition, caspase-11 is found in mice, while
caspases-4 and 5 are found in humans and are considered to be the human homologs of caspase-
11.° Interestingly, all of the inflammatory caspases, including caspase-1, contain an N-terminal
CARD, which is responsible for binding ASC in the formation of the canonical

12,56

inflammasome. Like ASC, caspase-1 was originally considered essential for the function of

all inflammasomes and critical for the cleavage of pro-IL-1f3 and pro-IL-18 into their mature

12,57-59
forms.'>%’

Due to its overwhelming role in many inflammatory processes, including
inflammasome formation, caspase-1 is the most fully characterized of the inflammatory
caspases.® As mentioned previously, caspase-1 activation is triggered by the oligomerization of

NLRs via their NACHT domains and the subsequent interaction with ASC.® When these

molecules are in close proximity, the autocatalytic activity of caspase-1 is initiated, leading to its
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activation.®” It should be noted that compared to other caspases, such as caspase-3 and caspase-7,
caspase-1 has a restricted substrate repertoire.®’ However, caspase-1 has been shown to be
involved in a variety of “inflammation-independent” functions, such as cell death, glucose

62-64

homeostasis, and triglyceride metabolism. Regardless, most of these other functions of

. . . . 62
caspase-1 are speculated to be dependent on caspase-1 activation via inflammasome formation.

As with ASC, due to the importance of caspase-1 to IL-1f and IL-18 processing and
inflammasome formation, several mouse studies have evaluated the role of caspase-1 in
experimental colitis models.***"*> One of the earliest of these by Siegmund et al. (2001) utilized
Caspl”™ mice in acute and chronic models of DSS colitis. Counter to the findings associated with
the Asc”" mice, this study found decreased weight loss, diarrhea score, and bleeding score in
mice lacking caspase-1 put through both acute and chronic DSS models.”® However, more recent
studies have consistently shown that loss of Caspl™ results in worsened disease progression in
similar mouse models.***"%*7 In each of these current studies, mice lacking caspase-1 displayed
significantly increased morbidity and mortality, weight loss, rectal bleeding, and other
pathological features of disease progression. Likewise, each of these studies correlated increased
disease progression with ablation of IL-1p and/or IL-18.**°*%7 Together, the consensus data is
consistent with the findings for ASC and further supports a protective role for the NLR
inflammasome in IBD pathobiology. Due to its protective role in IBD pathogenesis, caspase-1
has also gained attention in the context of colitis-associated cancer. Recent studies using the
AOM-DSS model have shown that mice lacking Casp! display increased tumor load and tumor
frequency compared to wild type mice.®® Interestingly, in the same study, it was found that there

was no difference in inflammation between wild type and Caspl”™ mice.”® This finding is in
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contrast to the studies mentioned earlier, in which Caspl” mice showed increased levels of
P

: . : : . . 42,47,66,6
inflammation and tumorigenesis compared to wild type mice.**"-%%¢7

While the DSS model is an excellent choice to evaluate inflammation driven
tumorigenesis, one common critique is that DSS fails to accurately model many clinical and
physiological features associated with human IBD. Thus, many investigators utilize spontaneous
colitis models to complement DSS findings. For example, the most common approach used to
study spontaneous colitis utilizes mice on an IL-10 defective background. Surprisingly, studies
utilizing 7I-10”" mice are relatively rare in the inflammasome field compared to DSS. In one of
the few studies to evaluate caspase-1 in the II-/07 colitis model, inhibition of either IL-1
receptor signaling or caspase-1 using chemical antagonists suppressed IL-1f and IL-17
production from inflamed colon explants significantly ameliorated the development of
spontaneous colitis.”” These data are consistent with another recent spontaneous colitis and
colitis-associated cancer model utilizing IEC Clgalf” mice.”’ Core 1- and core 3-derived mucin-
type O-linked oligosaccharides (O-glycans) are major components of the mucus layer in the
gut.”’ When this mechanism is disrupted in the gut in mice lacking core 1-derived O-glycans
(IEC Clgalt"), the animals develop spontaneous colitis, followed by the appearance of invasive
carcinomas as the mice age.”’ This spontaneous inflammation-driven tumorigenesis is likely
highly dependent on the host microbiota, which is able to have increased interactions with the
intestinal epithelial cells and translocate more readily due to the decreased integrity of the
mucosal barrier.”’ Similar to the observations in the /I-70”" model, when these IEC Clgalf” mice
were crossed with mice deficient in Casp-1, the resultant animals showed significantly reduced

development of colitis-associated tumorigenesis compared to IEC Clgalt” mice.”
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In the DSS and spontaneous colitis studies, it is clear that caspase-1 deletion dramatically
alters the phenotype. However, it is currently unclear if caspase-1 protects against or augments
IBD and colitis-associated cancer progression. Likewise, it is unclear if this is associated with
model differences, stimuli, temporal, or cell-type specific differences. Adding a level of
complexity to these studies, it should be noted that, to our knowledge, the majority of
commercially available Caspl” mice used in prior experimental colitis and IL-1p/IL-18 studies
are actually Caspl” and Caspl1”~ double knockout animals, due to the nested nature of the
Caspl and Caspll genes.”' Thus, it is difficult to reconcile the individual contributions of
caspase-1 to disease pathogenesis, without also considering the possible effects of caspase-11
deletion. Since all three of the described models have significant microbiome contributions, it is
also highly likely that differences in the gut flora could significantly impact the phenotypes

observed in each of these models.

C. The Noncanonical Inflammasome

NLR inflammasome activation an essential pillar of innate immunity and maintains
immune system homeostasis in the gut. However, in addition to the “canonical” inflammasome,
which includes classical and alternative activation and relies on caspase-1, a “non-canonical”
inflammasome has also been characterized and is associated with caspase-4/-5 in humans and
caspase-11 in mice (Fig. 1; Table 1).”' These caspases are broadly expressed in both

16,45,71

hematopoietic and non-hematopoietic derived cells. Caspase-11 has been found to

significantly modulate the host immune response following exposure to Escherichia coli,

39,71

Citrobacter rodentium, and Vibrio cholera. It appears that caspase-11 and the human

paralogs caspase-4 and caspase-5 function through directly binding cytosolic LPS and lipid A
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from gram negative bacteria.”> This binding has been suggested to be highly specific and occurs
through the CARD domains.”> Once binding occurs, the caspases oligomerize and become
activated.”” Subsequent findings have revealed that caspase-11 functions as an essential initiator
of other caspases during acute pathological conditions,” such as sepsis, endotoxic shock, and
acute bacterial infection. Indeed, it appears that the non-canonical inflammasome also plays a
dominant role during acute inflammation, whereby activation of caspase-11 results in IL-1 and
IL-18 cleavage though a canonical inflammasome-dependent mechanism.”' Beyond IL-1f and
IL-18 processing, the non-canonical inflammasome also plays a potent role in pyroptosis.
However, non-canonical inflammasome associated pyroptosis appears to proceed through a
canonical inflammasome independent mechanism,”' which has yet to be well characterized. As
mentioned above in the caspase-1 discussion, the majority of commercially available Caspl”
mice are actually Caspl”” and Caspl1”" double knockout animals.”’ Subsequent studies using the
Caspll™ targeted mice have revealed that caspase-11 functions in a variety of biological
mechanims once thought to be solely dependent on caspase-1 and has also revaled several
caspase-1 independent functions.”"’*"

The overwhelming majority of studies characterizing caspase-11, -4, -5 have focused on
acute bacteria exposure models and sepsis.”>’®"” Thus, it is unclear if other PAMPs beyond LPS
and Lipid A signals associated with gram negative bacteria can initiate non-canonical
inflammasome formation. Interestingly, recent work by our team and others, has revealed that
non-canonical inflammasome signaling may extend well beyond the currently identified
mechanisms associated with cytosolic LPS recognition. Specifically, our research has recently
revealed that caspase-11 modulates inflammation during Toxoplasma gondii infection.” Using

Caspll™” mice, our results revealed that non-canonical inflammasome signaling significantly
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impacts neuro-inflammation and cyst burden during the chronic phases of disease.”® While the
mechanism underlying these findings are still unclear, these data suggest a role of caspase-11 in
the sensing and response to a currently unidentified molecular pattern associated with this
eukaryotic parasite or implicate that non-canonical inflammasome signaling is functioning in
response to intracellular changes driven by the parasite.”® Thus, it is highly likely that future

studies will continue to expand the role of non-canonical inflammasome function and signaling.

D. Noncanonical Inflammasome Associated Caspases in IBD

The majority of previous research regarding caspases and IBD has focused on caspase-1.
However, there has been significant increase in studies investigating caspase-11 and the non-
canonical inflammasome in the pathogenesis of IBD due to the recent revelation that the Caspl™
mice used previously in many IBD studies are truly Caspl”/Caspl1”~ double knockout mice.
Similar to the prior caspase-1 studies, caspase-11 has also been shown to attenuate
gastrointestinal inflammation during experimental colitis in mice.” Specifically, CasplI”" mice
in an acute DSS study had increased morbidity, mortality, and clinical parameters associated
with disease severity.* Furthermore, Caspll” mice displayed increased inflammation and
epithelial cell damage in the colon compared to wild type animals.* However, unlike 4s¢” and
Caspl”/Caspl1” mice, the Caspl1” animals showed attenuated IL-1p and IL-18 levels in colon
culture supernatants, rather than full ablation, and that reconstitution of these cytokines in these
mice attenuated experimental colitis pathogenesis.” Unlike the Asc” and Caspl”/Caspll”
mice, the protective influence of caspase-11 appears to be restricted to acute experimental colitis,
as deletion of caspase-11 only had a minor impact in chronic DSS and AOM+DSS models.*

These data are consistent with hypothesis that caspase-11 functions prevalently during severe
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damage and inflammation, rather than during chronic or minor insults. Consistent with these
findings, a second study also found that Caspl1”" mice were more susceptible to DSS induced
experimental colitis.” Interestingly, Caspl1”~ mice were found to be highly susceptible to acute
DSS, independent of microbiome shifts.” The microbiome of CasplI” mice contained a
reduced abundance of Prevotellacea compared to wild type animals. However, cohousing
Caspl1” and wild type mice equilibrated Prevotellacea and Bacteroides contents, but the mice

lacking caspase-11 still displayed the same increased severity phenotype.”

In humans, the caspase-11 orthologues caspase-4 and caspase-5 have recently been
shown to be significantly upregulated in both CD and UC patient samples.*® This study revealed
that caspase-4 expression is higher in non-inflamed ileum and colon tissues from IBD patients,
suggesting that caspase-4 may be a candidate for a biomarker of disease.”” In contrast, both
caspase-1 and -5 expression was significantly higher in inflamed colonic, not ileal, tissue,
suggesting their involvement with colitis, rather than ileitis.* Taken together, these data indicate
that caspases-4 and -5 are involved in intestinal inflammation observed during IBD. This study
also evaluated colorectal cancer tissue, and found the same trend of increased caspase-4 and -5
expression with some correlation to cancer stage.”’ Indeed, it has been hypothesized that
caspase-5 mutations may be linked with gastrointestinal cancers that have a microsatellite
mutator phenotype.®' However, despite some trends associated with progression of disease, there
are currently no significant functional or mechanistic studies in humans directly linking these
caspases and non-canonical inflammasome signaling with mechanisms underlying IBD or

colorectal cancer pathogenesis.
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III. INFLAMMASOME FORMING NLRS IN IBD AND COLITIS ASSOCIATED

CANCER
A. NLRP3

NLRP3 (also known as cryopyrin and NALP3) is the most well-characterized NLR and is
known for sensing a diverse array of signals.>'® In humans it is encoded by the NLRP3 gene,
sometime referred to as the cold induced auto-inflammatory syndrome 1 (CIAS1) gene and is
best characterized in leukocytes.” While the exact mechanism of NLRP3 activation is still a
mystery, there are currently at least three prevailing models that attempt to address this cryptic
process. In the first model, NLRP3 inflammasome formation involves the ligation of
extracellular ATP via pore formation associated with the ATP channel P2X7. Once this channel
is formed, K* can then exit the cell and subsequently recruit pannexin 1, allowing PAMPs to
enter the cytosol (Fig. 3).> In the second model, NLRP3 activation involves the phagocytosis of
particulates, such as asbestos and monosodium urate crystals, leading to a phenomenon known as
“frustrated phagocytosis”.> Thus, lysosomal instability occurs and leads to the release of

1.2%3% In the third model, NLRP3 inflammasome formation occurs

cathepsin B into the cytoso
following the generation and subsequent recognition of ROS.? In each of these models, NLRP3
functions through an indirect sensing mechanism to drive inflammasome formation. Thus,
regardless of which mechanism is more accurate or widespread, this indirect strategy allows
NLRP3 to sense broad changes in the intracellular environment and respond to a diverse range of
pathogens and/or damage to drive the host innate immune response.

Recent studies have shown that NLRP3 attenuates disease progression during

experimental colitis similar to the recent findings regarding ASC and Caspase-1.***"%
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Specifically, mice deficient in Nlrp3 show increased morbidity, mortality, and have higher levels

124785 Interestingly, Nlrp3”

of inflammation in their gastrointestinal tract in acute DSS models.
mice show a more subtle disease during the recurring or chronic model of experimental colitis,
compared to mice deficient in other inflammasome components (Caspl™ and Asc”), although
mice lacking Nlrp3 were still shown to have worse disease than wild type mice.”” As with ASC
and caspase-1, NLRP3 functions to attenuate colitis progression though the modulation of IL-1f
and IL-18.°*% Specifically, lower levels of IL-1f can significantly impact T cell differentiation,
leading to increased intestinal inflammation.®® Likewise, decreased levels of IL-18 result in
defective epitheilial cell regeneration and repair, which contribute to increased barrier

dysfunction in the Nlrp3’/' mice.*” Together, the altered T cell differentiation and reduced barrier

function results in increased bacterial translocation and inflammation in the gut.

Similar to its role in IBD pathogenesis, NLRP3 has been shown to play a protective role
in mouse models of colitis-associated tumorigenesis, whereby loss of Nlrp3 leads to significantly
worsened disease progression in AOM+DSS models.***” Specifically, Nlrp3” mice showed
higher mortality, morbidity and significantly truncated colons during this model of inflammation
driven tumorigenesis.*> Importantly, Nirp3” mice show significantly higher tumor burdens
compared to wild type mice receiving the same treatment, indicating that NLRP3 indeed plays an
important role in attenuating colitis-associated cancer.***’ Mechanistically, the enhanced
tumorigenesis seen in the Nlrp3” mice appears to be associated with dysregulated IL-18
production.”” While both IL-1p and IL-18 levels are significantly attenuated in Nirp3” mice, IL-
18 appears to play a more vital role in maintaining gastrointestinal homeostasis. Specifically, the
levels of IL-18 were found to be much lower in colon homogenates from Nlrp3” mice compared

to wild type mice treated with AOM+DSS, while the levels of other important inflammatory
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cytokines (IL-6, IL-12 and TNF) were found to be unchanged.“z’66 As mentioned earlier, IL-18
has been shown to play an important role in promoting epithelial cell regeneration and repair
during experimental colitis using DSS.*"*” However, it also inhibits hyperplasia and proliferation
during the AOM+DSS model.”® Thus, IL-18 plays multiple roles through the epithelial cell

compartment that can significantly impact both IBD and cancer.

The role of NLRP3 in IBD and colitis-associated cancer has also been evaluated in
human disease, mostly through the investigation of meta-analysis of polymorphisms and disease
risk. In humans, 60 SNPs have been identified in the NLRP3 gene.*” One of the most prevalent
of these is NLRP3 rs35829419, which is a gain-of-function mutation that is heavily associated
with human inflammatory diseases, such as rheumatoid arthritis, celiac disease, and CD¥Ina
recent meta-analysis study, it was also found that this SNP was closely associated with
protection against UC and colorectal cancer (CRC).** In colorectal cancer, this protection is
hypothesized to come from the increased interaction with caspase-1 leading to inflammasome
activation and subsequent cell death.® In the case of IBD, it was suggested that the rs35829419
polymorphism interacts with the rs2043211 polymorphism in the CARDS gene that encodes a
human inflammasome adaptor protein (CARDS; TUCAN).** Specifically this CARDS
polymorphism creates a truncated CARDS protein, which reduces inflammasome activation and
thus attenuated IBD pathology.®” The finding that a gain-in-function mutation in Nlrp3 is
protective during IBD and colorectal cancer is in agreement with the animal studies that show

loss of function or deletion enhance disease progression.

B. NLRP6
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The NLRP6 inflammasome was first identified in 2002, where initial in vitro studies
reported the co-localization of NLRP6 with ASC, and that NRLP6 and ASC co-expression
resulted in production of IL-1p.*” NLRP6 has since been found widely expressed in immune
cells such as neutrophils, dendritic cells, macrophages, and T-cells, but is also highly expressed
in epithelial cells, particularly those in the duodenum, ileum, and by myofibroblasts within the
stem-cell nice of the colon.*® Therefore, NLRP6 and its role in regulating inflammation in the gut
has been a topic of considerable interest. Similar to NLRP3, Nlrp6™ mice are significantly more
susceptible to intestinal inflammation and tumorigenesis compared to wild type animals when
subjected to DSS induced experimental colitis.***° Nirp6” mice exhibit significantly increased
inflammation and fail to properly repair damaged epithelium as efficiently as their wild type

89,90
counterparts.”™

The combination of increased inflammation and inefficient repair results in
increased epithelial cell proliferation, ultimately promoting both spontaneous intestinal
hyperplasia and exacerbation of colon tumorigenesis in the DSS model.**° As with the other
inflammasome deficient animals, Nlrp6”" mice were also found to have reduced IL-1p and IL-18
levels. Subsequent studies, utilizing /-1 and II-18" mice, adoptive transfer, and co-housing
studies revealed that the sensitivity of the Nlrp6” mice was associated with epithelial cell
derived IL-18.*****° However, monocyte derived NLRP6 also appears to play a role in reducing
susceptibility to experimental colitis.”’ Adoptive transfer of wild type Ly6C"™ monocytes into

Nlrp6” mice was sufficient to protect the mice during acute colitis through a mechanism

associated with IL-18 dependent TNF production.”!

Mechanistically, the protective nature of NLRP6 during experimental colitis is highly
correlated with the gut flora, as the microbiome of Nlrp6” animals is significantly different

compared to that of wild type mice (Fig. 4).”° Specifically, the Nlrp6‘/' mice were characterized
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by an expansion of the Bacteroidetes, Prevotellaceae, and TM7 phyla.” This altered microbiome,
and subsequent disease susceptibility, of Nirp6” mice was transmissible to wild type animals
when cohoused, with no preference or dependence on age as both animals cohoused early in
postnatal life, as well as, during adulthood demonstrated the exacerbated DSS colitis
phenotype.”® The absence of NLRP6 results in decreased mucus production due to impaired
mucin granule exocytosis and Muc2 secretion and subsequent impaired mucus layer formation
throughout the GI tract.*® This defective mucus layer results in mice that are more susceptible to
enteric infections (Fig. 4).*® Similar to Nlrp6'/ " animals, this phenotype was also seen in Asc”
and Casp-1""/Casp-11"" mice.*® In fact, a so-called “sentinel” goblet cell (senGC) at the base of
the colonic crypt was recently discovered that is responsible for nonspecific endocytosis of any
bacteria that penetrates the inner mucus layer.”” Evidence suggests that senGCs are able to
activate the NLRP6 inflammasome following endocytosis of TLR ligands, in turn leading to
MyD88 Nox/Duos reactive oxygen species synthesis. This initiates calcium ion signaling to drive
secretion of Muc2 mucin from the senGC generating intercellular gap junction signaling,
inducing Muc2 secretion from responsive and adjacent goblet cells.”” This in turn expels bacteria
from the opening of the crypt that penetrated the inner mucus layer, protecting both the lower
crypt and intestinal stem cells.”” The absence of NLRP6 and the subsequent impaired mucus
layer creates a permissive niche for Prevotelloceae to exploit, resulting in these bacteria
colonizing areas of the crypt where they would normally be excluded. This increased
colonization results in chronic inflammation in the colon, driven by other PRRs that likely
compensate for the loss of NLRP6. Likewise, this shift in the host microbiome associated with
the loss of NLRP6 results in dramatic changes in microbiota-modulated metabolites. For

example, the microbiota-associated metabolites taurine, histamine, and spermine co-modulate
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NLRP6 inflammasome signaling and can significantly impact IL-18 production and anti-

microbial peptide (AMP) profiles.”

The AMP distortion appears to be another critical
component of the mechanism associated with NLRP6 deficiency as restoration of the AMP axis

with Ang4 is able to restore microbial diversity in the absence of IL-18 production.”

Beyond experimental colitis and colitis associated tumorigenesis, Nlrp6” mice are also
more susceptible to infection with enteric pathogens compared to their wild type counterparts.
For example, Nlrp6”" mice that were subjected to infection with Citrobacter rodentium, which is
often used as a model of altering the microbial community, were unable to clear the bacteria
effectively compared to wild type mice exposed to the same dosage.*® Taken together, it is clear
that the relationship between NLRP6 and the control of microbial composition via mucus and
AMP production has strong implications to the pathophysiology of a variety of diseases and
pathogens associated with inflammation of the gut. Additional studies are warrented to better
define stimuli, cell-type and temporal specific mechanisms associated with NLRP6

inflammasome activity and function in the gut and beyond.

C.NLRP1

NLRP1 was the first inflammasome to be identified.'”> The NLRP1 inflammasome is
activated following exposure to either anthrax Lethal Toxin (LeTx) or Toxoplasma gondii in
rodents and muramyl dipeptide (MDP) in humans.”*® Consistent with the host specific
differences, the protein structure of NLRP1 is species specific. Human NLRP1 contains both an
N-terminal PYRIN domain and a CARD domain; whereas, mouse NLRP1 only contains a
CARD domain.” At the genomic level, rodents encode three different paralogs of Nirpl, which

are all poorly characterized.” Currently, it appears that NLRP1A plays a role in regulating
poorly y pp play

38



hematopoiesis, NLRPIB is involved with sensing Bacillus anthracis LeTx, and NLRPI1C is
predicted to be a psuedogene.””*'? Because of the CARD domain, NLRP1 can bypass the
requirement for ASC during inflammasome formation similar to NLRC4 (Fig. 5). However, as
with NLRC4, ASC significantly enhances inflammasome formation and modulates the formation

of this signaling platform optimizing caspase-1 activation.”

Until recently, the multiple paralogs of Nlrpl in the mouse had confounded efforts to
generate a NLRP1 deficient animal. However, two independent groups have now generated
targeted Nlrplabc” and Nirplb” mice.”*'® Although the extent of the literature on the
involvement of NLRP1 in gastrointestinal inflammation in both human and mouse studies is
currently limited, the availability of these novel mouse lines now allows for robust assessment of
murine NLRP1 function. To date, only a single study has evaluated NLRP1 in the experimental
colitis model. Similar to the other inflammasome forming NLRs, the Nlrplh”" mice were found
to have significantly more weight loss compared to their wild type counterparts, in both the acute
DSS model and the chronic DSS model of relapsing remitting disease.** As with the other NLRs,
NLRPI deficient mice also demonstrated increased inflammation and attenuated IL-1f and IL-
18 production.** Interestingly, reconstitution of the Nirp! b”" mice with either recombinant IL-1 B
or IL-18 partially restored protection in the acute DSS model and inhibition with either anti-IL-
1B or anti-IL-18 in wild type mice resulted in increased sensitivity.** Thus, it appears that
NLRP1 attenuation of disease pathogenesis is, at least in part, associated with the production of
both IL-1f and IL-18. When evaluated in the AOM+DSS model of colitis associated
tumorigenesis, the absence of NLRP1 resulted in increased tumor burden and size compared to
wild type mice.** Consistent with its dominate epithelial cell expression pattern, the protection

associated with NLRP1 did not appear to be dependent on the hematopoietic compartment, as
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NirpI™” wild type chimeras did not show improvement in the DSS induced colitis model.**

Similar to the findings for NLRP6, the microbiome in the Nlrpl” mice appears to strongly
modulate the progression of experimental colitis as antibiotic treatment and co-housing studies
significantly impacted colitis pathogenesis.** It is still unclear which aspects of the host
microbiome are influencing colitis and cancer progression in the Nlrplb-/- mice. However, as
with NLRP6, future studies will further define this phenotype and provide additional mechanistic

insight.

In humans, NLRPI mutations have been linked to a range of autoimmune and
autoinflammatory disorders, including vitiligo, celiac disease, Rheumatoid Arthritis, systemic
lupus erythematosus, and type I diabetes.'’''% GWAS identified CD susceptibility mutations in
NLRP1 associated with co-occurring extra-intestinal manifestations in skin, although the data
was in a small sample size.® Additionally, polymorphisms in NLRP1 were associated with
increased responsiveness to IBD steroid therapeutics in a study of pediatric IBD patients.'”’
Beyond GWAS and SNP evaluations, NLRP1 expression levels have also been shown to be
significantly altered during IBD. Retrospective pooled data from three distinct studies
demonstrated that NLRP1 expression was significantly increased in colon biopsies from patients
with active ulcerative colitis compared to specimens from healthy patients.** Conversely, when
investigating the expression of NLRPI from eight separate studies of patients that evaluated
colon biopsies from tumors versus adjacent tissue or biopsies/tissue from colon cancer patients
compared with healthy controls, NLRPI was significantly down regulated.** These cancer

findings are consistent with a second retrospective study analyzing the expression patterns of

several different NLRs in a cohort of colorectal cancer patients that also found NLRP1
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significantly downregulated relative to healthy controls.'® Thus, it appears that NLRP1

expression in humans is significantly altered in the colon in a disease specific manner.

Interestingly, polymorphisms in the regulatory NLR NOD2 are the best-characterized
mutations associated with IBD in select human sub-populations. Likewise, both NOD2 and
NLRPI have been shown to recognize MDP in humans and NOD2 has been previously shown to

94109110 ywhile the exact mechanism is still

be necessary for NLRP1 inflammasome function.
unclear, it is likely that NOD2, which has 2 CARD domains, functions to stabilize NLRP1 or act
as a co-factor to augment NLRPI inflammasome formation. This later scenario would be
reminiscent of the mechanism similar to that described for the NAIP co-factors in the NLRC4
inflammasome. It is interesting to speculate that mutations in either NOD2 or NLRP1 could

significantly impact the function of one or both of these proteins and potentially impact IBD

progression in human patients.

D. NLRC4

NLRC4, also known as IPAF, is unique compared to the other inflammasome forming
NLRs mentioned, in that it is capable of acting in concert with NAIP proteins, which provide

136 The NLRC4 inflammasome senses flagella, as well as, gram negative

ligand specificity.
bacteria that use type III or IV secretion systems (Fig. 6).* The ligand bound NAIP protein
releases the auto-inhibited NLRC4 to allow the NLRC4-NAIP-ligand multimeric complex, ASC,
and caspase-1 to form the subsequent inflammasome.”** As mentioned previously, there are
multiple differences between the single human NAIP and the multiple murine NAIP proteins.>*

In addition to utilizing the NAIP co-factors, the CARD domain of NLRC4 is likely also able to

directly associate with the CARD domain of casapase-1, complicating the understanding of the
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role of ASC in NLRC4 inflammasome formation.” In response to Shigella flexneri, ASC appears
to be required for optimal caspase-1 activation and IL-1 production, while ASC is not required
for NLRC4- inflammasome formation in response to Pseudomonas aeruginosa or caspase-1—
dependent cell death in response to Shigella.'"''"* Additionally, NLRC4 is unique compared to
other NLRs in that inflammasome formation is not dependent on potassium efflux, which could

be due to direct interactions of bacterial PAMPs and NAIP proteins.''*

Beyond the complexities associated with the NLRC4 inflammasome, the role of NLRC4
in IBD is also quite convoluted. Originally, when NLRC4 was evaluated in DSS models using
Nirc4” mice, no significant differences were observed between the Nlrc4” and wild type animals
in clinical, histopathological, or immunological features of experimental colitis or colitis
associated tumorigenesis progression.” However, subsequent studies found that NLRC4 did not
appear to alter the progression of experimental colitis induced by blocking IL-10 using anti-IL-
10R monoclonal antibody treatments, but did appear to have a role in DSS induced disease.'"
Here, loss of NLRC4 was associated with increased disease severity due to increased epithelial

5 In a third study, Nirc4” mice developed increased epithelial cell damage

cell barrier damage.
and inflammation in the DSS and AOM+DSS models, similar to the other inflammasome
forming NLRs discussed above.®® While these data may appear discrepant, we can speculate that
they can be reconciled by considering potential differences in the microbiome populations
present in these different animals. It is highly likely that the loss of NLRC4 created permissive
niches in these animals that were exploited by different populations of microflora. Unfortunately,
these studies were conducted prior to the routine assessments of the microbiome in the NLR

field. Thus, future studies targeting the microbiome may better define the mechanisms

underlying these different phenotypes.
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One must also consider the NAIP proteins when discussing the NLRC4 inflammasome.
In mice there are 6 NAIP paralogs (Naipl-6), four of which are functional and 2 are non-

: 116
coding.

To thoroughly explore the contribution of the NAIPs in IBD, mice were generated
with a targeted deletion of all 6 paralogs (Naipl-6+). These mice were subjected to AOM+DSS
models of colitis associated tumorigenesis and were found to significantly protect against cancer
progression. The Naipl-6* mice demonstrated a significant increase in colorectal tumors in an
epithelial-intrinsic manner.''® Interestingly, the increased tumorigenesis was not associated with
exacerbated inflammation, rather NAIP1-6 appear to protect the animals through the modulation
of apoptosis and maintenance of proliferation.''® These findings were confirmed using AOM
only treatments, which is an inflammation independent model.''® The NaipI-6+ mice displayed
STAT3 hyper-activation and p53 defects that were not observed in the Nlrc4” animals.''®
Together, these data suggest that the NAIPs attenuate tumor initiation and progression through
facilitating the death and removal of damaged epithelial cells. This appears to occur through an
NLRC4 inflammasome-independent mechanism. More work is certainly needed to translate the
findings from these mouse models to humans, where only NAIP1 is encoded in the genome.

Likewise, while much more difficult to address, additional studies are warranted to better resolve

which NAIP paralogs may be responsible for the observed phenotypes.

E. AIM2 (PYHIN family member)

In addition to the NLRs, other proteins have been shown to form inflammasomes. The
best characterized of these proteins is AIM2 (absent in melanoma 2). AIM2 is a unique member
of the HIN200 protein family, and is capable of interacting with ASC through its PYRIN domain

to form an “NLR-like” inflammasome.”’*® AIM2 is a sensor of double stranded DNA, and is
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best characterized for its ability to instigate inflammasome formation following the recognition
of pathogen associated DNA.”"*® Some of the earliest studies evaluating the AIM2
inflammasome characterized its role in host-pathogen interactions following infection with
Francisella tularensis and Listeria monocytogenes.”*'''* Notably, AIM2 is also able to sense
host-derived DNA in the cytoplasm, which has strong implications for a variety of autoimmune
diseases and cancer.'”'*® Of particular relevance to this current review, one of the earliest

120 ATM2 is often found inactivated in

findings associated with AIM2 relates to its role in CRC.
melanoma, breast cancer, mammary tumors, gastric cancer, and CRC. Restoration of AIM2 in a
colon cancer cell line was found to suppress proliferation and drive G2/M cell cycle arrest.'?
Beyond CRC, the presence of anti-nuclear and double stranded DNA antibodies has been linked
with decreased efficacy of anti-TNF therapies and adverse outcomes in patients with both CD
and UC.""'* Indeed, one of these more common adverse outcomes in IBD patients is an
increased frequency of a lupus-like syndrome that has been suggested to be associated with these

121,122

elevated autoantibodies. Due to its role in lupus and sensing host DNA,'* it is certainly

possible that AIM2 may also play a role in this IBD associated lupus-like syndrome.

In addition to indirect effects on IBD progression, recent findings have revealed a more
direct role for AIM2 in modulating intestinal homeostasis and inflammation (Fig. 7). Consistent
with the data from human cell lines, AIM2 deficient mice have been shown to be highly sensitive

124125 The loss of AIM2 resulted in increased intestinal stem cell

to colonic tumor development.
proliferation that was associated with aberrant Wnt signaling.'** Unlike the other NLRs, colon
histopathology from Aim2”" mice revealed increased crypt dysplasia and hyperplasia compared

to wild type animals, despite any differences with regard to inflammatory immune infiltrates in

the colon.'” Likewise, the increased tumorigenesis observed in the AIM2 deficient mice was
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independent of IL-1p and IL-18."**'*> However, similar to the NLRs, the cancer progression was
significantly enhanced by the dysbiotic microbiome.'”* The mechanism linking AIM2 and
tumorigenesis appears to be, in part, associated with direct regulation of both Wnt signaling and

124,125

the Akt pathway. While these prior two studies indicated that AIM2 function in
tumorigenesis is independent of inflammation, it should be noted that the dysbiosis noted in the
AIM2 deficient mice was found to result in higher experimental colitis susceptibility in
subsequent studies.'*® Specifically, 4im2” mice were found to have higher colonic levels of

. . 126
Escherichia coli.

In this study, 4im2”" mice were found to be sensitive to acute DSS in this
single study and reconstitution with IL-18 was found to reduce experimental colitis
progression.'*® Similar to these findings, a more recent study using a Salmonella typhimurium
colitis/acute infection model also found that AIM2 functions to protect against experimental
colitis progression.'?” The mechanism identified suggests that AIM2 functions to promote tight

junction formation through AKT activation, which would be consistent with the IL-18 and AKT

results previously reported.'>'?’

III. THE EFFECTS OF THE INFLAMMASOME ON THE HOST MICROBIOME

The relationship between aberrant inflammasome signaling and dysbiosis in the gut
associated with IBD is a common theme that has recently emerged. Gut commensal bacteria
function to protect the host from pathogenic bacteria by occupying and competing for biological
niches. In order for the bacteria to exist and flourish in the gut, the immune system must create a
permissive environment. The increasingly expanding interest in the contribution of the

microbiome in health and disease is accompanied by an existing void as to mechanistic insights
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as to how microbiome components could be exerting such effects. Any breakdown in intestinal
epithelial barrier function can lead to the translocation of microbial flora, and subsequent
recognition by NLRs. A compelling hypothesis implicating NLRs in the role of maintaining
homeostasis between the resident commensal microbial community and the host is that NLRs
keep the unique microbial components in check. With a loss or depletion of mucosal barrier
protection, as is so often observed in IBD and CAC patients, **'* bacteria from the microbiome
are able to come into contact with the epithelium and occupy niches within the gut where they
would normally be excluded. In healthy populations, the translocation of the microbiome to the
epithelium is sensed by inflammasome-forming NLRs. However, with a decreased NLR
repertoire, as seen in both IBD and CAC populations, the host immune response is sub-optimal
and creates microenvironments where bacteria are likely to hyper-proliferate. Ultimately, this
results in a loss of flora diversity and potentially leads to an increase in harmful commensal or
pathogenic bacteria in the gut. This shift in the microbiome has far reaching effects, including
significant changes in the metabolomic profile of the host, which can have dramatic effects on

IBD and beyond.

IV. THE GOLDILOCKS CONUNDRUM

Immune system homeostasis in the gut is a delicate balancing act. The immune system
must maintain a significant level of vigilance to protect the host from harmful pathogens and
environmental insults, while simultaneously suppressing overzealous inflammation in response
to the probiotic and commensal flora present in the microbiome. PRRs are essential components

of this process and are maintained at a critical threshold to enable a rapid response if needed, but
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insufficient to drive widespread gastrointestinal inflammation.'*’

NLR family members are
integral PRRs in the gut and play vital roles, both directly and indirectly, in maintaining immune
system homeostasis. Under normal conditions, inflammasome forming NLRs in cells associated
with the mucosal barrier and leukocytes function to maintain proper intestinal epithelial cell
regeneration and repair, cell death, and a well-balanced inflammatory microenvironment.
However, the loss of NLR signaling, as observed in knockout mouse models, results in increased
inflammation, enhanced IBD pathogenesis, and augments the progression colitis associated
cancer (Fig. 8). In general, the consensus data suggests that this is true for all of the NLR family
members, co-factors, adaptor proteins, and caspases. In fact, in our hands, we typically observe
robust gastrointestinal inflammation and colon tumorigenesis in mice lacking the common
adaptor protein ASC or caspase-1/-11. However, while disease progression is still significantly
increased over the wild type animals, the loss of any individual NLR typically results in an
attenuated phenotype compared to animals with completely defective inflammasomes.
Suggesting that some NLR inflammasomes function through redundant mechanisms in the gut to
protect the host during IBD.

At first glance, the increased IBD progression in inflammasome deficient mice appears to
be counterintuitive. One would predict, as most research groups originally did, that loss of NLR
inflammasome function would result in reduced IL-1p and IL-18 levels and attenuated disease
pathogenesis. However, both of these robust pro-inflammatory cytokines have significant roles
beyond simply driving inflammation. For example, IL-18 is also critically important in epithelial
cell regeneration and repair.””' Thus, in the context if IBD, the loss of IL-18, the subsequent
increase in damage to the epithelial cell layer, and increase in microbial translocation across the

barrier, actually promotes more robust inflammation driven by other compensatory PRRs outside
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of the NLR family (i.e. TLRs). Likewise, the loss of specific NLRs create permissive niches for

46,90,93 and

the colonization of commensal and pathogenic components of the host microbiome,
has been summarized in Table 2. In essence, without specific NLR recognition, some microbes
can take advantage of the sub-optimal immune response and colonize areas of the
gastrointestinal tract where they are typically excluded. Ultimately, this can result in significant
shifts in the local microbial microenvironment and changes in the metabolomic profile associated
with the change in flora. In sum, this too results in increased inflammation, IBD pathogenesis
and tumorigenesis. Conversely, if NLR inflammasome signaling is enhanced and not properly
resolved, as observed following pathogen infection or chronic damage to the epithelial cell
barrier, then overzealous inflammation can also occur (Fig. 8). This heightened level of
inflammation is directly associated with increased cytokine signaling and leukocyte activation.
The robust pro-inflammatory microenvironment promotes increased epithelial cell proliferation
and inflammation driven colon tumorigenesis. Likewise, enhanced IL-1f signaling can
significantly impact Th cell differentiation through enhancing the effects of lineage-specifying

. 132
cytokines.

In the presence of specific cytokine milieus, IL-1f can significantly impact the
differentiation of Th cells into specific Thl, Th2, or Th17 sub-populations.** Together, the
functional studies associated with NLR inflammasome maintenance of immune system
homeostasis has revealed a highly complex network of both protective and detrimental roles in
gastrointestinal health and disease. It is now clear that skewing NLR activation either towards

reduced activity (i.e. to cold) or enhanced activity (i.e. to hot) have equally detrimental effects on

IBD progression and associated tumorigenesis in the gut (Fig. 8).
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V. CONCLUSIONS

Significant progress has been made over the last decade defining the contribution of NLR
family members in IBD pathobiology. Early studies focused on inflammasome forming NLRs as
potential therapeutic targets for CD and UC. These early studies postulated that if a specific NLR
could be linked to IBD pathogenesis and successfully targeted, inflammation could be
strategically attenuated with minimal detrimental effects. However, it became quickly evident
that deletion of any NLR inflammasome components resulted in unpredictable gastrointestinal
phenotypes in IBD models. These unexpected findings have fueled numerous and exciting new
avenues of research associated with NLR function in gastrointestinal health and disease. Indeed,
we now realize that NLR inflammasome function in the gut is significantly more complex than
originally thought. A key challenge in future studies will be translating these highly complex
findings from mouse models to human patients.

As with any rapidly moving area of research, there are many published studies in the
NLR field that appear to offer seemingly contradictory findings. This is especially true in the
context of the IBD models described in this review. In our opinion, we believe that these
apparent discrepancies can be best reconciled by considering the impact and interaction between
the various parameters that drive IBD pathogenesis. Many of the earlier studies associated with
NLR inflammasomes exclusively focused on genetics and immune system dysfunction.
However, as we stated in the introduction, IBD is a disease that is also characterized by
microbiome and environmental factors that are not well understood. It is now clear that NLRs
can dramatically modulate the host microbiome and the absence of an individual inflammasome
results in dramatic shifts in the gastrointestinal flora that can significantly alter disease

progression. The niches that are created in the absence of an NLR inflammasome are open to
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exploitation by both commensal microbes already present in the host and microbes present in the
specific environment unique to each individual vivarium. It is certainly clear that future studies
must account not only for genetics and immune system function, but also the microbiome and
specific environmental conditions present at the site of testing. Beyond microbiome
compositional analysis, it will also be critical to gain greater insight into the functional
differences associated with specific microbiome and metabolomics profiles that are directly
associated with NLR inflammasome function.

Further understanding of the mechanisms associated with NLR inflammasome function,
regulation, and effects on the host microbiome will provide significant insight into IBD
pathobiology and pathogenesis. It is our hope that a better understanding of these highly
interesting PRRs will lead to novel therapeutic strategies that will ultimately aid in the diagnosis,

management, and treatment of IBD.
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VIII. FIGURES AND LEGENDS

Figure 1: Inflammatory Bowel Disease Pathogenesis
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Figure 1: Inflammatory Bowel Disease Pathogenesis. Crohn’s disease (CD) and ulcerative
colitis (UC) are complex disorders, which are driven by poorly understood genetic and

environmental influences. These disorders are strongly associated with dysfunctional and
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overzealous immune system signaling in the gastrointestinal tract. It is also clear that dysbiosis
and perhaps even mild-to-moderate changes in specific host microbiome populations can
dramatically influence IBD progression and prognosis. Each of these mechanisms function in

synergy to drive IBD pathobiology.
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Figure 2: The Canonical and Non-Canonical Inflammasome
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Figure 2: The Canonical and Non-Canonical Inflammasome. The activation of the canonical

NLR inflammasome requires priming, typically via activation of a Toll-like receptor (TLR).
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Following ligation of the TLR, MyD8S is recruited and subsequently leads to the activation of
NF-«kB signaling. Activated NF-kB promotes the transcription of pro-IL-1p and pro-IL-18. There
are many proposed mechanisms for the activation of the NLR inflammasome once priming has
occurred. These include: direct PAMP sensing, K efflux, pore forming channels and toxins,
Ca” influx, reactive oxygen species from the mitochondria, mitochondrial DNA, cardiolipin
translocation, FADD, caspase-8 and rupture of phagosomes. Upon activation from one of the
mechanisms listed above, the NLR, ASC and caspase-1 come together to form the core unit of
the inflammasome. This assembly leads to the cleavage of pro-IL-1f and pro-IL-18 into their
mature forms and the induction of the pro-inflammatory form of cell death defined as pyroptosis.
In non-canonical inflammasome activation, type I interferon is stimulated via the TLR-TRIF
mediated pathway, which drives STATI1 activation and leads to the induction of caspase-11
expression. Gram-negative bacteria in the cytosol that escape vacuoles release their LPS inside
the cell. This mechanism requires rupture of the vacuoles via interferon-inducible guanylate-
binding proteins (GBPs). The binding of cytosolic LPS to caspase-11 induces its activation
leading to pyroptosis and potentially feedback into the canonical inflammasome pathway.
Gasdermin D functions as a substrate for caspase-11 and the cleavage of gasdermin D is part of
the driving force for the non-canonical inflammasome mediated activation of pyroptosis, IL-1

maturation, and also functions to regulate epithelial cell proliferation.
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Figure 3: NLR Inflammasomes in Inflammatory Bowel Disease and Tumorigenesis
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Figure 3: NLR Inflammasomes in Inflammatory Bowel Disease and Tumorigenesis. A)
NLRP3 and NLRP6 in epithelial cells maintain the secretion of IL-1f and IL-18 to maintain
immune system homeostasis in the gut. One major role of IL-18 is to maintain intestinal
epithelial cell homeostasis through controlling proper proliferation and tissue repair. In addition,
IL-18 is also responsible for the secretion of peptides for anti-microbial defense. Goblet cells
also express NLRP6, which is responsible for the secretion of mucus into the lumen. This results
in increased protection against harmful commensal microbes and pathogens. B) Damage to the
epithelial cell barrier drives acute inflammation. When either NLRP3 or NLRP6 are absent, IL-
18 generation is attenuated. This leads to dysbiosis and the expansion of bacteria into niches
where they are typically excluded. In mice lacking NLRP6, CCLS is upregulated, resulting in an
increase in leukocyte recruitment and infiltration. Without IL-18, there is a lack of epithelial cell
repair, crypt proliferation and secretion of anti-microbial peptides. In addition, the lack of
NLRP6 leads to a decreased mucus production, which allows microbes from the lumen to gain
better access to the epithelial cell barrier, increased bacterial translocation, and increased
inflammation. C) Chronic inflammation of the colon is commonly associated with tumorigenesis
and is often referred to colitis-associated cancer in human patients. It has been shown that mice
lacking NLPR3 and NLPR6 have decreased production of IL-18 when put through a model for
colitis associated cancer. Inflammasome formation has been shown to significantly impact Wnt,
Notch, and AKT signaling, which are all highly associated with tumorigenesis and likely impact

this aspect of IBD.
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Figure 4: NLRP6 in Inflammatory Bowel Disease
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Figure 4: NLRP6 in Inflammatory Bowel Disease. When NLPR6 is present and active, it is
heavily involved in the maintenance and regulation of the homeostasis of the gut via its
production of mature IL-18. This includes the maintenance of intestinal epithelial cell
proliferation, repair of injury, and secretion of the protective mucus layer. All of these functions
play a role in maintaining the balance of pathogenic and commensal flora. However, in the
absence of NLRP6, IL-1p and IL-18 production is decreased, leading to dysfunctional mucus

secretion and sub-optimal host responses to specific components of the microbiome. This
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ultimately results in a disruption in the balance of pathogenic and commensal bacteria, leading to

bacterial translocation and inflammation.
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Figure 5: Domain Structure and Activation of NLRP1

NLRP1
Maturation

NBD LRR FIIND CARD
FIIND

P Self-processing f 1
— —l \ne—

Direct

B Activation

A Lethal Factor N-term

? , = cleavage by LF : Al ~
e e ——— Ul

NLRP1

Activation r Qﬂ*\

pro-IL-15 IL-1p

pro-IL-18 IL-18

Indirect
Activation

. Negative

Regulator
Cleavage of

negative

. regulator by LF ;

pro-IL-1p IL-1p

pro-IL-18 IL-18

Figure 5: Domain Structure and Activation of NLRP1. Murine NLRP1 contains a nucleotide

binding domain (NBD), leucine-rich repeat (LRR) domain, function to find domain (FIIND), and
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caspase activating and recruitment domain (CARD). A) In mice, NLRP1 has been shown to
sense Anthrax lethal toxin (LeTx). Initially NLRP1 is unprocessed and considered to be in its
immature form. However, the FIIND domain is able to cleave itself to create the mature form of
NLRP1, which is then considered to be responsive to LeTx. NLRP1 can then undergo one of two
pathways associated with activation. B) The first is the Direct Activation Pathway. This pathway
involves the cleavage of the N-terminal of NLRP1 via LeTx. This cleavage event activates
NLRP1 and allows it to dimerize with caspase-1, leading to cleavage of pro-IL-1f and pro-IL-18
into their mature forms. C) The second pathway for LeTx -mediated NLRP1 activation is the
Indirect Activation Pathway. This pathway involves the cleavage of a negative regulator of
NLRP1 by LeTx. Once the negative regulator has been removed, NLRP1 becomes activated
leading to caspaspe-1 recruitment/activation and maturation of IL-1f and IL-18. Because murine
NLRP1 contains a CARD domain, it is possible the NLRP1 utilizes co-factors and other CARD
containing proteins to augment signaling. However, additional mechanistic insight is necessary

to better define NLRP1 activation and signaling triggers beyond LeTx.
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Figure 6: Activation of NLRC4
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Figure 6: Activation of NLRC4. Some bacteria utilize the type III secretion system, such as
Salmonella typhimurium, to insert its pathogenic components into the cell. Once inside the cell,
these components are detected by NAIPs, which serve as co-factors and provide specificity for
the activation of NLRC4. Once NRLC4 is activated, ASC is recruited along with caspase-8 and
caspase-1, which together form the NLRC4 inflammasome. The formation of this inflammasome
activates caspase-1, which then cleaves pro-IL-1f and pro-IL-18 into their mature forms. The
formation of the NLRC4 inflammasome is also responsible for pyroptosis via a caspase-1
dependent, but ASC independent mechanism. It has also been speculated that PKJ kinase is also

involved in the activation of NLRC4, although it may not be a necessary component.
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Figure 7: The AIM2 Inflammasome
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Figure 7: The AIM2 Inflammasome. Upon sensing of dSDNA, AIM2 forms an inflammasome

resulting in caspase-1 activation and the subsequent cleavage of IL-1f3 and IL-18. AIM2 has also
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been shown to modulate signaling through the Wnt and AKT signaling cascades, which have
significant implications associated with gastrointestinal inflammation and tumorigenesis.

Dysbiosis is a significant contributing factor associated with AIM2 inflammasome function.
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Figure 8: The Goldilocks Conundrum
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Figure 8: The Goldilocks Conundrum. In the gut, NLRs function to maintain immune system
homeostasis by modulating inflammatory signaling pathways, either directly or indirectly. These
pathways are balanced at a critical threshold throughout the gastrointestinal system. If NLR
signaling is disrupted, then inflammation and disease pathogenesis can be increased due to
reduced barrier function, the formation and expansion of permissive niches for pathogenic
microbes, and reduced tumor surveillance. Conversely, if NLR signaling is increased and not
properly resolved, then the overzealous inflammation can result in significant collateral damage
to the epithelial cell barrier, promote epithelial cell proliferation, augment leukocyte activation,

and drive IBD pathogenesis.
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Table 1: Inflammasome Terminology

TERMINOLOGY DEFINING FEATURE SPECIES
Canonical Inflammasome Caspase-1 Dependent human/mouse

Non-Canonical Inflammasome | Caspase-4/-5/-11 Dependent | human(Casp-4/-5); mouse (Casp-11)

Classical Inflammasome Signal 1; Signal 2; mouse/human
Requires ATP (cell type/stimuli specific?)
Utilizes TRIF, RIPK1, FADD, and
. Casp8; ATP not required for IL- human
AETEREIRIETIIESITE ) S e e (cell typelstimuli specific?)
macrophages
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Table 2. Microbiome Effects on NLR Modulation of IBD and CAC

NLR

Bacteria

References

NLRP3

Helicobacter pylori

133,134

Clostridium

85,135

Mycobacterium

136-138

Collinsella

85

Subdoligranulum

85

Enterobacteriaceae

139

Ralstonia

85

NLRP6

Prevotellaceae

90

Helicobacter hepaticus

90

NLRP1

Unknown Microbiome Component

44

NLRC4

Salmonella

140,141

Citrobacter rodentium

142

Shigella flexerni

IT1-113
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Chapter Three

Maternal Influence and Murine Housing Confound Impact of NLRP1

Inflammasome on Microbiome Composition

Veronica M. Ringel-Scaia, Yufeng Qin, Cassidy A. Thomas, Kathleen E. Huie, Dylan K.

McDaniel, Kristin Eden, Paul A. Wade, and Irving C. Allen

Reprinted from Journal of Innate Immunity, VM Ringel-Scaia, Y Qin, CA Thomas, KE Huie, DK
McDaniel, K Eden, PA Wade, IC Allen, “Maternal Influence and Murine Housing Confound
Impact of NLRPI Inflammasome on Microbiome,” pp. 1-16, (2019), with permission from S
Karger AG, under license number 4534231396189. Full citation: VM Ringel-Scaia*, Y Qin*,
CA Thomas, KE Huie, DK McDaniel, K Eden, PA Wade, IC Allen. (2019). Maternal Influence
and Murine Housing Confound Impact of NLRP1 Inflammasome on Microbiome. Journal of

Innate Immunity. 2019 Feb 13:1-16. PMID: 30759441.

KEYWORDS: Nod-like receptor; microbiome; inflammatory bowel disease; experimental

colitis; colitis associated cancer; short chain fatty acid; ASC; dysbiosis

ABSTRACT:
The NLRP1 inflammasome attenuates inflammatory bowel disease (IBD) progression

and colitis associated tumorigenesis. A possible mechanism postulates the lack of the NLRP1
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inflammasome creates permissive niches in the gut for pathogenic bacteria to flourish, causing
dysbiosis and increased IBD susceptibility. To evaluate this hypothesis, we characterized the gut
microbiome of wild type, NlrpIb”, and Asc”” mice under naive conditions by sequencing the V3
region of 16s rRNA gene. For both genetically modified mouse lines, the microbiome
composition reflected overrepresentation of bacteria associated with dysbiosis relative to wild
type animals. Measurement of short and medium chain fatty acids by mass spectrometry further
revealed significant differences between genotypes. However, prior to concluding that the
NLRP1 inflammasome plays a role in regulating the composition of the microbiome, we
evaluated two additional strategies for cohousing wild type and Nlrpl/b” mice; breeding
homozygous parents and cohousing at weaning, and breeding from heterozygous parents and
cohousing littermates. We found that maternal influence was the greater predictor of microbiome
composition rather than genotype. With the rise in microbiome research across disciplines, our
study should be viewed as a cautionary example that illustrates the importance of careful

breeding and housing strategies when evaluating host-microbiome interactions.
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INTRODUCTION

Nearly 4 million people worldwide suffer from inflammatory bowel disease (IBD). IBD
is characterized by chronic and relapsing inflammation in the gastrointestinal (GI) tract and has
two primary clinical manifestations, either ulcerative colitis (UC) or Crohn's disease (CD).
Beyond the direct role of dysregulated inflammation on IBD progression, the loss of immune
system homeostasis in the GI tract during IBD is also associated with an increased risk of
developing a unique form of colorectal cancer, termed colitis associated cancer, in patient
populations [1]. Although the direct cause of IBD remains unclear, it has increasingly become
evident that the microbiome plays a role in the development, progression, and/or risk of disease.
Indeed, several studies have noted that patients with IBD possess dysbiotic microbiomes relative
to healthy controls [2-7]. During CD and UC, the protective epithelium of the GI tract becomes
damaged and uncontrolled host microbiome translocation from the lumen drives inflammation.
Thus, the composition of the host microbiome can dramatically influence the resultant immune
response and disease progression.

Nucleotide-binding domain and leucine-rich repeat-containing (NLR) proteins are a
group of intracellular pattern recognition receptors (PRRs) responsible for sensing a variety of
pathogen associated molecular patterns (PAMPs) and damage associated molecular patterns
(DAMPs). In the GI tract, NLR family members are essential mediators of inflammation during
IBD and maintain immune system homeostasis [8]. There are 22 distinct NLR and NLR-like
proteins identified in humans and several murine paralogs, many of which have yet to be fully
characterized. One sub-group of NLRs has been found to form multi-protein complexes, defined
as inflammasomes, that function to activate IL-1p and IL-18. Inflammasome formation is also

associated with a unique form of inflammatory cell death, termed pyroptosis. Upon stimulation
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with a specific PAMP or DAMP, a given NLR senses a specific pattern and oligomerizes,
activating Apoptotic Speck protein containing a CARD (Pycard; ASC), which results in the
cleavage and activation of pro-caspase-1 to its mature form. Activated caspase-1 cleaves pro-IL-
1B and pro-IL-18 into their respective active cytokines that are subsequently released from the
cell.

Several NLR family members possess structural motifs that allow them to function as
intracellular sensors and participate in inflammasome formation. In the context of IBD, NLRPI,
NLRP3, NLRC4, and NLRP6 are well-characterized inflammasome forming NLRs that
significantly modulate the progression of experimental colitis and/or colitis associated
tumorigenesis in mouse models [9-14]. Likewise, the inflammasome adaptor protein ASC and
the relevant caspases, caspase-1 and caspase-11, also modulate inflammation in the gut during
IBD and cancer [9-11, 15, 16]. In general, the majority of studies evaluating NLR
inflammasomes have found that loss of any specific NLR or inflammasome component results in
increased GI inflammation, epithelial cell barrier disruption, and inflammation driven
tumorigenesis. Inflammasome formation has been suggested to maintain immune system
homeostasis in the gut and attenuate IBD progression through a variety of mechanisms including
promoting epithelial cell regeneration and repair, facilitating T-cell differentiation, and
controlling cell death [8, 17]. This evidence has strongly suggested that a function of NLR
family members in the gut is likely associated with their recognition of pathogenic and
commensal members of the host microbiome and their modulation of a balanced host immune
response following loss of epithelial cell barrier integrity [18, 19].

Our research team previously demonstrated that NLRP1 attenuates IBD and colitis

associated tumorigenesis progression [9]. Notably, we also saw evidence of increased expression
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of NLRPI in human subjects with active ulcerative colitis relative to healthy controls [9].
Beyond IBD, polymorphisms in the NLRPI gene have been associated with several autoimmune
disorders including vitiligo, celiac disease, rheumatoid arthritis, systemic lupus erythematosus,
and type I diabetes [8]. It is clear that NLRP1 plays an important role in modulating
inflammatory diseases, but the direct mechanism/s is not yet defined. Using NlrpIb” and Asc”
mice in the DSS model, we found that animals lacking components of the NLRP1 inflammasome
demonstrated significantly increased morbidity, colon inflammation, and tumorigenesis
compared to wild type littermate control animals. These observations were correlated with
reduced levels of IL-1p and IL-18 [9]. Of specific relevance to the current work, antibiotic
administration and co-housing studies between Nlirplb™, Asc”, and wild type animals suggested
that sensitivity to DSS was strongly associated with each animal’s microbiome [9]. However,
beyond these broad antibiotic and co-housing observations, the compositions of the microbiome
in these animals have not been characterized. It was our belief that NLRP1 might be responsible
for sensing a specific bacteria or bacterial component that is associated with the microbiome, and
that by identifying the baseline bacterial constituents, we might be able to conclude that the
NLRPI1 inflammasome attenuates IBD and colitis associated tumorigenesis by limiting the
growth of this, as yet to be identified, bacteria or PAMP.

Our initial hypothesis predicted that the loss of any individual NLR inflammasome would
establish permissive niches in the gut and lead to significant dysbiosis in the host microbiome
that drives dysregulated inflammation in the GI tract. Here, we evaluate this hypothesis in
animals lacking components of the NLRPI inflammasome. Our data indicates that the
microbiome profiles for singly housed Nirplb”, Asc”, and wild type mice are distinct prior to

any exacerbation via chemically induced colitis and are highly dysbiotic. Microbiome dysbiosis
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in the NIrpIb”" and Asc”” mice are associated with significant changes in the metabolic profile,
including short chain fatty acid (SCFA) and medium chain fatty acid (MCFA) metabolism
measured via mass spectrometry (GC/MS). Thus, suggesting a functional link between the
dysbiotic host microbiome and susceptibility to IBD in the context of NLRP1 inflammasome
deficient mice.

However, before accepting this conclusion, we further evaluated the impact of different
breeding and housing strategies on our findings. These additional studies were based on recent
reports associated with NLRP6, which is an inflammasome forming NLR that is widely accepted
as having a direct influence on inflammation in the gut by regulating the intestinal microbial
content [12, 15, 18, 20]. Two individual teams concluded that NLRP6 does not influence the
microbiome, but instead observed that maternal influence was the greater predictor of gut
microbiome content [21, 22]. In both cases, cohousing littermates from heterozygous parents
ameliorated any significant differences in microbiome bacteria composition. Armed with this
information, we evaluated two different methods of cohousing Nlrp/b”" and wild type mice to
determine if these findings held true for NLRP1. Similar to the previous findings with NLRP6,
our data demonstrates that maternal influence and housing, rather than genetic factors are

responsible for the differences observed in the microbiome composition.

MATERIALS AND METHODS
Experimental Animals
The characterization and generation of Nlrplb” and Asc”” mice has previously been

described [23, 24]. All experiments were conducted in accordance with NIH Guide for the Care
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and Use of Laboratory Animals and following the protocol approved by the Virginia Tech
IACUC. Wild type, Nlrplb”, and Asc” mice were housed under standard SPF conditions in
vivarium space at the Virginia Maryland College of Veterinary Medicine. These facilities are
American Association for Laboratory Animal Care (AALAC) accredited and the SPF status of
our colony is routinely verified using standard best practices. The list of excluded and included
agents in our vivarium is described in Table S1. The singly housed animals used in these studies
were maintained as independent homozygous colonies, while the littermates were derived from
heterozygous breeder pairs generated by crossing our independent homozygous mice within our
vivarium and housed in the same physical location (room and rack). All experiments were
conducted with 6-17 week old mice that were maintained on the C57B1/6J background.

For cohousing studies, pups born from singly housed wild type and singly housed Nlrp1b
" breeder pairs (Matched-Co-Housed) and pups born from heterozygote NirpIb™ breeder pairs
(Littermate-Co-Housed) were weaned and cohoused at 1:1 ratios for four weeks prior to
assessments. Cohoused wild type and knockout mice were given autoclaved water with
ampicillin (1mg/ml), streptomycin (5Smg/ml) and vancomycin (0.25mg/ml) daily for two weeks
to normalize their respective microbiomes. At 12 weeks of age (Matched-Co-Housed) or 7 weeks
of age (Littermate-Co-Housed), the animals were sacrificed and colonic contents were collected.
All studies were controlled with gender and age-matched WT animals that were maintained

under SPF conditions and received 2018 chow (LabDiet) and water ad libitum.
Fecal Harvest

Tools were washed and autoclaved prior to harvest. Mice were euthanized, and separate

sets of tools were designated and used for each genotype for necropsy in a biological safety
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cabinet. Colonic contents were collected and samples were immediately placed on dry ice. Fecal
bacterial DNA was isolated using the QIAamp DNA Stool Mini Kit following the
manufacturer’s instructions for isolation of DNA from stool for pathogen detection (Qiagen,

Germany).

168 rRNA Gene Sequencing and Data Analysis
To amplify the V3 region of the bacterial 16S rRNA gene for sequencing, two rounds of
PCR reactions were used. Primers used in the first round PCR have the overhang sequences with

[llumina adapters. Forward Primer: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCC

AGACTCCTACGGGAGGCAG; Reverse Primer: GTCTCGTGGGCTCGGAGATGTGTATA

AGAGACAGCGTATTACCGCGGCTGCTG. The PCR conditions were 98°C for 3 min; 15
cycles of 98°C for 30 s; and 62°C for 30 s, 72°C for 30 s. The second round of PCR was used to
add the index to the amplicons for sequencing. PCR conditions were 95°C for 3 min; 8 cycles of
95°C for 30s; and 55°C for 30 s, 72°C for 30 s. Sequencing was performed on the MiSeq
platform in multiplex. Although no single hypervariable region can distinguish every individual
bacteria, the V3 region was chosen because previous literature has found that it contains
maximum nucleotide heterogeneity and discriminatory power [25]. Analysis of sequencing data
was conducted using mothur [26]. Briefly, mothur was used to group or assign 16S rRNA
sequences into OTUs using 97% similarity. Classifications were determined by comparing
sequences to the Greengene database (gg 13 8 99). Classified OTUs were used to determine the
relative abundance of bacterial phyla and family in each sample. To adjust for differences in
sequencing depth, all samples were normalized to the same number in the following analysis.

Principal coordinates analysis was used to assess community similarity among all samples and
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Bray Curtis distances between the communities were displayed in a two-dimensional space [27].
Lefse (https://huttenhower.sph.harvard.edu/galaxy/) was used to compare the differential

bacterial abundance with default settings [28].

Short Chain Fatty Acid and Medium Chain Fatty Acid Detection

Fecal samples were harvested as described above. Samples were weighed, and sterile
molecular grade water (Sigma-Aldrich) was added to each. Samples were placed on a tilt table
for 4 hours at room temperature, vortexed once every hour to break up remaining stool pellets,
and allowed to settle. For analysis, 900 pul of liquid was removed and 10 pl of 85% phosphoric
acid was added to each vial. Volatile Fatty Acid (VFA) analysis was carried out using an
Aglient 6890 Gas Chromatograph (Wilmington, DE) equipped with a split injector, a flame-
ionization detector and Chemstation software for data analysis. VFA separation was performed
using a Nukol™ fused silica 15 m x 0.53 mm capillary column with 0.5 pm film
thickness. Helium was used as the carrier gas at a flow rate of 15 ml/min with a split ratio of 2:1.
The oven temperature was maintained at 80°C for 3 minutes and then increased to 140°C at a
rate of 6°C per minute and held for 1 minute. Injector temperature was 200°C and the detector
temperature was 250°C. VFAs are expressed as mg/L of individual species (C2-C7 fatty acids),

and then divided by weight of total feces collected in grams to a final mg/L/g feces.

Statistical Analysis
Data were analyzed using GraphPad Prism, version 6 (San Diego, CA). We utilized a
Student’s two-tailed t test for comparisons between two experimental groups. Multiple

comparisons were conducted using one-way and two-way ANOVA where appropriate followed
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by Mann-Whitney or Tukey post-test for multiple pairwise examinations. Correlation was also
computed using GraphPad Prism. Changes were identified as statistically significant if p was less
than 0.05. Mean values were reported together with the standard error of the mean (SEM) or
standard deviation (SD), as appropriate. Statistical analyses for a-diversity and B-diversity were
compared by non-parametric Mann-Whitney U tests and non-parametric multidimensional
ANOVA. Distance-based redundancy analysis determined the contribution of different variables

to microbiota profile variations.

Data Availability
The datasets used and/or analyzed during the current study have been made public on

NCBI’s GenBank comprehensive database.

RESULTS
Singly housed mice lacking the pan-inflammasome adaptor ASC have a distinct gut
microbiome population

Mice lacking the pan-inflammasome adaptor protein ASC are highly sensitive to
experimental colitis and demonstrate significantly increased inflammation driven colon
tumorigenesis [9-11, 15, 29]. Surprisingly, there are few comprehensive studies evaluating the
microbiome composition in the Asc¢”” mice under naive conditions and of those that have been
conducted, there is currently conflicting data regarding the role of ASC in shaping the
commensal gut microbiota composition [18, 21]. Here, we sought to evaluate the contribution of

ASC and NLR inflammasome signaling on the composition of the gut microbiome in our
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vivarium, under non-pathologic and specific pathogen free (SPF) housing conditions. Mice were
necropsied and stool was collected directly from the colons of 9 Asc” and 10 wild type animals,
without scraping but by removing each pellet with sterile forceps. Thus, it is likely that mucosal-
adherent bacteria were under-represented in the samples. Through 16S sequencing, we observed
significant, genotype-associated changes in microbial ecology between these separately housed
knockout animals and wild type (Figure 1A-E). Although we did not investigate the difference
in observed species between the genotypes, the Shannon's diversity index of the gut microbiome
was significantly decreased in Asc¢”” mice relative to wild type (Figure 1A-B). We next
determined the B-diversity to assess the differences in diversity among fecal specimens from the
Asc¢” and wild type mice (Figure 1B). Principal coordinate analysis (PCoA) of Bray-Curtis
distances illustrated that although cage and housing was a relevant factor, the main separation of
the fecal communities was determined by mouse genotype (Figure 1C). Phylum level analysis
indicated that the fecal microbial community composition is dominated by Bacteroidetes,
Firmicutes, Proteobacteria, and Unclassified Bacteria (Figure 1D, Table S2). Despite inter-
individual differences, relative abundance was significantly higher for Proteobacteria and lower
for Unclassified Bacteria in Asc¢”” mice (Figure 1E). Together, these findings suggest that Asc”
mice have a unique gut microbiome composition that is different compared to the wild type
animals in the absence of an applied stressor.

We next sought to evaluate the specific taxonomic variations in the gut microbiomes
from Asc” and wild type mice. We used Linear Discriminant Analysis effect size (LEfSe) to
classify specific bacteria that were differentially represented in the Asc” and wild type
microbiomes [28] (Figure 2A). The wild type mice had a higher abundance of bacteria from

Odoribacter, Turicibacter, Bifidobacterium, Pseudomonas, and Anaeroplasma genera, with

98



respective LDA scores (logl0) greater than 2 under all-against-all strategy (Figure 2A and B).
Conversely, Asc”” mice had a higher abundance of Bacteroides, Parabacteroides, Rikenella,
AF12, Helicobacter, Prevotella, Mucispirillum, and Flexispira genera with respective LDA
scores greater than 2 (Figure 2A and B). These findings are relatively consistent with those
originally reported by Elinav et al., including the findings of increased Prevotella [18]. This is
not surprising, as the experimental conditions for this assessment most closely match those of
Elinav et al., rather than assessments of ex-germfree animals evaluated by Mamantopoulos et al.
[21]. Combined, these data suggest that in mice lacking the pan-inflammasome adaptor protein
ASC, there is an outgrowth of bacteria that could be implicated in a dysbiotic microbiome. This
interpretation would be consistent with the previously reported increased sensitivity of these

mice to models of experimental colitis and colitis associated cancer [18, 29].

The NLRP1 inflammasome appears to be critical for maintaining a healthy colonic
microbial ecosystem

As with other PRRs, the inflammasome forming NLRs are highly conserved and
evolutionarily designed to sense specific PAMPs associated with bacteria from the same order,
family, and/or genus. Thus, we postulated that loss of inflammasome signaling would result in
the expansion of very specific bacteria populations in the gut microbiome. In essence, bacteria
typically sensed by a specific NLR would be able to more readily expand into permissive niches
in the absence of inflammasome signaling that would normally drive the host innate immune
system to limit the expansion of commensal or pathogenic elements of the gut microbiota. Our

data associated with microbiome changes in the As¢”” mice support this hypothesis and suggest
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that NLR inflammasomes may be important in maintaining GI homeostasis via modulation of the
composition of the microbiome.

It has been postulated that the NLRP3 and NLRP6 inflammasomes regulate immune
system homeostasis in the gut, in part through modulating specific bacteria populations in the
host microbiome. While the mechanisms associated with the function of these NLRs in
modulating the host microbiome is currently an area of intense research, it is reasonable to
conclude that these microbiome differences are associated, either directly or indirectly, with the
increased pathogenesis of experimental colitis in the Nlrp3” and Nirp6” mice [11, 15, 18-20].
As previously stated, similar to NLRP3 and NLRP6, mice lacking NLRP1 also demonstrate
significantly increased progression of experimental colitis and colitis associated cancer [9].
However, virtually nothing is known about the microbiome composition of Nlrplb” animals.
Thus, based on the similarity of the phenotypes observed in animals lacking a functional NLRP1
inflammasome with Nlrp3” and Nlrp6” animals, we next sought to evaluate the microbiome
composition in the Nlrplb”" mice. As described above for the Asc™ studies, stool was collected
directly from the colons of 10 NlrpIb” and 10 wild type mice, and the V3 region of 16s rRNA
was sequenced. Due to the fact that two different cohorts of wild type mice were used for the
Asc¢”” and Nirplb™” versus wild type comparisons, we compared the two groups (Figure S1,
Table S4). Despite variations in PCoA between the four groups, the wild type group compared
with Asc¢”” (WT1) and the wild type group compared with Nlrplb” (WT2) clustered together,
indicating that genotype contributed to the composition of the microbiome for the two wild type
groups (Figure S1B). We did not observe a significant difference in alpha diversity between
wild type and Nirplb”" mice (Figure 3A-B). However, PCoA of Bray-Curtis distances revealed

significant separation of microbial communities based on genotype (Figure 3C). Likewise,
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phylum level analysis indicated that relative abundance of Proteobacteria was significantly
higher in NlrpIb” mice (Figure 3D-E, Table S3). Together, these data suggest that Nlrplb”
mice have a gut microbiome composition that is unique compared to the wild type animals.
While NLRP1 was one of the first NLRs identified, it is one of the least characterized.
For example, it is still unclear what microbial associated molecular patterns or signals are
recognized by NLRP1, especially in the context of GI health and disease. To date, NLRP1 has
only been shown to recognize anthrax lethal toxin (LeTx) and Toxoplasma gondii [30, 31].
Neither of which are likely associated with either experimental colitis or cancer pathogenesis in
the Nlrplb”" mice. Thus, it is unclear what specific microbial families and genera may flourish in
the gut microbiome in the absence of NLRP1. To evaluate the microbial ecosystem in greater
detail, we utilized LEfSe to identify and classify specific bacteria in the microbiomes from singly
housed and separated Nlrpl/b” and wild type mice (Figure 4A and B). In wild type mice, a
higher abundance of bacteria from the Bacteroides, Oribacterium, Allobaculum, and Barnesiella
genera were observed, while in the Nlrp/b” mice, we observed increased representation from
bacteria associated with Helicobacter, Parabacteroides, Clostridium, Odoribacter, Turicibacter,
and Mucispirillum genera with respective LDA scores greater than 2 (Figure 4A and B). Indeed,
many of these bacteria genera were also consistently increased in the Asc” mice (Figure 2).
Interestingly, the abundance of several of the genera in the microbiomes in the Nlrplb” mice are
associated with more commensal and pathogenic species known to be associated with
inflammation and cancer in the GI tract, including H. pylori [32], H. hepaticus [33], M.
schaedleri [34], and C. difficile [35]. It is tempting to speculate that the previously reported
increased sensitivity of these knockout animals in models of experimental colitis and colitis

associated tumorigenesis could be due to changes in their microbiome composition [9].
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Alterations in the gastrointestinal microbiome in NLRP1 inflammasome deficient mice
results in significant shifts in the metabolic profile

Changes in the composition of the gut microbiome can have dramatic effects on
biochemistry and metabolism in the GI tract. Thus, we next sought to evaluate the functional
consequences of the changes in the microbial ecosystems in the Asc¢” and NirpIb” mice. To
assess metabolic changes associated with bacteria metabolism in the gut, we quantified fecal
levels of SCFA and MCFA using mass spectrometry (GC/MS) (Figure 5). SCFAs are a
necessary waste product, required to balance redox equivalent production in the anaerobic
environment of the gut [36]. SCFAs are saturated aliphatic organic acids that consist of one to
five carbons, of which acetate (C2), propionate (C3), and butyrate (C4) are the most abundant
(>90 — 95%) in the gut and are associated with carbohydrate fermentation [37]. We found
significant differences in SCFA levels in the feces from NlrpIb” and Asc”” mice compared to the
wild type animals (Figure 5A-B, 5G). Specifically, Nlrp]b‘/’ mice had significantly increased
levels of acetate (5978.6 mg/L/g feces) compared to the wild type animals (2642.9 mg/L/g feces)
(Figure 5A). Similarly, 4s¢”" mice had significantly increased levels of propionate (837.4
mg/L/g feces) compared to the wild type animals (292.4 mg/L/g feces) (Figure 5B). While not
attaining statistical significance, we also observed trending increases in propionate in the Nlrplb
" mice and acetate and butyrate in the Asc”" animals compared to the wild type mice (Figures
5A-C). In addition to these common SCFA, we also evaluated isobutyrate (iC4), valerate (C5),
isovalerate (iC5), which are typically much less abundant (~5-10%) and are associated with
protein fermentation. Unlike the SCFAs associated with carbohydrate metabolism, we did not

observe any significant differences in levels of isobutyrate, valerate, or isovalerate (Figures SD-
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F). Finally, we also evaluated the MCFA heptanoate (C7) (Figure 5G). MCFAs have been
identified as the most discriminatory metabolites between healthy controls and patients with IBD
[38]. Interestingly, we observed a significant increase in heptanoate in the Asc¢” mice (997.3
mg/L/g feces) compared to the wild type (387.8 mg/L/g feces) (Figure 5G). While not reaching
statistical significance, we also observed a trend towards increased heptanoate in the Nirplb”
mice (826.5 mg/L/g feces) compared to wild type animals.

To better determine the influence of any specific bacteria within the microbiomes on the
SCFA and MCFA abundance, we conducted Canonical correspondence analysis (CCA) between
the fatty acids and the top ten most abundant genera from the microbiota profiles of each
genotype (Figure 6). In As¢”” mice, Anaerostripes was ordered in relation to isobutyrate (Figure
6A). Bifidobacterium was ordered in relation to propionate in the Nlrplb” group (Figure 6B). In
the wild type case, Oscillospira and Anaerotruncus were ordered in relation to butyrate (Figure
6C). Together, these data suggest that the changes in the composition of the microbiome in the
Nirpl b” and Asc” mice are sufficient to alter levels of metabolites that reflect an imbalance in

GI homeostasis.

Maternal influence not genotype is the biggest factor on microbiome composition between
co-housed wild type and NMrplb” mice

Some of the earliest data suggesting a role for the microbiome in the sensitivity of Nlrp3
" and Nlrp6” mice utilized co-housing studies with wild type animals [11, 14]. These co-housing
studies demonstrated that experimental colitis progression could be significantly attenuated in
mice lacking NLRP3 or NLRP6 inflammasomes by co-housing with wild type animals [11, 14].

Conversely, the wild type mice demonstrated increased disease progression during co-housing
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with either Nlrp3” or Nirp6™ mice. Similar to these prior studies, we have also shown that the
NLRPI inflammasome deficient phenotype is partially transmissible between Nlrplb”™ mice to
wild type animals, when weaned and co-housed together and evaluated in models of
experimental colitis [9]. Wild type mice co-housed with NirpIb” animals displayed increased
weight loss patterns compared to non-co-housed wild type mice. However, this increased weight
loss did not reach the same level as singly housed Nlrpb” animals [9]. Notably, Nirplb” mice
housed with wild type animals were not protected from the phenotype during the experimental
colitis model; which illustrates that pathogenicity can be transferred, but not protection [9]. To
better define this previous observation, we sought to characterize the microbiome in both Nlrplb
" and wild type mice following co-housing (Figure 7). We were interested in two different
strategies for co-housing knockout mice with wild type, as both have been used to support
previous claims in the field. We postulated that the co-housed wild type mice would develop a
microbiome population more consistent with the mice lacking the NLRP1 inflammasome,
whereas the microbiome in the co-housed Nlrp/bh” mice would remain relatively unchanged, and
that this would remain consistent regardless of co-housing strategy.

We employed two distinct co-housing strategies. In the first, age and gender matched
Nlrp]b'/ “and wild type mice were weaned together (1:1) (Matched Co-Housed) while in the
second, Nlrplb” and wild type littermates from the offspring of Nlrplh"™" mice were weaned
together (Littermate Co-Housed). In both cases, the animals were treated with a standard
antibiotic cocktail in their drinking water to ablate the existing bacterial components of their
respective microbiomes. After a two-week course of antibiotic treatment, the animals were
transitioned back to normal drinking water. At 12 weeks of age (Matched-Co-Housed) and 7

weeks of age (Littermate-Co-Housed), fecal samples were collected following necropsy.
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Through 16s sequencing, we found that both Matched-Co-Housed (Figure 7A) and Littermate-
Co-Housed (Figure 7B) animals clustered together mainly based on cage. When comparing the
relative abundance at the genus level, we picked the most abundant genera (more than average
0.5% in all samples) and observed significant increases in bacteria from the Bacteroides and
Clostridium genera in Matched-Co-Housed mice (Table S5), and no reliable significant
differences in Littermate-Co-Housed mice (Table S6).

We originally predicted that genotype would be the main contributor of microbiome
composition and therefore anticipated the Nlrp/b” mice and wild type animals would have
significantly different microbiome populations following either co-housing strategy, where the
Nlrplb”” microbiome would remain stable and the wild type microbiome would migrate towards
the NlrpIb” animal’s composition. These observations would be consistent with our prior
observations following co-housing in the experimental colitis models, which revealed that the
Nlrplb” phenotype was unchanged whereas the wild type mice became more sensitive to models
of experimental colitis [9]. We grouped the microbiomes of Matched-Co-Housed Nirplb” and
wild type mice and compared against singly housed NirpIb” and singly housed wild type mice
(Figure 7C) and saw what appeared to be separation between the three groups. PCoA analysis
between the three groups indicated that the microbiome of Matched-Co-Housed Nlrplb” and
wild type mice are different and unique following co-housing suggesting that even partial
transfer of the Nlrplb” microbiome is sufficient to skew the GI ecosystem of wild type mice and
potentially enhance susceptibility to experimental colitis (Figure 7E). However, clustering
analysis based on Bray-Curtis distance showed that this separation was dependent on cage rather
than genotype (Figure S2). Interestingly, the Littermate-Co-Housed cohort separated

predominantly based on cage (Figure 7D) and not on genotype. This suggests that a matched
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knockout and wild type co-housing strategy is not sufficient to determine genetic influences on
the microbiome. Taken together, it is evident that the maternal influence in the Nlrplh” mice,

and not genetic makeup, is the biggest indicator of microbiome composition.

DISCUSSION

Within the NLR field, we are not alone in drawing the conclusion that the microbiome
likely plays a role in the phenotype observed in NLR knockout animals. Beyond NLRPI,
NLRP3, NLRC4, and NLRP6 have been consistently shown to significantly modulate the
progression of experimental colitis and/or colitis associated tumorigenesis in mouse models [9-
14]. Likewise, the inflammasome adaptor protein ASC and the relevant caspases, caspase-1 and
caspase-11, have also been shown to dramatically modulate inflammation in the gut during IBD
and cancer [9-11, 15, 16]. In general, the majority of studies evaluating NLR inflammasomes
have found that loss of any specific NLR or inflammasome component results in increased GI
inflammation, epithelial cell barrier disruption, and inflammation driven tumorigenesis. It makes
logical sense that the next direction in the field is to investigate the microbiome of these animals,
especially because cohousing NLR knockout animals with wild type is sufficient to, at least
partially, transfer susceptibility to DSS [9-14]. Notably, there has been significant controversy in
the PRR field, including both TLRs and NLRs, associated with conflicting results in models of
experimental colitis and/or cancer. Despite the consensus data that demonstrates the loss of any
specific inflammasome forming NLR results in significantly increased susceptibility in DSS
induced experimental colitis models [9-12, 16, 18], there are also counter observations reported

that reveal either no differences in phenotype between the NLR deficient animals and wild type
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mice, or even opposite results that suggest attenuating NLR inflammasomes actually protect
against disease pathogenesis [29]. Unlike the other NLRs, NLRP6 seemed to be exempt from
conflicting results in colitis studies and until recently, it has been widely accepted that the main
role this NLR was in regulating the intestinal microbiome composition [21]. However, recently
this paradigm has also been questioned with results that conclude that NLRP6 and ASC do not
actually play a role in influencing the gut microbiome composition [21, 22]. These studies
demonstrated that maternal effects and caging have a stronger influence than genotype when
different forms of cohousing were employed [21, 22]. These data led us to further investigate our
initial conclusions that the NLRP1 inflammasome functions to regulate the intestinal
microbiome, and provided the rationale for our cohousing comparisons. In the present study, we
report our initial findings that the microbiome composition of singly housed and homozygous
bred NirpIb” and Asc” mice were populated with bacteria that appeared to suggest that the
NLRP1 inflammasome regulates microbial ecology, consistent with data on the role of NLRP6
[15, 18, 20]. We investigated and found differences not only in genera of bacteria of our
individually bred and housed knockout animals, but also in the abundance of short and medium
chain fatty acids.

The preliminary motivation for the data generated in the present manuscript was to
identify families and genera of bacteria that flourish in the absence of a functional NLRP1
inflammasome in an attempt to define the driving factor of the increased sensitivity to colitis in
knockout animals. The NLRP1 inflammasome senses anthrax LeTx and Toxoplasma gondii in
mice and muramyl dipeptide in humans [30, 31]. Consistent with the previous in vitro data, both
NlrpI”™ mouse strains fail to properly process pro-IL-1p and pro-IL-18 following in vivo

exposure with these agents [23]. While these data provide significant mechanistic insight into
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NLRPI inflammasome function, recognition of anthrax LeTx and 7. gondii do not explain its
protective effects during experimental colitis and colitis associated cancer. The results from our
initial microbiome analysis of our separately and individually bred and housed knockout mice
identified several bacteria genera that contain species associated with inflammation and cancer in
the GI tract, including H. pylori, H. hepaticus, M. schaedleri, and C. difficile, all of which drive
colitis and/or tumorigenesis though diverse mechanisms including: degrading the protective
mucus layer in the gut, producing barrier degrading toxins and metabolites, restricting the growth
of probiotic bacteria, and directly inducing acute inflammation [32-35]. This point is particularly
compelling in the initial hypothesis that the composition of the microbiome of these animals is
the culprit for the sensitivity to colitis in the absence of NLRP1. For example, we found strong
relationships between loss of NLRP1 signaling and the increased abundance of Bacilli,
Deferribacteres, and Epsilionproteobactaria classes (Figure 4). Thus, these data would support
future studies evaluating species that are representative of these classes in an effort to identify
specific bacteria species associated with NLRP1 inflammasome formation and function in the
gut. Moreover, this concept is reinforced by the finding that Bacilli species are overabundant in
the absence of NLRP1 inflammasome signaling, which is consistent with the already defined role
of NLRP1 sensing B. anthracis (a member of the Bacilli class). Thus, it is tempting to speculate
that changes in the host microbiome that are directly associated with loss of NLRPI
inflammasome function may underlie many of these disorders.

However, prior to concluding that the NLRP1 inflammasome regulates colonic
homeostasis, we compared our work to that of the evolving story and debate surrounding the role
of the NLRP6 inflammasome in the regulation of the gut microbiome. Similar to NLRPI,

NLRP6 inflammasome deficient mice were also found to be more sensitive to intestinal
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inflammation and tumorigenesis in the chemically induced colitis and colitis associated
tumorigenesis models [12, 18]. While it is clear that altered processing of pro-IL-18 in the
colonic epithelial cells contributes to disease pathogenesis in these animals, these studies and
subsequent confirmatory data concluded that altered fecal microbiota during colitis also
contributed to intestinal hyperplasia, inflammatory cell recruitment, and exacerbation [18].
Pertinently, antibiotic treatment attenuated colitis progression in the Nlrp6” mice and co-housing
studies demonstrated that the colitogenic activity of the microbiota is transferable to wild type
animals [18]. The loss of NLRP6 inflammasome signaling was found to lead to significant
expansion of the bacterial phyla Bacteroidetes (Prevotellaceae) and reductions in members of the
Lactobacillus genus and in the Firmicutes phylum [18]. More detailed mechanistic studies
reported that the expansion of Prevotellaceae was facilitated by attenuated goblet cell mucin
production in the Nlrp6” animals, which established a permissive niche in the GI tract [15]. Our
initial data most closely resembles that of Elinav et al. in terms of the homozygous bred and
singly housed Asc” and even some of the changes observed in the Nlrplh” mice [18]. This is
expected as our matched co-housed experimental design most closely reflected those utilized by
these studies and the data shows that separately bred and housed mice lacking NLR
inflammasome components have significantly different microbiome compositions under naive
conditions. ASC is a critical adaptor protein for inflammasome formation by functioning as a
bridge between NLRs containing PYD domains and caspase-1, as well as enhancing the activity
of NLRs containing CARD domains. Due to its role as a pan-inflammasome adaptor protein, the
role of ASC in IBD and colitis associated cancer has been well studied. In models based on
chemically induced colitis, loss of ASC results in a highly severe phenotype compared to other

individual NLR deficient genotypes (reviewed in [8]). The consensus data agrees that mice
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lacking functional ASC fail to generate mature IL-1p and IL-18 in the colon during models of
experimental colitis, which results in immune system and epithelial barrier defects [11]. The
combination of these defects was suggested to result in enhanced permeability and bacteria
translocation in the As¢”” mice [9].

However, subsequent studies utilizing littermate-controlled Nlrp6” mice and ex-germ-
free littermate controlled Asc” mice revealed that regulation of the gut microbiota was
independent of genotype [21]. Here, the authors clearly show that housing and maternal effects
contribute to the commensal gut microbiota composition, rather than components of the NLRP6
inflammasome [21]. Indeed, these findings are consistent with our results associated with
Nlrplb” mice, using a similar experimental design. Thus, similar to NLRP6, the absence of the
NLRP1 inflammasome does not appear to significantly influence the microbiome of cohoused
homozygous littermates bred from heterozygous parents. The most deterministic factor on the
microbial composition in our animals are maternal and housing factors, and not genetic. Because
our previous studies evaluating NLRP1 in experimental colitis and colitis associated cancer
utilized littermate control animals, we can thus conclude that microbiome differences are likely
not a significant component of the phenotypes observed in the NlrpIb” mice in these models [9].

The microbiome is consistently cited as a potential factor influencing disease progression
in not only IBD and colitis associated cancer, but the gamut of seemingly non-GI related diseases
from Alzheimer’s disease to cardiovascular and metabolic disorders [39, 40]. Indeed, in the vast
majority of studies that produces data that differs from the consensus in any given field, changes
in the host microbiome is routinely cited as a possible explanation, but is rarely evaluated. Based
on the data presented here, it is certainly possible that differences in the microbiome underlie

many of the conflicting results in the NLR field, albeit not in the way typically portrayed. Taken
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together with other reports on NLRP6, our data suggests that the NLR inflammasomes likely
play less of a role in directly regulating the host microbiome then initially proposed. The
consensus data that is building, which is supported by our findings here, indicates that housing
and material contributions are stronger variables then genotype in driving microbiome
differences. Our data clearly suggest that future studies evaluating NLRs in the context of
gastrointestinal inflammation and microbiome interactions should always utilize littermate
control animals and proper housing should be a major consideration in experimental design and

data analysis.
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FIGURES:

Figure 1: Inflammasome deficient mice have a unique microbiome relative to wild type

animals
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Figure 1: Inflammasome deficient mice have a unique microbiome relative to wild type
animals. (A) The observed species number between Asc” (purple) and wild type (blue) animals.
(B) The Shannon diversity index shows Asc”™ mice have significantly less diverse populations
than wild type mice. (C) PCoA of 16s rRNA sequences using Bray Curtis separation reveals
distinct separation and clustering based on genotype. (ANOSIM R=0.9827, P=0.001,999
permutations). (D) Relative abundance of bacteria in As¢”” and wild type animals by phylum. (E)

Relative abundance of observed phyla differences between wild type and Asc” mice reveal that
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Asc” mice have significantly increased abundance of Proteobacteria and significantly decreased

abundance of Unclassified bacteria compared to wild type animals. Wild type (blue), n=10; Asc™

(purple), n=9.
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overabundance of specific bacterial genera
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Figure 2: The absence of inflammasome signaling results in dysbiosis and an
overabundance of specific bacterial genera. (A) Cladogram display of differential bacterial
abundance in in Asc” mice (red) and wild type mice (green). (B) LEfSe differential analysis
displaying bacterial abundance in Asc” mice and wild type mice reveals that significant
differences exist between the microbial populations. The graph was generated using the LEfSe

program. Wild type (green), n=10; Asc” (red), n=9.
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Figure 3: NLRP1 appears to be essential for maintaining the composition of the host

microbiome
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Figure 3: NLRP1 appears to be essential for maintaining the composition of the host

microbiome. (A) The observed species number between NlrpIb” (orange) and wild type (blue)

animals. (B) The Shannon diversity index shows NlrpIb”" mice have no significant difference in

population diversity compared to wild type mice. (C) PCoA of 16s rRNA sequences using Bray

Curtis separation reveals distinct separation and clustering based on genotype. (ANOSIM

R=0.9851, P=0.001,999 permutations). (D) Relative abundance of bacteria in Nlrp/b”" and wild

type animals by phylum. (E) Relative abundance of observed phyla differences between wild
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type and Nlrplb”" mice reveal that Nlrplb”" mice have significantly increased abundance of

Proteobacteria compared to wild type animals. Wild type (blue), n=10; Nlrpl b (orange), n=10.
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Figure 4: Loss of NLRP1 results in excessive expansion of specific bacteria genera

associated with IBD and cancer
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Figure 4: Loss of NLRP1 results in excessive expansion of specific bacteria genera
associated with IBD and cancer. (A) Cladogram display of differential bacterial abundance in
in Nlrplb”" mice (red) and wild type mice (green). (B) LEfSe differential analysis displaying
bacterial abundance in Nlrp/b”" mice and wild type mice reveals that significant differences exist
between the microbial populations. The graph was generated using the LEfSe program. Wild

type (green), n=10; Nlrp1b” (red), n=10.
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Figure 5: Short Chain Fatty Acid and Medium Chain Fatty Acid levels significantly differ

based on genotype
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Figure 5: Short Chain Fatty Acid and Medium Chain Fatty Acid levels significantly differ
based on genotype. Abundance of the (A) acetate (C2), (B) propionate (C3), (C) butyrate (C4),
(D) isobutyrate (iC4), (E) valerate (C5), (F) isovalerate (iC5), and (G) heptanoate (C7) in

mg/L/g of feces of wild type, NlrpIb”, and Asc”” mice. n= 8 mice/genotype. *p<0.05.
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Figure 6: Canonical Correspondence Analysis between fatty acids and microbial profiles

reveals insight as to metabolic differences in microbiomes
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Figure 6: Canonical Correspondence Analysis between fatty acids and microbial profiles
reveals insight as to metabolic differences in microbiomes. Ordination diagrams from
canonical correspondence analysis (CCA) of genera abundances and SCFAs and MCFAs from
(A) Asc”, (B) Nirplb”, and (C) wild type mice. Blue arrows indicate the direction and
magnitude of SCFAs associated with bacterial community structures. Bacterial communities are

represented in red.
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Figure 7: Co-housing strategy reveals maternal influence is the driving factor in distinct

microbiome populations in Nlrpl b”" and wild type animals
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Figure 7: Co-housing strategy reveals maternal influence is the driving factor in distinct
microbiome populations in NlrpIb” and wild type animals. (A) PCoA of 16s rRNA
sequences using Bray-Curtis separation identifies three separate clusters with wild type (blue)
and NirpIb” (peach) co-housed with wild type. These clusters correspond to individual housing
for each group of mice. (B) PCoA of 16s rRNA sequences using Bray-Curtis separation of
littermate-co-housed wild type, heterozygote, and NlrpIb” mice shows that cage is the
predominant influence on separation. (ANOSIM R=0.7687, P=0.001,999 permutations). (C) The
heatmap of > 1000 OTUs reveals differences between the wild type, Nlrplb”, and matched-co-
housed animals. (D) The heatmap of > 1000 OTUs reveals that the major separations between
the littermate-co-housed animals is dependent on cage. (E) PCoA of 16s rRNA sequences using
Bray-Curtis separation identifies separate clusters based on cages between wild type individually
housed (purple), NirpbI™" individually housed (teal), wild type (green) co-housed with Nirplb™”
or NirpIb” (peach) co-housed with wild type. Wild type, n=10 singly housed; NirpIb”, n=10

singly housed; Matched-Co-Housed, n=13; Littermate-Co-Housed, n=12.
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S Table 1: Virginia Maryland College of Veterinary Medicine’s Phase IV Animal Vivarium

Excludes Numerous Pathogens

Status

Pathogen

Mycoplasma pulmonis

Evaluated by:

Clinical serology

Ectromelia

Clinical serology

Epizootic Diarrhea of Infant Mice
(EDIM)

Clinical serology

Lymphocytic choriomeningitis virus
(LCMV)

Clinical serology

Mouse hepatitis virus (MHV)

Clinical serology

Murine norovirus (MNV)

Clinical serology

Mouse parvovirus (MPV)

Clinical serology

Minute virus of mice (MVM)

Clinical serology

Pneumonia Virus of Mice (PVM)

Clinical serology

Reovirus (REO3)

Clinical serology

Sendai virus (SeV)

Clinical serology

Theiler's Murine Encephalomyelitis
Virus (TMEV)

Clinical serology

Aspiculuris tetraptera

PCR on feces

Syphacia obvelata

PCR on feces

Myocoptes

PCR on skin swab

Radfordia/Myobia

PCR on skin swab

S Table 1: Virginia Maryland College of Veterinary Medicine’s Phase IV Animal Vivarium
Excludes Numerous Pathogens. The status of the animal housing facility is regularly updated
after evaluation for pathogen detection using standard best practices. Pathogens not listed are not

routinely screened, and therefore may be present in the colony.
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S Figure 1: Wild type cohorts from the Asc¢” and Nlrplb'/ " evaluations are comparable
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groups show the microbiota composition among these four groups was significantly different
(ANOSIM R=0.8418, P=0.001, 999 permutations). (B) Clustering analysis based on Bray-Curtis
distance showed that Nlrp/b” and Asc” group clustered separately from WT1 and WT2, but

WT1 and WT2 clustered together.
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S Figure 2: Matched-co-housed animals separate based on cage

NI_B_Nirpib

S Figure 2: Matched-co-housed animals separate based on cage. Clustering analysis based on
Bray-Curtis distance shows that rather than genotype being the predictor for clustering, it is

cage-dependent.
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Chapter Four
High-Frequency Irreversible Electroporation (H-FIRE) is an Effective Tumor
Ablation Strategy that Induces Immunologic Cell Death and Promotes

Systemic Anti-Tumor Immunity

Veronica M. Ringel-Scaia, Natalie B. White, Melvin F. Lorenzo, Rebecca M. Brock, Kathleen E.
Huie, Sheryl Coutermarsh-Ott, Kristin Eden, Dylan K. McDaniel, Scott S. Verbridge, John H.

Rossmeisl Jr, Kenneth J. Oestreich, Rafael V. Davalos, Irving C. Allen

ABSTRACT
Background

Despite promising treatments for breast cancer, mortality rates remain high and
treatments for metastatic disease are limited. High-frequency irreversible electroporation (H-
FIRE) is a novel and emerging tumor ablation therapeutic approach. This technique utilizes high-
frequency bipolar electric pulses to destabilize cancer cell membranes and induce cell death. We
predict that H-FIRE induces local inflammatory cell death in mammary tumors, promoting

innate and adaptive anti-tumor immunity.

Methods
We utilized the mouse 4T1 mammary tumor model, and evaluated H-FIRE treatment
parameters in vitro and in vivo. We evaluated gene expression via PCR array, infiltrating

immune cell populations by flow cytometry, and metastasis through histopathology and selection
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plates. Additionally, we performed a modified lysate study to evaluate H-FIRE-triggered

neoantigen release.

Findings

Here, we show that H-FIRE effectively ablates the primary tumor and induces a pro-
inflammatory shift in the tumor microenvironment. We further show that local treatment with H-
FIRE significantly reduces 4T1 metastases. H-FIRE kills 4T1 cells through non-thermal
mechanisms associated with necrosis and pyroptosis resulting in damage associated molecular
pattern signaling in vitro and in vivo. Our data indicate that the level of tumor ablation correlates
with increased activation of cellular immunity. Likewise, we show that the decrease in metastatic
lesions is dependent on the intact immune system and H-FIRE generates 4T1 neoantigens that

engage the adaptive immune system to significantly attenuate tumor progression.

Interpretation
Based on these findings, we anticipate that H-FIRE will be an effective complement to
conventional breast cancer treatment approaches and improve the efficacy of emerging

therapeutic strategies.

RESEARCH IN CONTEXT
Evidence Before This Study
Minimally invasive tumor ablation strategies are being evaluated in a multitude of human

cancers, including breast cancer. Breast cancer mortality rates remain high and treatments for
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metastatic disease are limited. Irreversible electroporation (IRE) has been successfully used in
preclinical and clinical trials for nonthermal tumor ablation, and has been suggested to engage

the immune system.

Added Value of this Study

In this study, we demonstrate the effectiveness of high-frequency irreversible
electroporation (H-FIRE), the second-generation modality based on IRE that uses high-
frequency bipolar electric pulses instead of unipolar pulses. Using a mouse model that closely
mimics highly aggressive and metastatic human breast cancer, we show that H-FIRE treatment
shifts the local mammary tumor microenvironment to one that favors anti-cancer state and
facilitates improved adaptive immune system engagement, resulting in the targeting and

elimination of metastatic cells.

Implications of all the Available Evidence

The data presented here suggests that H-FIRE causes localized inflammation and immune
cell recruitment, promoting systemic anti-tumor immunity. These would likely improve tumor
response to immunotherapies or other targeted treatments. Therefore, H-FIRE may be a valuable

tool as a “pre-treatment” to prime the immune system to eliminate metastases.

KEYWORDS: IRE, breast cancer, metastasis, tumor microenvironment, pyroptosis
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INTRODUCTION

Breast cancer is the most common malignancy among women, where almost 1.7 million
new patients worldwide are diagnosed annually [1]. When coupled with early detection, current
treatments are highly effective and have contributed to a decline in mortality over the last three
decades. However, the annual death rate remains high. Mortality is typically not associated with
breast cancer confined to the breast or draining lymph nodes, rather metastasis to critical organs
remains the most significant challenge to patient survival [2].

New therapies for the treatment of breast cancer are emerging including minimally-
invasive tumor ablation techniques [3, 4]. One particular ablation technology, irreversible
electroporation (IRE), has shown promise in both clinical and pre-clinical cancer studies. IRE is
a highly innovative locoregional therapy that delivers short unipolar electric pulses that increase
the tumor cell transmembrane potential through non-thermal mechanisms, resulting in cell death
while sparing critical structures in the treatment field [5]. IRE is currently being evaluated in a
range of veterinary and human clinical trials for malignancies in the liver, pancreas, prostate,
kidney, and brain [6-11]. However, there are a few disadvantages of IRE including muscle
contractions that require medical paralysis for the procedure and a risk of cardiac arrhythmia that
requires cardiac synchronization [5, 12]. Due to these limitations, we have developed a novel,
next generation technology that utilizes high-frequency bipolar bursts, which minimizes muscle
contraction and cardiac arrhythmia risk [13]. This technique is termed high-frequency
irreversible electroporation (H-FIRE).

A major advantage of IRE and H-FIRE is immune system engagement through
mechanisms that are not yet fully defined [12, 14, 15]. Previous work by our team demonstrated

that in vitro IRE treatment of murine 4T1 mammary cancer cells significantly altered expression
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of a selection of tumor-associated inflammatory mediators [16]. Likewise, a more recent study
utilizing nano-pulse stimulation (NPS) to treat 4T1 tumors in vivo demonstrated a reduction in
systemic immunosuppressive cells and improved anti-tumor immunity [17]. Similar to IRE and
H-FIRE, NPS delivers electric current to permeabilize cell membranes and induce cancer cell
death [18]. Here, we investigate the use of H-FIRE in the mouse 4T1 model of mammary
tumorigenesis. We demonstrate that H-FIRE is a highly effective tumor ablation strategy that
significantly alters the in situ anti-inflammatory tumor microenvironment by stimulating the
innate immune system through the induction of inflammatory cell death. Local tumor treatment
also results in the activation of the adaptive immune system by improving antigen presentation
and reducing local immunosuppressive cell populations. Together, our data show that H-FIRE is
effective in the induction of a systemic anti-tumor immune response that is capable of

eliminating metastases in locations distal to the primary tumor treatment site.

MATERIALS AND METHODS
In Vitro 4T1 H-FIRE Treatment Parameters

The murine 4T1 mammary tumor cell line was acquired from ATCC (Cat#CRL-2539).
Cells were sub-cultured to approximately 80% confluence. All experiments were performed
within the first 4-8 sub-cultures. At confluence, 4T1 cells were washed and resuspended in a
5.5:1 ratio of low-conductivity sucrose solution (85g sucrose, 3.0g glucose, 7.25ml RPMI, and
992.75ml DI water) to unsupplemented RPMI to 4x10° cells/ml. An 800pul cell suspension was
added to a 4mm electroporation cuvette and H-FIRE was administered using 200 bursts with

uniform voltage of 240V, 800V, or 1600V totaling 500, 2000, or 4000V/cm, respectively. Every
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experiment was conducted with a 2-5-2 waveform (2us positive pulse, Sus inter-pulse delay, 2us
negative pulse), 25 cycles per burst. Temperature was monitored by inserting a fiber optic
temperature probe (Lumasense, Inc.) during pulsing. Cells were maintained on ice, and aliquots
were immediately removed for staining with acridine orange (AO)/propidium iodide (PI) for
automated cell viability counting using a Cellometer Vision CBA Image Cytometer (Nexcelom)
and trypan blue for manual cell viability counting via hemocytometer. Remaining cells were
divided and plated at a density of approximately 600,000 cells/ml, and maintained in incubators
for either 2, 8, or 24hrs before supernatant was isolated for LDH Cytotoxicity Assay (Pierce)

following manufacturer’s protocol.

Experimental Animals

All experiments were conducted under institutional IACUC approval and in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. All experiments utilized 6-10
week-old, female BALB/cJ or NOD scid gamma (NSG) mice (Jackson Labs). 4T1 cells were
washed and re-suspended in sterile PBS prior to injection. Mice were anesthetized and
1.2x10%ells were injected into the mammary fat pad. Clinical parameters and tumor
measurements were evaluated at least three times/week. Tumor diameter was calculated by the
square root of the product of two perpendicular diameters, as previously described[19]. Animals
were euthanized when tumors reached 1.6cm of calculated diameter, or if considered clinically

moribund.

In Vivo H-FIRE Tumor Treatment
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On days 10-11, mice were anesthetized using isoflurane and needle probes were inserted
into the tumor. Every experiment was conducted with a 2-5-2 waveform, in 200 bursts. Electrode
spacing was adjusted to match tumor diameter using one of the following 3 combinations: 3 mm
spacing/750 V; 5 mm spacing/1250 V; or 6 mm spacing/1500 V, ensuring that the same electric

field was administered to each tumor (2,500 V/cm). Mice were recovered on room air.

Tissue Collection and Processing

At euthanasia, the primary tumor was dissected, half was flash frozen for RNA isolation,
half was fixed in formalin for histopathology. Whole blood was collected via cardiac puncture,
washed in HBSS, and resuspended in IMDM supplemented with 10% FBS, 100 units/ml
penicillin, 100 pg/ml streptomycin, and 60 pM 6-thioguanine. After 7-12 days incubation, media
was removed from the plates, cells were fixed in methanol, stained with 0.03% methylene blue,
and counted. The large lobe of the lung was isolated, inflated with formalin, and prepared for

histopathology.

Histopathology

Paraffin-embedded formalin-fixed tissues were stained with H&E and independently
evaluated by blinded board-certified veterinary pathologists (S.C.O0. & K.E.). Pulmonary
metastases were quantified per section. Tumor necrosis was graded as a percentage: 0, 0%
necrosis; 1, 1-25% necrosis; 2, 26-50% necrosis; 3, 51-75% necrosis; 4, 76-100% necrosis.
Tumor leukocyte infiltration was scored on a scale of low, moderate, or high. The skin

surrounding the tumor was graded using a binary score for detection of fibrosis.
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Flow Cytometry

Tumors were isolated from the animals and mechanically digested. Cells were diluted in
complete RPMI. For cell surface marker staining, after an initial 30 minute incubation with anti-
CD16/32 (Fc block) in FACS buffer at 4°C, cells were stained for 30 minutes in the dark at 4°C.
Cells were washed with PBS and evaluated by FACSAria (BDBiosciences). The same protocol
was followed for surface marker staining, followed by permeabilization with True-Nuclear™
Transcription Factor Buffer Set (BioLegend) following the manufacturer’s guidelines for use

with FOXP3 staining.

Gene Expression Profiling and Pathway Analysis

For in vivo studies, total RNA was harvested from primary tumors using FastRNA Pro
Green Kit following manufacturer’s protocols (MP Biomedicals). Total RNA was pooled from
3-8 individual mice per group for RT* Profiler PCR Array Platform (QIAgen) cDNA reaction.
For in vitro experiments, total RNA was harvested using TRIzol (Invitrogen). Total RNA was
pooled from 8-9 samples per treatment for the cDNA reaction. Gene expression was evaluated
using PAMM-131Z and PAMM-181Z arrays (in vivo), or PAMM-052Z (in vitro)(Qiagen)
following manufacturer’s protocols. Ingenuity Pathways Analysis (IPA) and the manufacturer’s

array software (Qiagen) was used to analyze gene expression data.

Replicates

All studies were repeated at least 3 independent times unless noted.

Statistical Analysis
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Data were analyzed using GraphPad Prism, version 7. A Student’s two-tailed t-test was
utilized for comparisons between two experimental groups. Multiple comparisons were
conducted using one-way and two-way ANOVA where appropriate followed by Mann-Whitney
or Tukey post-test for multiple pairwise examinations. Statistical significance was defined as

p<0.05. All data are represented as the mean+SEM or SD as appropriate.

RESULTS
H-FIRE is Capable of Delivering High Voltages with Minimal Changes in Temperature
Our team previously defined unipolar IRE pulse parameters that were highly effective in
promoting cell death and altering expression of mediators associated with immune system
activation in 4T1 cells in vitro [16]. Using these studies as our reference, we sought to evaluate
similar parameters for H-FIRE in 4T1 cells. 4T1 cell suspensions were exposed to electric field
strengths of 0, 500, 2000, and 4000 V/cm while suspended in a cuvette (Fig. 1A). The waveform
consisted of 25 bipolar pulses with 2us of on-time and 5us delays. In order to determine whether
the voltages applied were truly non-thermal, Joule heating was monitored throughout the
duration of treatment. A significant increase in temperature was observed at 4000 V/cm, with
maximum temperature reaching 62°C, which dissipated away from the electrodes; whereas the
maximum temperature was 28.6°C at 2000 V/cm (Fig. 1B). The maximum temperature change
for the two lower electric field magnitudes remained below 37°C. To detect cell viability, both
manual trypan blue and automated AO/PI live/dead exclusion staining was recorded immediately
following H-FIRE treatment at each voltage (Fig. 1C). At 2000 V/cm, we observed a 29%

decrease in cell viability immediately after treatment (Fig. 1C). In order to determine whether
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cell death was maintained over time following H-FIRE, we chose to use an LDH assay following
2000 V/cm treatment (Fig. 1C). Here, we show a steady and consistent increase in cell death
over a 24-hour time course (Fig. 1C). This is consistent with the unique cell death mechanisms
driven by electroporation-based ablation therapy. Unlike other forms of non-thermal tumor
ablation, such as histotripsy that causes instant cell rupture [20], the cell death induced by H-

FIRE has a delayed initiation and death continues over an extended timeframe.

H-FIRE Promotes Inflammatory Cell Death and Attenuates Local 4T1 Tumor-Promoting
Microenvironment

IRE treatment of 4T1 cells results in up-regulation of IL-6 and TNF, and down-regulation
of TSLP potentially affecting the tumor microenvironment [16]. To better define the impact of
H-FIRE on 4TI cells, we utilized a broader gene expression profiling strategy coupled with
Ingenuity Pathway Analysis (IPA) to profile changes for 162 genes associated with cancer
hallmarks and inflammation (Supplemental Fig. S1). For this study, we utilized 4T1 cells
treated with 2000 V/cm and tracked gene expression changes over 2, 8, and 24-hours (Fig. 1D-
E). IPA identified several disease and biological functions impacted by H-FIRE treatment based
on the expression profiles (Supplemental Fig. S2A). This analysis revealed 3 specific biological
functions as significantly and differentially impacted by H-FIRE treatment over time:
inflammation, injury/repair, and cell death (Fig. 1E). H-FIRE induced robust down-regulation of
genes associated with immunosuppression and reciprocal increases in pro-inflammatory genes
(Fig. 1E). We also observed significant decrease in genes associated with cellular injury and an
increase in genes associated with regeneration and repair (Fig. 1E). This is potentially associated

with cells beginning to recover from electroporation.
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Consistent with viability studies, we also observed significant increases in expression
profiles associated with cell death pathways (Fig. 1E). Specifically, we observed a significant
increase in pathways associated with inflammatory cell death signaling and necrosis over the 24-
hour timecourse (Fig. 1E). Prior studies of IRE have suggested that cell death occurs through
apoptosis[21-24]. Interestingly, we do observe a gene expression profile that is consistent with
apoptosis shortly after H-FIRE (Fig. 1E). However, this appears to shift over time towards
inflammatory cell death and necrosis (Fig. 1E). By 24 hours, we observed up-regulation of
genes associated with necrosis and pyroptosis, which are inflammatory forms of cell death
associated with NLR inflammasome and caspase-1/11 activation (Fig. 1F). IPA identified
significant changes in genes associated with Pycard signaling following H-FIRE treatment (Fig.
1F, box). Pycard encodes the essential inflammasome adaptor-protein ASC, critical for
inflammation and pyroptosis. Pyroptosis is associated with pattern recognition receptor
recognition of damage associated molecular patterns (DAMPs) following pathogen exposure,
cellular damage, or stress[25]. Further evaluation of the gene expression data revealed 3
networks associated with DAMP signaling significantly up-regulated post-H-FIRE: (1) ROS
signaling, (2) ATP signaling, and (3) high mobility group box 1 (HMGBI) signaling (Fig. 1G),
which are associated with NLR inflammasome activation and previously shown to be inducers of

pyroptosis[26-28].

H-FIRE is a Highly Effective Ablation Therapy in the In Vivo 4T1 Mammary Tumor
Model
To better define the effectiveness of H-FIRE in mammary tumors, we utilized the in vivo

murine 4T1 mammary carcinoma model [19]. Animals were injected with 1.2x10° 4T1 cells into
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a single mammary fat pad. We chose to treat the tumors when they reached ~5Smm in diameter,
which occurs between days 10-11 of our model (Fig. 2). Each tumor received 2,500V/cm H-
FIRE treatment. The schematic illustrates a pair of 0.4mm electrodes, spaced 4mm apart to
deliver H-FIRE (Fig. 2A). H-FIRE was administered with 200 bursts in 25 cycles. This dose of
H-FIRE was sufficient to ablate the 4T1 mammary tumor (Fig. 2B). Representative images of
mice showing average tumor sizes on Day 15 (4 days post-treatment) revealed an average 80%
reduced tumor diameter post-H-FIRE (Fig. 2C). The only H-FIRE side effect noted was
superficial scab formation over the treatment area, which resolved within 2 weeks post-treatment
(Fig. 2C). Similar scabbing was not observed in mice treated with H-FIRE that were not tumor-
bearing (Fig. 2C). We achieved near-full ablation within the first week following treatment.
However, we observed a range of tumor responses to treatment by day 27 with some tumors
beginning to exit remission (Fig. 2B).

We believe the ability to administer H-FIRE without the muscle contraction side effects
is a clinical advantage of this technology over other electroporation approaches, especially for
breast cancer applications. Thus, here we compared muscle constriction associated with the
monopolar IRE burst and bipolar H-FIRE burst. Animals were fitted with accelerometers on their
footpads and contraction was assessed during 2000V/cm of either IRE or H-FIRE. IRE treatment
resulted in significant full body muscle spasm (Fig. 2D; Supplemental Fig. S3A), while
negligible movement was observed during H-FIRE treatment (Fig. 2E, Supplemental Fig. S3B).
Together, these data show that H-FIRE effectively ablates the 4T1 orthotopic tumor and can be

applied with minimal side effects associated with other electroporation-based strategies.

H-FIRE Ablation Results in Increased Cell Death and Inflammation
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To determine the extent and mechanisms of mammary tumor ablation following H-FIRE,
cell death and inflammation within the tumor were evaluated by histopathology. The 4T1
mammary tumor demonstrates many features of aggressive breast cancer including severe
dysplasia, invasive behavior, marked anisocytosis and anisokaryosis, multinucleated cell
formation, and high mitotic index (Fig. 3A). Previous studies have shown that these tumors
characteristically have high levels of necrosis in their core regions and significant 4T1 cell
proliferation in the leading edge of the tumor [19]. These tumors are also highly
immunosuppressive with low levels of lymphocyte infiltration in the microenvironment [19].
Our histopathology assessments revealed large areas of cell death in the central core of the 4T1
mammary tumors (Fig. 3B). Following H-FIRE, we routinely observed large areas of cell death
and tumor cell ablation (Fig. 3C). By the end of the model, histopathology screening revealed
that in 30% of H-FIRE-treated animals, no dysplasia or neoplasia was detected (Fig. 3D).
Consistent with the in vitro data, H-FIRE induced a gene expression profile consistent with
necrosis and pyroptosis rather than apoptosis (Fig. 3D). Because necrosis and pyroptosis are
inflammatory forms of cell death, we next evaluated histopathologic features of inflammation.
Following H-FIRE treatment, we observed increases in immune cell infiltration into the
treatment zone (Fig. 3F-H). However, our histopathology assessments revealed that immune cell
infiltration was variable between animals and ranged from none to moderate following H-FIRE
treatment (Fig. 3F-H). Together, these data support a model whereby H-FIRE alters the tumor

microenvironment through the induction of an inflammatory form of cell death.

Tumor Response to H-FIRE Ablation is Correlated with Increased Cellular Immunity

144



Based on the range of ablation responses to H-FIRE, (Fig. 2B), we sought to characterize
the microenvironment in animals sub-classified as low-, average-, or high-responders to
treatment. At necropsy 15 days post-H-FIRE, tumor specimens were collected and RNA was
extracted; data were analyzed based on percentage of ablation post-H-FIRE (low response < 84%
ablation; average response = 85-94% ablation; high response > 95% ablation). When animals
were sub-grouped based on their individual tumor response to H-FIRE, we observed a significant
correlation between tumor response and expression of genes associated with cellular immunity
(Fig. 4A). In mice with low response to H-FIRE, the majority of genes associated with cellular
immunity were significantly decreased (Fig. 4A). Correlation analysis revealed a strong positive
correlation (r=0.70) between up-regulation of cellular immunity-associated genes and decreased
tumor diameter. The biggest shifts in individual gene expression were noted for Aicda, Ccl20,
Ccl28, and Fasl, which were significantly down-regulated in low-responding tumors and
significantly up-regulated in highly responsive tumors (Fig. 4A). Analysis of cellular immunity
networks most impacted by H-FIRE treatment revealed significant differences in chemokine
signaling (Fig. 4B). The majority of chemokine-associated gene expression was down-regulated
in untreated tumor, with notable exceptions being Ccrl, Ccr2, Ccr5, and Cxcl6 up-regulated
(Fig. 4B). However, this pattern was reversed in H-FIRE-treated tumors (here grouped together,
not subdivided into responder status) where we observed significant down-regulation of these
genes and the vast majority of remaining genes in this network significantly up-regulated (Fig.
4B). Together, these data suggest that activation of cellular immunity is associated with the
effectiveness of H-FIRE ablation and chemokine signaling networks play a critical role in

optimal responses to treatment.
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To further evaluate H-FIRE-mediated changes in the in situ 4Tl tumor
microenvironment, we utilized IPA to identify biological functions and gene networks impacted
by treatment. We observed significant down-regulation of breast cancer-associated genes, with
lower levels of expression observed in fully ablated tumors compared to the low-responder and
untreated tumor groups (Fig. 4C). Similar to our findings in the in vitro studies, we observed a
significant shift in the balance between immunosuppressive and pro-inflammatory-associated
gene transcription (Fig. 4C). Following treatment, genes associated with immunosuppression
were significantly down-regulated, while genes associated with inflammation and pro-
inflammatory immune responses were significantly up-regulated (Fig. 4C). These responses
were increased in average- and high-responder groups, compared to the low-responders and
untreated animals (Fig. 4C). Signaling networks associated with cytotoxicity were significantly
increased in responsive tumors (Fig. 4C), likely associated with increased cell death following
treatment. Consistent with the chemokine data (Fig. 4B), gene networks associated with
recruitment of leukocytes were significantly up-regulated in responsive tumors (Fig. 4C).
Interestingly, IL-17 signaling and antigen presentation networks were up-regulated in average-
responder animals compared to the other sub-groups (Fig. 4C). We are unsure of the functional
significance of the IL-17 findings as this cytokine has been shown to have both pro- and anti-
tumor effects in breast cancer, including increased recruitment of tumor-associated neutrophils
and promoting cytotoxic T cell responses [29, 30]. However, the data associated with increased
antigen presentation signaling is consistent with the pro-inflammatory shift observed in the
tumor microenvironment and may suggest that adaptive immune system signaling may benefit
from a partial or an incomplete tumor ablation strategy. Together, the data presented here are

consistent with those described for the in vitro studies (Fig. 1) and detail the tumor
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microenvironment shifts from one that is favorable for tumor progression to an antitumor

microenvironment driven by increased cellular immunity.

H-FIRE Treatment Significantly Alters Local Immune Cell Populations in 4T1 Tumor
Microenvironment

Based on the clinical findings and expression profiling data, we next sought to define the
impact of H-FIRE on cell populations within the tumor microenvironment to identify
mechanism/s associated with increased cellular immunity. Similar to most human breast cancers,
the 4T1 microenvironment is characterized as being highly immunosuppressive [19]. While
many factors contribute, the recruitment and assimilation of myeloid derived suppressor cells
(MDSCs), regulatory T cells (Tregs), tumor-associated macrophages (TAMs), and tumor
associated neutrophils (TANs) are potent factors in thwarting anti-tumor immunity[31]. Because
these cells are in and around the H-FIRE treatment zone, we evaluated these populations post-
treatment using flow cytometry. Tumors were harvested during necropsy two and seven days
post-H-FIRE treatment and digested to generate single cell suspensions for labeling and analysis.
Common markers were utilized to identify neutrophils, polymorphonuclear-MDSCs (pMDSCs),
monocytic-MDSCs (mMDSCs), TAMs, Tregs, and T helper cell populations (Supplemental
Fig. S4A). Two days after H-FIRE treatment, we observed an 8.7% decrease in CD11b+Ly6G+
neutrophils and no CD11b+Ly6G+Ly6C°CD45- pMDSCs in the H-FIRE-treated animals (Fig.
5A). Although there were trending differences in these populations seven days post-H-FIRE, no
significant differences were observed at this later time point (Supplemental Fig. S4B). We
detected a significant 12.5% decrease in CD4+CD45+ T helper cell populations two days after

treatment (Fig. 5SB). Somewhat counterintuitively, we saw a small but significant increase
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(0.15%) in the CD4+CD45+CD25"CD127°Foxp3+ Treg population (Fig. 5B). While we
predicted a reduction in Tregs and an increase in T helper cells, it is possible that depletion of T
cells in the microenvironment at these relatively early timepoints post-H-FIRE may negatively
impact tumor growth and progression through preventing lymphocyte differentiation into tumor-
promoting T cell populations. No significant differences were observed in these lymphocyte
populations after seven days (Supplemental Fig. S4C). Regarding TAM populations, no
significant differences were observed two days after treatment (Supplemental Fig. S4D).
However, this may suggest the macrophage populations in the treatment zone are resistant to
initial death by H-FIRE because at seven days, we observed a significant .45% decrease in
CDI11b+Ly6G-Ly6C-CD45+F4/80+ TAMs (Fig. 5C). The reduction in TAN, MDSC, and TAM
populations and the congruent attenuation of their anti-inflammatory signaling is consistent with

the shift to a pro-inflammatory anti-tumor microenvironment observed following H-FIRE.

Local H-FIRE Treatment Promotes a Systemic Anti-Tumor Immune Response

Due to the increase in cellular immunity signaling, we hypothesized we would observe
increased adaptive immune system activation. Animals were necropsied 15 days post-H-FIRE,
and lungs and blood were evaluated for metastatic lesions. Pulmonary metastatic lesions were
characterized using blinded histopathology examination (Fig. 6A). We observed 46.7%
reduction in the number of lung lesions counted post-H-FIRE (mean = 8.367+1.731) compared
to untreated animals (mean = 15.03+2.392) (Fig. 6B). IPA expression profiling revealed a
significant decrease in metastasis-associated genes in the primary tumor post-H-FIRE (Fig. 6C).
The extent of down-regulation was consistent with the response to H-FIRE, with the greatest

changes in average- or high-responders (Fig. 6C). It is possible that the changes in lung
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metastases were a direct reflection of the level of tumor ablation and down-regulation of
metastatic genes. However, while this is certainly a possibility and likely contributing factor to
the data observed, metastasis was already underway at the time of treatment. It is therefore also
probable that local ablation effectively activated systemic anti-tumor immunity, resulting in the
observed reduction in the metastatic tumor burden.

To evaluate the role of the immune system in controlling metastasis following H-FIRE,
we utilized NSG mice that lack T, B, and NK cells. Animals were injected with 1.2x10° 4T1
cells in the mammary fat pad and treated with identical H-FIRE parameters as wild type BALB/c
animals when tumors reached 0.5-0.6cm (Fig. 6D). We observed significant ablation in the 4T1
tumors with average diameter decreasing from 0.56cm to 0.30cm post-H-FIRE (Fig. 6D). While
this decrease was statistically significant compared to untreated NSG animals, tumor diameter
remained larger than those of wild type BALB/c mice post-treatment, ablation demonstrated
greater variability, and no tumors were completely ablated (Fig. 6D). Likewise, the level of
ablation steadily decreased until the tumor reached the original size at treatment (0.57 cm) by
Day 25 (Fig. 6D). In both the untreated and H-FIRE-treated NSG animals, we observed high
numbers of metastatic cells in the blood (Fig. 6E). In the untreated animals, we counted
499442786 colonies and 6806+2842 colonies in H-FIRE-treated NSG animals (Fig. 6E). In
BALB/c mice we counted 2401+503.7 colonies in the blood from untreated mice and
853.24437.7 colonies in H-FIRE-treated animals (Fig. 6E). The significant decrease in
circulating metastatic 4T1 cells following local H-FIRE treatment of the primary tumor was
statistically significant and based on the NSG experiment is dependent on an intact immune

system.
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H-FIRE Ablation Generates Neoantigens Capable of Stimulating the Adaptive Immune
System

While the innate immune system and cellular immunity certainly contribute, initiation of
systemic anti-tumor immunity relies on robust adaptive immune system activation, largely driven
by tumor antigen presentation at the local treatment site. Based on our data, we hypothesized that
H-FIRE treatment improves these functions. The non-thermal nature of H-FIRE likely generates
novel neoantigens from the 4T1 cells in their native form that are not heat or cold denatured.
This is expected to improve antigen recognition and would be consistent with the metastasis data
described above. We also anticipate the prolonged cell death associated with H-FIRE allows
antigen generation and presentation to occur over an extended period of time, further enhancing
APC exposure and sampling. To evaluate this hypothesis, we treated 4T1 cells in vitro using
2000 V/cem or treated cells using cryoablation involving 3 rounds of cooling in liquid Nitrogen
for 30 seconds followed by rapid recovery at 37°C for 3 minutes (modified from [32]). Following
24-hour recovery, cell suspensions were filtered to remove any remaining 4T1 cells, and the
resultant cell-free lysate was i.v.-injected into healthy BALB/c mice. After 10 days, mice were
injected with 1.2x10° 4T1 cells into a single mammary fat pad, tumor progression was
monitored, and tumor diameter was reported at day 30 (Fig. 6F). Control mice i.v.-injected with
lysate that did not receive the 4T1 mammary injection (“lysate only”), did not show any clinical
signs of local or systemic tumor progression (Fig. 6F). As expected, mice that received sham
treated lysate and 4T1 mammary injection (“tumor only”) demonstrated typical tumor
progression (Fig. 6F). Mice that received the 4T1 lysate following cryoablation demonstrated
more variability in tumor progression, but primary tumor size at harvest did not significantly

differ from the tumor only group (0.91+0.02cm vs. 0.89+£0.06cm, respectively) (Fig. 6F).
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Whereas, mice that received lysate from H-FIRE-treated cells demonstrated a statistically
significant reduction in tumor size (0.74+0.04cm) compared to both the tumor only and the
cryoablation lysate groups (Fig. 6F). Tumors from mice treated with H-FIRE lysate were 19%
reduced compared to tumor only animals and 17% reduced compared to cyroablation lysate (Fig.
6F). In addition to the improvement in primary tumor progression, mice treated with either
cryoablation lysate or H-FIRE lysate demonstrated a significant decrease in circulating blood
metastatic cells compared to the tumor only group (Fig. 6G). Together, these data indicate that
H-FIRE treatment is effective in generating neoantigens that can stimulate the immune system,

which contributes to attenuated mammary tumor progression.

DISCUSSION

In previous studies by our research team utilizing IRE to treat mouse 4T1 cells or human
MDA-MB-231 cancerous mammary cells, the effects of varying pulse parameters were evaluated
on a selection of cell signaling mediators and general assessments of cell death [16, 33]. The
current work expands these data to a more comprehensive assessment of the tumor
microenvironment and hallmarks of tumorigenesis following electroporation. Here, we show that
H-FIRE initiates inflammatory cell death signaling and a shift in the tumor microenvironment
from anti-inflammatory to pro-inflammatory in vitro and in vivo. Defining the mechanism of cell
death as necrosis and pyroptosis is an important distinction, as previous studies have associated
electroporation with apoptosis [21-24], considered a non-inflammatory form of cell death.
Although we observed expression consistent with apoptosis within the first hours post-H-FIRE

treatment, cell death shifted to necrosis and pyroptosis over time (Fig. 1). We identified the
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production of DAMPs ROS, ATP, and HMGBI as likely contributors to both the shift towards a
pro-inflammatory microenvironment and the related shift towards necrosis/pyroptosis (Fig. 1).
HMGBI1 and ATP, along with calreticulin, were also implicated in electroporation-mediated cell
death following NPS in 4T1 cells [17]. Similar to our present study, NPS detected high levels of
inflammatory cell death, ultimately resulting in increased activation of dendritic cells [17]. All
four mediators (ATP, HMGBI, ROS, and calreticulin) function as DAMPs and activate the
NLRP3 inflammasome [34-37], which is a likely mechanism underlying these observations.

As with previous electroporation-based tumor ablation studies in other cancer types, H-
FIRE was effective in ablating murine mammary tumors. However, we observed a range of
responses we classified as low, average, and high responses. In clinical applications of IRE,
computational modeling is used to map and plan treatment for each individual patient, leading to
improved ablation [38, 39]. We did not model electrode placement in the mouse studies, likely
resulting in partial coverage in some animals. However, this variability also allowed us to
evaluate immune system activation in animals with different levels of treatment response. Our
data reveal a significant correlation between activation of the innate immune system and cellular
immunity with ablation responses (Fig. 4). It is interesting to speculate that identification of
specific cellular immunity genes correlated with favorable treatment response could be further
developed and leveraged as biomarker/s of H-FIRE responsiveness in human patients.

Early studies evaluating IRE and related electroporation techniques used human cancer
cell lines implanted into immunocompromised mice [40-42]. These studies were critical to
explore tumor ablation in human-relevant cancers, but the lack of a functional immune system
missed key elements of the host response to treatment. In one of the few studies directly

comparing immunocompetent (BALB/c) versus immunodeficient (nude) mice, IRE treatment of
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subcutaneous renal tumors was more effective in BALB/c mice, requiring 60% less voltage for
complete regression compared to nude animals [43]. These findings are similar to ours, where H-
FIRE treatment was more effective in ablating the primary tumor in BALB/c mice compared to
NSG animals (Fig. 2&6). Interestingly, Neal et al., re-injected animals with the same renal cell
line 18 days post-IRE treatment and found attenuation of secondary tumor growth in
immunocompetent mice [43]. Similar findings were also reported for animals following NPS in
the 4T1 model [17]. Together, these data suggest engagement of the adaptive immune system
that is consistent with our findings following the pre-treatment of animals with the lysate from
H-FIRE treated 4T1 cells (Fig. 6). Based on these data, we believe that non-thermal ablation
modalities, such as H-FIRE, have negligible effects on protein structure and folding, improving
antigen presentation and recognition. We believe these data illustrate the potential for H-FIRE to
engage the adaptive immune system and promote immunological memory that could be
harnessed to minimize tumor progression and prevent recurrence.

One of the most striking findings from these studies reveals that local treatment with H-
FIRE can significantly impact metastasis (Fig. 6). We observed reduced lung and blood
metastases in H-FIRE-treated animals. These findings are complementary to recent NPS studies,
which induced similar levels of anti-tumor immunity and reduced distant organ metastases in the
4T1 model [17]. Following NPS, the authors focused on assessments of systemic leukocytes, and
found that NPS induced long-term memory T cells and reduced circulating Tregs [17]. We
evaluated the cell populations as described in this study, but did not observe these changes post-
H-FIRE (data not shown). However, this is not surprising as our study focused on earlier
timepoints and changes in the local tumor microenvironment. We detected the biggest

differences in local cell populations, and observed reduced TANs, MDSCs, and TAMs. NPS and
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H-FIRE are fundamentally different electroporation techniques, but despite mechanistic
differences, the same overall clinical and phenotypic results of tumor ablation and systemic anti-
tumor immune system activation were observed, emphasizing the utility of electroporation-based
therapeutics.

Overall, our data support a model whereby the inflammatory cell death mechanism
following H-FIRE increases cellular immune responses and leukocyte recruitment, improving
antigen processing and promoting systemic anti-tumor immunity. The removal of anti-
inflammatory components of the tumor microenvironment, including TAN, MDSC, and TAM
populations, should make the microenvironment more favorable for combination therapies.
Additionally, improved antigen presentation and greater lymphocyte accessibility to the tumor
should improve responses to immunotherapeutics, such as checkpoint inhibitors. This is expected
to improve ablation of the primary breast tumor, eliminate metastases, and prevent recurrence.
Using H-FIRE as a pre-treatment to improve immune system activation and surveillance, even in
tumors that will ultimately be surgically removed in a treat and resect strategy, may also improve

long-term prognosis.
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FIGURES
Figure 1: High Frequency Irreversible Electroporation (H-FIRE) Induces Inflammatory

Cell Death and Effectively Attenuates the Tumor Promoting Microenvironment In Vitro
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Figure 1. High Frequency Irreversible Electroporation (H-FIRE) Induces Inflammatory

Cell Death and Effectively Attenuates the Tumor Promoting Microenvironment In Vitro.
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H-FIRE was administered using 200 bursts, in a 2-5-2 waveform, and with a uniform voltage of
either 240 V, 800 V, or 1600 V across the 4 mm cuvette totaling 500, 2000, or 4000 V/cm,
respectively. A. Schematic of H-FIRE delivery to 4T1 cells in a 4mm cuvette. B. Temperature
during in vitro H-FIRE treatment. At 2000V/cm, cell suspension temperature remains below
30°C. C. Influence of electric pulse parameters on cell viability. Cell viability was determined
via trypan blue (manual) and AO/PI staining (automated); the average percent viability shown.
LDH Activity was utilized to evaluate cell death at 2000 V/cm over time. D-H. Real time PCR-
based gene expression arrays were utilized to evaluate the expression of 162 genes associated
with cancer and inflammation. D. Heat map of gene expression changes at 2, 8, and 24 hours
following H-FIRE treatment with 2000 V/cm. E. Ingenuity Pathway Analysis (IPA) of gene
expression data revealed significant shifts in pathways associated with inflammation,
injury/repair, and cell death. F. Gene expression analysis further indicates that necrosis and
pyroptosis are the dominant forms of cell death 24 hours post-H-FIRE treatment. G. IPA
identified significant changes in pathways associated with reactive oxygen species, adenosine

triphosphate, and HMGBI1 signaling. All studies were repeated at least 3 times. *p<0.05.

163



Figure 2: H-FIRE Treatment Results in Significant Tumor Ablation in the In Vivo 4T1

Mammary Tumor Model
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Figure 2. H-FIRE Treatment Results in Significant Tumor Ablation in the In Vivo 4T1
Mammary Tumor Model. Mice were injected with 1.2 x 10° 4T1 cells into the mammary fat

pad of wild type BALB/c mice. On day 11, mice were anesthetized and needle probes were
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inserted into the tumor to deliver 2,500 V/cm H-FIRE with a 2-5-2 waveform for 25 cycles per
burst, totaling 200 bursts. Animals were monitored a least 3 times/week for clinical parameters
and tumor progression. A. Schematic illustrating treatment strategy and probe placement. B.
Tumor diameter changes following H-FIRE reveals significant decreases in tumor diameter and
progression. C. Images of tumors from representative animals 15 days post-H-FIRE treatment.
4T1 tumor/H-FIRE sham treatment (top panels); 4T1 tumors and H-FIRE treatment (middle
panels); no tumor/no H-FIRE treatment (bottom panels). D. Accelerometer output at 2000V/cm
IRE. E. Accelerometer output at 2000V/cm H-FIRE. n = 3-10 mice in each experimental group.

*x%p<(0.001.
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Figure 3: H-FIRE Ablation Results in Significant Cell Death and Inflammation
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Figure 3. H-FIRE Ablation Results in Significant Cell Death and Inflammation.
Histopathology evaluation revealed significant signs of cell death in the 4T1 mammary tumor
that was increased following H-FIRE. A. The architecture of the untreated 4T1 tumors remains
intact, with aggressively proliferating neoplastic cells obliterating normal subcutaneous
structures. B. The central core of these large tumors often contains abundant necrosis, and can
be visually distinguished from the rest of the neoplasm (blue line). C. Following H-FIRE

application, neoplastic cells in the treatment zone undergo cell death as evidenced by nuclear
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pyknosis and loss, cytoplasmic blanching, and disintegration of cellular architecture. D.
Pathology assessments of the H-FIRE treated areas revealed a significant decrease in
histologically identifiable mammary tumors. E. Gene expression arrays were utilized to evaluate
156 genes associated with cancer and inflammation. IPA analysis revealed that necrosis and
pyroptosis are significantly increased and are the dominant pathways associated with cell death
following H-FIRE treatment compared to the untreated 4T1 tumors in vivo. F. Typical 4T1
tumors are relatively immunosuppressive with minimal immune cell infiltration. G-H. Following
H-FIRE, histopathology revealed increased inflammation. This inflammation could be further

sub-classified as either (G) mild or (H) moderate. n = 3-10 mice in each group. *p<0.05.
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Figure 4: Tumor Response to H-FIRE Ablation is Correlated with Increased

Cellular
Immunity
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Figure 4. Tumor Response to H-FIRE Ablation is Correlated with Increased Cellular
Immunity. At necropsy 15 days post H-FIRE, tumor specimens were collected and total RNA
was extracted for gene expression profiling. Data were analyzed based on the % of tumor
ablation following H-FIRE (low response<85% ablation; average response=85%-94% ablation;
high response>95% ablation). A. The up-regulation of genes associated with cellular immunity
are strongly correlated with tumor ablation. In tumors classified in the low-responder group, a
significant number of genes associated with cellular immunity were down-regulated. Conversely,
a significant number of genes were up-regulated in the animals that saw the highest levels of
tumor ablation. B. Chemokine signaling networks were the most impacted by H-FIRE treatment,
with highly responsive tumors demonstrating a significant up-regulation compared to the other
groups. C. Further pathway analysis identified 6 additional signaling networks that were
significantly impacted by H-FIRE treatment response. We observed a significant decrease in
breast cancer-associated gene expression and immunosuppression from untreated to high
therapeutic response. Conversely, we observed a significant increase in gene expression
associated with inflammation, cytotoxicity, and recruitment of leukocytes over the same
treatment scale. We also observed a significant increase in IL-17 signaling and antigen

presentation that was highest in the animals with average responses. n = 3-10 mice in each group.
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Figure 5: H-FIRE Treatment Significantly Alters Local Immune Cell Populations in the

4T1 Tumor Microenvironment
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Figure 5. H-FIRE Treatment Significantly Alters Local Immune Cell Populations in the
4T1 Tumor Microenvironment. Mice were treated with H-FIRE and tumors were harvested at
2 and 7 days post-treatment. Single cell suspensions were generated from each tumor and labeled
for flow cytometry. A. 2 days after H-FIRE, the treated groups showed significant reduction in
CD11b'LY6G" cells, representing neutrophil populations, and CD11b"LY6G Ly6C°CD45"
cells, representing pMDSC populations. B. Significant decreases were observed in CD4 CD45"
T helper cells, while significant increases were observed in CD4'CD45 CD25"CDI127 Foxp3*
Treg population. C. CDI11b'Ly6GLy6C CD45F4/80° Tumor Associated Macrophage
populations were significantly decreased 7 days post-treatment. n=4 mice in each group.

*p<0.05; **p<0.01.
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Figure 6. Local H-FIRE Treatment Attenuates Metastatic Lesions in Immunocompetent
mice. Lung and blood metastasis is typical in the 4T1 tumor model. A. Histopathology
evaluation of the lungs revealed 4T1 metastatic lesions in all of the animals that were not treated
with H-FIRE. B. Pathologic enumeration of metastatic lesions revealed a significant decrease in
lung metastases in animals 15 days post-H-FIRE treatment compared to untreated animals. C.
Gene expression in the primary tumor post-H-FIRE revealed a significant decrease in signaling
pathways associated with tumor metastasis in animals with tumors that were highly responsive to
H-FIRE ablation. D-E. Metastasis attenuation depends on an intact immune system. Nod Scid
Gamma (NSG) mice were injected with 1.2 x 10° 4T1 cells into the mammary fat pad, treated
with H-FIRE (2-5-2 waveform, 2500V/cm), and tumor progression was monitored. D. A
significant attenuation in tumor progression was observed in the NSG mice; however, no tumors
reached complete ablation. E. Whole blood was collected from both NSG and BALB/c mice and
plated under 6-thioguanine selection. A significant number of metastatic cells were observed in
the NSG mice, regardless of H-FIRE treatment. In the BALB/c mice, a significant reduction in
average circulating 4T1 metastatic cells was observed in animals treated with H-FIRE. F-G. 4T1
cells were treated with either H-FIRE (2-5-2 waveform, 2000 V/cm) or cryoablation (liquid
Nitrogen to 37°C, 3 freeze-thaw cycles). Cell-free lysates were generated and injected (i.v.) into
wild type BALB/c mice. Mice were injected with 1.2 x 10°4T1 cells into the mammary fat pad
10 days post-injection of cell-free lysate. F. At necropsy, the calculated tumor diameter of mice
treated with the H-FIRE lysate was significantly decreased compared to both untreated tumor
only (19% reduction) and cryoablation lysate (17% reduction). G. Circulating blood 4T1

metastatic cells were quantified at necropsy. Both cyroablation lysate and H-FIRE lysate
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treatment significantly attenuated 4T1 metastasis. n = 3-10 mice in each group. *p<0.05;

*4p<0.01.
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SUPPLEMENTAL DATA
Supplemental Table S1

A. List of Genes Profiled /n Vitro and Evaluated Using Ingenuity Pathway Analysis

Abcb1a  |Csf1 Krt5 Rb1 Ccr4 Ifnar1 MbI2 Tir5
Abcg2 Cst6 Krt8 Serpine1 _|Ccr5 Ifnb1 Mpo Tiré
Adam23 |Ctnnb1 _ |Mapk3 Stn Ccré Ifng Mx 1 Tir7
Akt1 Ctsd Mapk8 Sfip1 Ccr8 Ifngr1 Myd88 Tir8
Apc Eqgf Mgmt Sic39a6 |Cd14 1110 Nfkb1 Tir9
Ar Eqfr Mki67 Slit2 Cd4 1113 Nfkbia Tnf
Atm Erbb2 Mih1 Snai2 Cd40 I117a NIp3 Traf6
Bad Esr1 Mmp2 Sre Cd40lg 118 Nod1 Tyk2
Bcl2 Esr2 Mmp9 T3 Cd8o ll11a Nod2
Birc5 Foxat Muc1 Tgfb1 Cd86 I11b Rag1
Brcat Gli1 Myc Thbs1 Cd8a I1r1 Rorc
Brca2 Grb7 Nme1 Tip53 Cmp 112 Sic11a1
Ccnat Gsip1 Notch1 Tip73 Csf2 123a Stat1
Cend1 Hic1 Nr3c1 Twist1 Cxcl10 |14 Stat3
Cend2 Id1 Par Vegfa Cxer3 15 Stat4
Ccnet Igf1 Plau Xbp1 Ddx58 Irak1 Stat6
Cdh1 Igfir Prdm2 Apcs Fasl I3 Thx21
Cdh13 Igfbp3 Pten C3 Foxp3 Irf7 Ticam1
Cdk2 116 Ptgs2 Cb5ar1 H2-Q10 |ltgam Tirt
Cdknia [Jun Pycard Casp1 H2-T23  |Jak2 Tir2
Cdknic _ |Krt18 Rarb Ccl12 lcam1 Ly96 Tir3
Cdkn2a _ |Krt19 Rassf1 Ccl5 Ifna2 Lyz2 Tir4

B. List of Genes Profiled /n Vivo and Evaluated Using Ingenuity Pathway Analysis
Aicda Cxcl11 1110 Ptgs2 Brca2 Id1 Prdm?2
Bcel2 Cxcl12 I112a Spp1 Ccna1t Igf1 Pten
Bcel2l1 Cxcl2 I112b Stat1 Cend1 lgfir Pycard
Ccl2 Cxcl5 1113 Stat3 Ccnd2 Igfbp3 Rarb
Ccl20 Cxcl9 1115 Tgfb1 Ccne1t Jun Rassf1
Ccl22 Cxcert I117a TIr2 Cdh1 Krt18 Rb1
Ccl28 Cxer2 KE] TIr3 Cdh13 Krt19 Sempine1
Ccl4 Cxcr3 I11b Tir4 Cdk2 Krt5 Sfn
Ccel5 Cxcr4 1r1 TIr7 Cdkn1a Krt8 Sfp1
Cert Cxer5 112 TIr9 Cdkn1ic Mapk1 Sic39a6
Ccr10 Eqf 1122 Tnf Cdkn2a Mapk3 Slit2
Cer2 Egfr 1123a Tnfsf10 Cstb Mapk8 Snai2
Ccer4 Fasl 114 Trp53 Ctnnb1 Mgmt Src
Cerd Foxp3 15 Vegfa Ctsd Mki67 T3
Cer7 Gbp2b 116 Abcg2 Erbb2 Mih1 Thbs1
Cer9 Gzma Irf1 Adam23  |Esr1 Mmp?2 Tp73
Cd274 Gzmb Kitl Akt1 Esr2 Mmp9 Twist1
Csf1 H2-D1 Mif Apc Foxaft Muc1 Xbp1
Csf2 H2-K1 Myc Ar Gata3 Nme1
Csf3 Hif1a Myd88 Atm Gli1 Notch1
Ctla4 Ido1 Nfkb1 Bad Grb7 Nr3c1
Cxcl1 Ifng Nos2 Birc5 Gsip1 Pagr
Cxcl10 lgft Pdcd1 Brcat Hic1 Plau
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Supplemental Table S1. Real time PCR based gene expression arrays were utilized to evaluate
gene expression and modeled using Ingenuity Pathway Analysis software and RT Profiler
online tools. A. Table of 162 genes evaluated in in vitro 4T1 studies. B. Table of 156 genes

evaluated in in vivo mammary tumor studies.
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Supplemental Figure S2: IPA identified multiple diseases and biological functions

significantly altered following H-FIRE treatment of 4T1 cells
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Supplemental Figure S2. IPA identified multiple diseases and biological functions
significantly altered following H-FIRE treatment of 4T1 cells. A. Top 20 diseases and

biological functions predicted to be either up-regulated or down-regulated by H-FIRE treatment,
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based on gene expression data. B. Relationships between the top genes altered following H-FIRE

treatment at 2, 8, 24 hours post-treatment.
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Supplemental Figure S3: Minimum muscle contraction and movement associated with H-

FIRE treatment

A. Movie: IRE 2000 V/icm? to mammary tumor B. Movie: H-FIRE 2000 V/icm? to mammary tumor

m

Fibrosis Score
N

Supplemental Figure S3. Minimum muscle contraction and movement associated with H-
FIRE treatment. Mice were injected with 1.2 x 10° 4T1 cells into the mammary fat pad of wild
type BALB/c mice. Control mice (No Tumor) received the same volume of sterile PBS. On days
10-11, mice were anesthetized and maintained on isoflurane anesthesia during electroporation
treatment, and needle probes were inserted into the tumor. A. Significant muscle contraction

occurring during IRE treatment of 4T1 mammary tumor with 2000 V/cm. B. Minimal muscle
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contraction occurring during H-FIRE treatment of 4T1 mammary tumor with 2000 V/cm. C-D.
Scab formation following treatment is superficial and limited to the skin. E. Histopathology
assessments and scoring revealed low levels of fibrin deposition, graded on a binary score

detecting fibrosis.

180



Supplemental Figure S4: Immune cell populations in the microenvironment after H-FIRE

ablation return over time
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Supplemental Figure S4. Immune cell populations in the microenvironment after H-FIRE
ablation return over time. A. Gating strategy for cells isolated from the 4T1 tumors. B. H-FIRE
resulted in no  significant changes in CDI11b'Ly6G" cells (neutrophils),
CD11b'Ly6G Ly6C°CD45 cells (pMDSCs), CD11b"Ly6G Ly6C"CD45 cells (nMDSCs), at 7
days. C. CD4"CD45" T helper cells, and CD4'CD45'CD25"CD127" Foxp3" cells (Tregs) 7 days
post-treatment in the tumor. D. CDI11b'Ly6G Ly6C CD45F4/80" cells (TAMs) were not

different 2 days post-treatment. n=4 for all groups.
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ABSTRACT

Gastrointestinal (GI) cancers include some of the most relevant malignancies worldwide.
The poor prognoses associated with many GI cancers are motivation to develop more specific
therapeutic and diagnostic options. Over the last decade, significant progress has been made in
the application of nanotechnology to address the highly complex clinical needs of diverse GI
cancers. Specifically, targeted drug delivery, controlled release and biodistribution remain the

three most challenging aspects of therapeutic effectiveness in the gut. Likewise, imaging of the
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GI tract and cancer diagnostics have made significant advances over the last decade, but are still
sub-optimal in many respects. Recent developments in nanotechnology specifically address these
issues and have begun to yield a plethora of newly approved products for use in GI cancers.
Here, we review a variety of the most promising applications of nanotechnology in the context of
GI cancer, with a focus on nanocarriers and nanoparticles. Nanotechnology provides clinicians
with opportunities for improved care of patients with devastating malignancies in the GI tract.
Ongoing and future research are constantly improving our approach to treating GI cancer and
providing opportunities for cancer care that did not exist several years ago. Although there is still
significant progress to be made in the field, the application of nanotechnology to GI cancers is

likely to dramatically improve disease pathogenesis.
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INTRODUCTION

Nanotechnology is a comprehensive term, referring to a wide range of technology that
operates on the nanoscale. The term “nanotechnology” was first used by Norio Taniguchi in
1974 in a conference for the Society of Precision Engineering [1]. Although it has its origins in a
lecture given by Richard Feynman (Nobel Prize in Physics, 1965) at a meeting of the American
Physical Society in 1959 [2]. In this theoretical lecture, Feynman imagined the possibility of
working and manufacturing on the atomic level, acknowledging that working with atoms at this
level would result in different properties and laws. Feynman envisioned that “maneuvering
things atom by atom” could be applicable to both chemistry and biology, expressing the
possibility of an object with the capability to function on the scale of a biological cell. However,
a limiting factor cited by Feynman was the lack of an adequate tool to visualize such particles,
and he called for improvements to the microscope [2]. Therefore, the discovery and development
of improved microscopy, including scanning tunneling microscopes (STM), transmission
electron microscopes (TEM) and atomic force microscopes (AFM) was a crucial step in the
history of nanotechnology. The application of nanotechnology to the field of medicine is termed
“nanomedicine.”

The use of nanotechnology for cancer applications has gained significant interest in the
past few decades. This chapter will introduce nanotechnology and give a brief description of
several relevant forms of nanomedicine before delving into the current status of nanotechnology
in the detection and treatment of gastrointestinal (GI) cancers. GI cancer is one of the most
devastating malignancies worldwide [3]. The poor prognosis associated with GI cancer is
motivation to find novel, more specific therapeutic and diagnostic options. The application of

nanotechnology for the treatment and/or diagnosis of GI cancer is ever growing, whether
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specifically designed for GI tumors or initially developed for use with a different tumor type [4].
Over the last decade, research and usage of nanotechnology targeting GI cancer has significantly
expanded from the bench to the clinic. For example, a recent search of the National Institutes of
Health database of clinical trials (clinicaltrials.gov) revealed 211 trials currently on-going

involving nanoparticles and GI cancer. A selection of these studies is shown in Table 1.

NANOPARTICLES

The definition of a “nanoparticle” is relatively broad: a particle that exists in the
nanoscale, with at least one dimension smaller than 100 nm. Nanoparticles can be composed of a
variety of materials, allowing for alterations and a diversity of functions. On the nanoscale,
molecules exhibit different properties, which allows for valuable and unique opportunities for
medicinal uses. Nanoparticles have the potential to revolutionize the way that GI cancers are
treated and diagnosed. There are several distinct types of nanoparticles, categorized by
fabrication method and material. The application of nanotechnology to cancer is primarily based
on the principle of enhanced permeability of tumor-associated vessels. The relative leakiness of
newly formed blood vessels that develop in tumors, known as the enhanced permeability and
retention (EPR) effect [19, 20], together with the poor lymphatic drainage that is characteristic of
tumors, allows for many options for specific targeting of tumors with nanoparticles (Figure 1).
In general, nanoparticles with a size less than 100 nm exhibit excellent tumor targeting because
they are capable of infiltrating into the surrounding vascular endothelium [21, 22]. The ultimate
goal of all cancer research is to improve therapeutics and reduce toxicity to normal healthy

tissues and cells. Therapeutic uses of nanotechnology include utilizing nanocarriers for enhanced

186



delivery of a payload, using metallic nanoparticles for imaging and diagnostic purposes and
incorporating both for what is termed “theranostics.” Theranostics is a recent term combining
“therapeutics” and “diagnostics”.

All of the possible usages of nanotechnology for cancer application are dependent upon
the delivery of nanoparticles to cancerous cells with specificity and precision and can be divided
into two categories: active and passive targeting. The objective of active targeting is to coat the
nanoparticles in order to promote homing and specific binding to cancerous cells. Active
targeting is achieved by attaching a particular ligand to the surface of the nanoparticle in order to
selectively bind to receptors or antigens that are overexpressed in certain cancer cells. In theory,
this would allow for highly specific tumor cell targeting while ensuring the avoidance of healthy
cells. The idea behind passive targeting is to take advantage of the abnormal blood flow to
tumors to enhance delivery without any “homing” additions to the nanoparticles. Passive
targeting utilizes the EPR effect of the tumor vasculature, including the irregular tumor
capillaries and porous endothelium that permit the entry of nanoparticles while normal tissue and
vasculature would likely prevent entry (Figure 1). Inefficient lymphatic drainage associated with
tumors also leads to increased accumulation of nanoparticles within the tumor, regardless of how
the particle was targeted to the tissue [23, 24].

Both actively and passively targeted nanoparticles have the capability to be loaded with
small molecular weight drugs or macromolecules, such as genes or proteins, increasing the
bioavailability of these anticancer agents. The increased bioavailability is partly due to
nanoparticle avoidance of the mononuclear phagocyte system (MPS), occasionally referred to as
the reticuloendothelial system (RES) [25]. The MPS is composed of mononuclear phagocytes,

such as macrophages and dendritic cells, and poses significant challenges to drug delivery
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systems. In the case of nanoparticles, they can be readily recognized and destroyed by the MPS
before being able to reach the desired target and release their payloads [26].

In order for a nanoparticle to enact its desired effects, the particle itself must possess a
circulation half-life long enough to reach the tumor microenvironment while additionally
avoiding the MPS and RES [19, 27]. One easily controlled parameter to aid in this evasion is
size; particles smaller than 400 nm are more likely to escape recognition and phagocytosis by the
MPS, while diameters smaller than 200 nm are more likely to have improved extravasation into
tumors via the EPR effect [23, 28-30]. An additional modification to escape or delay the
macrophage attack of circulating nanoparticles is to modify the surface, which should be
hydrophilic and neutral or slightly anionic to avoid plasma proteins (opsonins) and the MPS [31].
This is achieved through the addition of hydrophilic polymers like polyethylene glycol (PEG)
[32] or amphiphilic polymers like synthetic copolymers polyethylene oxide (hydrophilic block)
and propylene oxide (hydrophobic block) to the surface of the particles [33, 34]. This
modification of the surface with the addition of polymers, termed “stealth polymers,” is
commonly used when the target treatment site is beyond the MPS.

Occasionally, macrophages and/or dendritic cells within the tumor microenvironment are
the cell type targeted by the nanoparticles. In these cases it is not necessary to modify the surface
or the size of the particle. Liposomes (discussed in the next section on nanocarriers) are a model
example of this strategy. Unmodified liposomal formulations can be used to effectively target
macrophages and other phagocytic cells [35, 36] or to increase the half-life of a drug in

circulation in order to reach a target beyond the MPS [37].
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NANOCARRIERS

Nanocarriers are nanosized molecular structures that provide enhanced delivery of
therapeutic anticancer agents to a tumor site by physically shielding the drug from both the
environment and phagocytic cells or by stabilizing the payload [23]. Nanocarriers can be used
for transport of existing therapeutics, small molecule drugs and macromolecules such as genes or
proteins. A schematic of the different types of nanocarriers to be discussed, including average
sizes of each, can be found in Figure 2. Potential exists for nanocarriers to overcome traditional
limitations to GI system delivery. For example, oral drug delivery, one of the most commonly
used and preferred forms of drug administration, poses several problems to GI tract delivery
including: instability in the gastric acidic environment, low bioavailability and prevention of
drug absorption by the mucus barrier [38]. Formulation of a drug to a nanocarrier is a common
strategy to circumvent some of these issues and in many cases can even take advantage of these
unique features. For example, it is possible to promote controlled release at varying levels of the
GI tract based on pH.

Many anti-cancer drugs have low bioavailability, which is due to inadequate solubility
and permeability, as well as vulnerability to metabolism. Nanocarriers can affect bioavailability
by making water insoluble drugs more soluble and increasing circulation time of these drugs via
physical protection from degrading enzymes or phagocytic cells. An example of such a
modification to a therapeutic target is the addition of nanocarrier encapsulation or conjugation to
curcumin (diferuloylmethane), which is an agent known to have natural anti-cancer properties.
However, its use in GI cancers has been limited because the drug is water insoluble, has low

absorption, is rapidly metabolized and systemic curcumin is quickly eliminated [39]. Recent
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studies have significantly improved the bioavailability of curcumin by conjugating it to, and
encapsulating it within, various types of nanoparticles and nanocarriers (reviewed in [40]).

The prevention of absorption due to the mucus barrier is another significant obstacle to
drug delivery in the GI tract [38]. Mucus functions to trap pathogens and foreign particles for
excretion, which is a unique problem for nanoparticles and nanocarriers. This non-specific
mucoadhesion of foreign particles is well characterized in the context of nanocarriers and
typically leads to rapid excretion and limited payload absorption [38]. However, targeting
mucoadhesion can also be an effective strategy to prolong nanocarrier persistence in the GI tract
if the nanocarrier is modified through polymer addition. Polymers, such as poly(lactic acid)
(PLA), poly(sebacic acid) (PSA), poly(lactic-co-glycolic acid) (PLGA) and poly(acrylic acid)
(PAA) can be used to promote mucoadhesion via hydrogen bonding, polymer entanglements
with mucins, or hydrophobic interactions [41]. If the mucus barrier remains intact, then payload
delivery can effectively be maximized, especially in areas of increased mucus adherence.

Counter to this mucoadhesion strategy, mucus-penetrating particles (MPP) are also an
area of significant interest in targeting GI cancers. Yuan et al. recently reported modifying the
surface of lipid nanoparticles in an attempt to improve transport and absorption through the GI
tract via the addition of the polymer polyethelene glycol (PEG) [42]. The addition of inert
polymers was found to increase bioavailability and improve mucus penetration [43, 44]. The
group concluded that the modified particles demonstrated improved absorption efficiency and
prolonged blood circulation times with a 1.99-fold higher relative circulation time compared
with unmodified particles after oral administration and penetration through mucus [42].

An outline of the advantages and disadvantages of each of the unique nanotechnology

that will be summarized in this paper is outlined in Table 2.
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Liposomes

Liposomes are biocompatible colloidal vesicles made of an amphiphilic lipid bilayer
membrane capable of forming single (unilamellar) or more (multilamellar) hydrophobic bilayers,
surrounding a hydrophilic center [45, 46] (Figure 2). In aqueous solutions, liposomes form
enclosed spheres with the polar hydrophilic membrane components oriented towards the interior
and exterior aqueous environment, with an average diameter between 50-300 nm [46]. Due to the
amphipathic composition of liposomes, they can be used to encapsulate hydrophilic agents in
their aqueous interior or to carry hydrophobic moieties in their hydrophobic membrane, making
them valuable drug nanocarriers [23]. Unique to nanoscale liposomes, the parameters which
control and affect the formation of conventional lipid bilayers including molecular shape,
temperature, environmental and preparation conditions, do not influence or limit the assembly of
liposomal bilayers [47].

The formulation of a liposome requires energy because they are not thermodynamically
stable and therefore will not spontaneously form in aqueous media [48]. Several distinct methods
exist for liposome preparation; however, each involves the general steps of drying down lipids
from an organic solvent, dispersing the lipid in an aqueous media and purifying and analyzing
the liposome [47]. Unmodified, or “conventional” liposomes, were initially used to entrap drugs
for delivery in vivo, but over time were shown to be inefficient transporters as the drugs were
degrading within the liposome or dispersing through uncontrolled release [49]. These initial
“naked” conventional liposomes without additional modification [36, 50] evolved to give rise to
stealth liposomes and actively targeted liposomes that could be further modified through the

addition of different lipid components or via unique activation mechanisms. Liposome
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nanocarriers can be manipulated to release their payload at particular destination sites or in
specific environments. This is achieved by fabrication of liposomes that are sensitive to
physiological changes, in which a specific change in pH or temperature of the physiologic
“destination” for the therapeutic target leads to the breakdown of the liposome and the
subsequent release of the payload [47, 48, 51]. Despite the fact that liposomes are biocompatible,
they are recognized as foreign by the immune system and are targeted by the MPS and RES.
Liposomes with specific pH-sensitivity provide an advantageous strategy because of the well
characterized acidic environment within the lysosome, which can be manipulated to trigger the
controlled release of the payload [51]. Similarly, temperature-sensitive liposomes can be
engineered to respond to external manipulations of temperature.

Stealth liposomes were some of the first FDA-approved nanocarriers. Stealth liposomes
arise from the addition of hydrophilic polymers to the surface of conventional liposomes [47,
51]. Stealth liposomes are often conjugated with the widely used polymer, PEG, historically
proven safe in humans with Generally Regarded as Safe (GRAS) classification by the FDA [52].
The combination of a stealth polymer to a standard liposome acts to dramatically increase the
circulation time of the nanocarrier in the blood stream by avoiding MPS and RES recognition.
Doxil, a PEGylated hydrochloride liposome conjugated with doxorubicin is an excellent example
of a stealth liposome and was approved for use in breast and ovarian cancer in 1995 [53]. A
generic version of a liposomal-doxorubicin, Lipodox, was rapidly approved in 2013 due to a
shortage of Doxil in the United States [54]. Ongoing research is evaluating liposomal-
doxorubicin for use in other malignancies besides breast and ovarian cancer, including GI
cancers such as colorectal cancer [55, 56], esophageal cancer [56] and pancreatic cancer [57].

Further clinical research is exploring the coupling of multiple drugs to treatment with liposomal-
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doxorubicin for advanced and unresectable gastric cancer [17], which seems to suggest safe and
encouraging efficacy of combination treatment with liposomal-doxorubicin, 5-Xuorouracil and
cisplatin. Other drugs have also shown to have increased efficacy when encapsulated in a
liposome. One such example is BikDD, a phosphorylation-mimic mutant of pro-apoptotic
protein Bik, which elicits a strong apoptosis response in cancer cells [58].

Altering the liposome to respond to a specific pH, to be sensitive to temperature changes,
or to contain polymers that effectively disguise the nanocarrier are all forms of passive targeting.
However, liposome nanocarriers can also be modified in line with the classification of active
targeting. This is achieved by attaching specific ligands to the surface of the liposome that should
bind with specificity to tumor cells. For example, immunoliposomes are conjugated with
antibodies or antibody fragments with the goal of maximizing specific and targeted delivery of
the nanocarrier to the tumor [51, 59]. This represents an area of significant emerging interest,

especially in the context of GI cancers.

Carbon Nanotubes

Carbon nanotubes (CNTs) are tubular networks of carbon atoms with a diameter between
1- 4 nm and a length between 1 to 100 pm (Figure 2). The tubular structure of CNTs is made up
of rolled graphene carbon hexagons in either single or multi wall arrangements [60]. CNTs have
unique structural, electronic, optical and mechanical properties with a highly hydrophobic
surface [61, 62]. Different payloads can be conjugated either to the surface of the nanotubes or
within the inner cavity at a high payload percentage because of their ultrahigh surface area [23].

CNTs have the potential to be used therapeutically despite being insoluble in all solvents.

Modifications to the CNT composition and structure can improve cellular uptake and resolve
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toxicity issues. Specific modifications to improve the physiochemical and surface properties of
CNTs include surface modifications or functionalization, with the overall objective to increase
the solubility of the payload in aqueous biocompatible media, while simultaneously reducing
toxicity [61]. Functionalization of CNTs involves attaching amphipathic ligands such as
oligonucleotides, biomolecules, surfactants and polymers to the surface of the nanotubes [61, 63,
64]. Although there are no clinical trials involving CNTs, there is promising preclinical data that
suggests the feasibility for their use. For example, CNTs can be loaded with high concentrations
of anti-cancer drugs in their inner cavity [65, 66] or on their surface [67]. Sobhani et al
demonstrated one such promising preclinical feasibility study, in which CNTs were conjugated
to paclitaxel that increased cytotoxicity selectively in cancer cells [68].

One method of cellular uptake of CNTs involves “nanoneedle” entry into the membrane
[63, 64, 69, 70]. The sequence of needlelike entry into the cellular lipid bilayer involves landing
of the nanotube, penetration of the lipid headgroup and entry into the membrane [69]. CNTs can
also enter cells via endocytosis, which seems to be size-dependent, as larger nanotubes do not
seem to enter cells when under endocytosis-restricted conditions [70]. Subcellular localization is
of CNTs is also size-dependent. In general, the trend holds that smaller diameter and shorter
length CNTs are much more likely to enter a cell and once in the cell, they will have a wider
range of intracellular dispersion. This includes very small CNTs that even have the ability to
shuttle into the nucleus [71]. The nanoneedle entry of CNTs into the cell was debated for some
time until key studies were replicated with two different CNT formulations and a variety of cell
types (reviewed in [72]).

Beyond treatment, carbon nanoparticles have proven highly useful in imaging and tumor

visualization. For example, traditional treatment of GI cancer solid tumors is surgical resection,
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followed by adjuvant chemotherapy and radiation [73]. A study conducted by the Japan Clinical
Oncology Group utilized carbon nanoparticles (average size of 150 nm) that were injected into
the subserosa of the stomach of patients around the gastric tumor to improve gastrectomy [74-
76]. This study revealed that nanoparticles selectively traffic into the lymphatics and draining
regional lymph nodes resulting in nanoparticle accumulation and the tissue taking on a black
color. This allowed the surgeon to better visualize these regions during lymph node dissection
and surgery [77, 78]. The initial trials concluded that the use of the carbon nanoparticles was an

effective, easy and safe procedure to guide gastric cancer lymphadenectomy.

Polymer Nanocarriers

Polymeric nanocarriers are a general category of nanosized vesicles composed of any
water-soluble polymers. Polymer nanocarriers can be divided into subclasses: polymeric
micelles, polymeric dendrimers and polymer nanoparticles [23, 79]. The polymers used to
generate nanocarriers can be either synthetic or natural and conjugated to a drug or agent via
different methods so as to alter the delivery [80]. Coupling a polymer to a drug is a strategy to
increase bioavailability and biodistribution, while also allowing for the delivery of a hydrophobic
payload [81].

Polymeric micelles are self-assembled biocompatible nanosized spherical structures
composed of amphiphilic di-(hydrophilic-hydrophobic) or tri-(hydrophilic-hydrophobic-
hydrophilic) block copolymers [81, 82] (Figure 2). The average diameter of micelles is between
10-100 nm [83]. Micelles were first explored for theoretical use in drug delivery thirty years ago,
but many initial formulations were not constructed from biocompatible polymers [82].

Construction of micelles from biocompatible polymers led to advances in potential delivery of
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therapeutic agents that are poorly soluble in water and the bloodstream. Micelles spontaneously
form spheres in aqueous solutions, orienting with their hydrophobic components shielded in the
interior core with the hydrophilic components on the exterior. One of the most commonly used
hydrophilic blocks in the fabrication of micelles is PEG, which provides high stability due to the
presence of multiple sites for hydrophobic interaction [81].

Polymeric micelles make excellent drug nanocarriers due to the high loading capacity of
the hydrophobic core and the additional solubility of the drugs provided by the hydrophilic
exterior can drastically reduce the toxicity of many anti-cancer drugs. Both the hydrophobic core
and the hydrophilic exterior of the micelle can be modified to provide additional specificity of
the micelle as a drug nanocarrier, offering versatility, reducing the toxicity of the payload and
improving the circulation time of anti-cancer agents. In most cases, the amphiphillic nature of the
composition of the molecule increases circulation time, while simultaneously increasing anti-
tumor effects because of the capability to be loaded with a higher concentration of drug. For
example, Gao et al. combined paclitaxel and curcumin in polymeric micelles [84]. Using both in
vitro and in vivo mouse models of colon cancer, the micelle nanocarrier induced apoptosis,
inhibited angiogenesis and repressed tumor growth [84]. Similarly, another study by Abouzeid et
al. loaded both paclitaxel and curcumin into polymeric micelles coated with transferrin-targeting
moieties [85]. This study demonstrated that active targeted polymeric micelles could be used to
overcome chemotherapy-resistant tumors, as the targeted and dually loaded micelles selectively
killed cancer cells more efficiently compared to non-targeted or individually loaded micelles
[85].

Dendrimers are nanosized highly branched three-dimensional synthetic globular

polymeric macromolecules [23, 86] (Figure 2). Unlike linear polymers, dendrimers can be more
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closely regulated at every step of the synthesis process, resulting in nearly monodisperse
macromolecules [87]. Dendrimers can be fabricated in one of two methods: either starting from
the central core growing outwards to the branching periphery, introduced by Tomalia and
Newkome and referred to as the “divergent method” [88, 89], or from the periphery inward to the
central core, introduced by Frechét and called the “convergent method” [90]. Anti-cancer drugs
or agents can be non-covalently encapsulated in the dendrimer core or covalently conjugated to
the surface of the dendrimer [23, 87, 91]. With the addition of polymeric branches termed

2

dendrimer “generations,” the hydrophobic core remains unaltered while the outreaching
hydrophilic branches become more densely packed together [92]. For this reason, the diameter of
the average ten generations dendrimer is approximately 10 nm [92].

Encapsulation of drugs in dendrimers with a hydrophobic core surrounded by hydrophilic
branches is only feasible for use in local treatments because, despite solubilizing the hydrophobic
drugs and leaving the drug unaltered in its original condition, it results in uncontrolled drug
release [23, 87, 91, 93]. Despite promising applications of dendrimers in vitro, there are no
current clinical trials involving dendrimers, likely due to toxicity issues [93]. In one of the early
in vivo experiments with dendrimers, a polyamidoamine (PAMAM) dendrimer with a sodium
carboxylate surface was conjugated to cisplatin [94]. Although the conjugation of cisplatin to the
dendrimer led to a tenfold increase in solubility of the drug, there was significant cross-linking
that resulted in dendrimer aggregation, which led to the formation of complexes with diameters
of 30-40 nm [92, 94].

Polymeric nanoparticles are biodegradable colloidal systems with the capability to form

either nanospheres or nanocapsules when conjugated with a therapeutic agent. A nanosphere is a

system in which the drug or agent is dispersed equally throughout the body of the particle, while
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a nanocapsule is a system in which the drug or agent is confined to a specific cavity surrounded
by a single polymeric membrane [80] (Figure 2). The average size of a polymeric nanoparticle is
between 10-1000 nm diameter [81]. CRLX-101 (formally IT-101) is an example from this class
of nanoparticle. CRLX-101 is a cyclodextrin-polyethylene glycol (CD-PEG) co-polymer
nanoparticle covalently linked to the drug camptothecin [95]. Camptothecin is a water insoluble
and highly toxic drug that functions to inhibit type I DNA topoisomerase [96], but encapsulation
with the CD-PEG nanocarrier solubilizes and reduces toxicity of the agent. It is under
investigation for use in rectal cancer, among other malignancies, currently recruiting Phase Ib/II

clinical trials [97].

METALLIC NANOPARTICLES

Metal nanoparticles allow for unique and diverse nanomedicine applications for cancer
treatment, imaging and diagnostics and theranostics. The unique physical and chemical
properties of various metals make them suitable as nanocarriers [98]. Certain metals also possess
anti-cancer properties that make them sufficient for cancer treatment directly. Additionally, the
chemical properties of metals render many suitable for the fabrication of nanoparticles to be used
for imaging purposes. Metals at the nanoscale exhibit different properties than the typical bulk

metals used in other therapeutic and imaging applications.

Metal Nanocarriers

Similar to the previously mentioned types of nanocarriers, metal nanoparticles can

encapsulate or be conjugated to therapeutic agents or drugs [98]. Also, similar to other
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nanocarriers, the strategy behind targeting tumors with a high degree of specificity is based on
either active or passive targeting. Metal nanoparticles have a very high surface area to volume
ratio, which is advantageous because the surface of the particles can be modified with specific
cancer cell-targeting ligands [99] and additional attachment of imaging agents such as dyes,
radioisotopes and optical imaging agents to the surface [98, 100]. Metals that are frequently used
for nanomedicine include gold, iron, silver and zinc. Although these metals are inert and
biocompatible, a significant portion of the metal is retained in the body after exposure to the
nanoparticles [21].

Properties of gold render it an excellent nanocarrier due to the ease with which the
surface of a gold nanoparticle (AuNP) can be manipulated [98]. Indeed, gold is one of the most
commonly used metals for biomedical applications and more specifically in nanotechnology
applications associated with cancer treatments and imaging owing to the inert and nontoxic
nature of the molecule [22]. For example, AuNPs have proven highly useful for photothermal
therapy (PTT) or hyperthermic applications. During PTT, the surface plasmon resonance of the
AuNP is excited with a specific wavelength, creating heat as electrons on the surface of the
particle oscillate. These particles put off very high oscillatory energy, causing localized tissue
and cancer cell death [22, 101-103].

Iron is also commonly used in nanomedicine. The superparamagnetic properties of iron
make it an ideal choice for imaging. However, therapeutic agents can also be conjugated to its
surface [98]. Superparamagnetic iron oxide nanoparticles (SPIONs) contain a superparamagnetic
iron core, surrounded by a biodegradable and biocompatible polymer coating [100]. The polymer
coating surrounding a SPION is typically the site of drug conjugation, either encapsulating the

drug into the matrix or through covalent coupling of the drug to the polymer. These particles can
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also function in drug delivery. For example, anti-cancer agents can be directly loaded into hollow

SPIONS via physical absorption [104].

Metal Nanoparticles in Imaging

As discussed earlier, the high surface area of metallic nanoparticles and the inherent
properties of metals enable their use for theranostics. Not only can dyes or imaging agents be
conjugated to these particles along with a drug, but additionally, the core metal is often a contrast
agent itself. These metallic nanoparticles can provide clearer and more specific images. For
example, the distinct pattern of light scattering properties of AuNPs can be exploited to allow for
single molecule imaging [103]. Likewise, SPIONs make excellent contrast agents and drug
nanocarriers. The superparamagnetic iron core is made of either magnetite (Fe;O4) or maghemite
(Fe»03), which acts as a contrast agent for imaging [100]. Superparamagnetic iron oxide particles
are currently under investigation for use in magnetic resonance imaging (MRI), so termed
“ultrasmall superparamagnetic iron oxide magnetic resonance imaging” (USPIO MRI). The
particles are conjugated to an FDA-approved therapeutic agent, Feraheme. USPIO MRI has been
evaluated and tested for preoperative diagnostic and staging purposes in liver cancer [105, 106],
colorectal metastases of liver cancer [107], esophageal cancer [108] and is currently being

explored for use in imaging and diagnosing pancreatic cancer.

CONCLUSIONS
Part of what makes not only GI cancer, but all cancer, so difficult to treat is a lack of

effective delivery of therapeutics to the target cancer cells. Recent developments in
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nanotechnology specifically address challenges associated with traditional treatment of GI
cancers. Specific impediments to delivery of therapeutics to GI tumors include: toxicity issues
associated with delivering a sufficient concentration of drugs; insolubility of anti-cancer small
molecular weight macromolecules, such as genes or proteins; impenetrable mucus; uncontrolled
release of therapeutics; and a lack of specific targeting of tumors. Nanomedicine provides the
opportunity for novel approaches to overcome all of these obstacles through the employment of
biocompatible nanocarriers to solubilize, stabilize and control release of drugs and other anti-
cancer agents. These nanocarriers are also able to increase penetration of acidic or otherwise
incompatible gastric environments and in many cases, can even specifically target tumor cells.
This chapter reviewed a selection of the literature involving the application of nanotechnology to
GI cancer, but the volume of new papers and research that includes the same topics is increasing
daily. Before the novel nanotechnological approaches to GI cancer fully infiltrate the medical
field and become routine, there is still noteworthy progress to be made. However, there is no
argument that we are rapidly progressing in the incorporation of these advances into general
practice. The number of pre-clinical data suggesting the efficacy of nanotechnology for cancer
treatment, combined with the number of active clinical trials involving GI cancer and
nanotechnology, is promising. Together, these observations would indicate that the routine
employment of nanomedicine for the treatment, detection and diagnosis of GI cancer should be
anticipated in the near future. It is our opinion that nanotechnology holds the exciting potential to

revolutionize the diagnosis of GI cancer and redefine current therapeutic paradigms.
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TABLES AND FIGURES

Table 1
Product Name Composition Status Therapeutic Ref.
Indication
FOLFIRABAX* | Paclitaxel albumin- Phase I/11 Advanced and/or [5]
stabilized nanoparticle metastatic gastric
formulation + cancer
fluorouracil +
leucovorin calcium +
irinotecan
hydrochloride
Nab Paclitaxel Nanoparticle albumin- | Approved | Pancreatic cancer | [6-9]
bound Paclitaxel
C-VISA Cholesterol liposome | Phase [ Advanced [5, 10,
BikDD** with Bik siRNA pancreatic cancer | 11]
PEP503 Halfnium oxide radio- | Phase Ib/II | Unresectable [5, 12]
(NBTXR3)* enhancer + 5- rectal cancer
fluorouracil or oral
capecitabine
TKM 080301 Lipid nanoparticles Phase 1 Colorectal, [5, 13,
with PLK1 siRNA pancreas, gastric, | 14]
or esophageal,
(breast, ovarian)
cancer with
hepatic metastases
DCR-MYC* Lipid nanoparticles Phase Ib/II | Hepatocellular [5, 15]
with siRNA targeting carcinoma
MYC
Doxil PEGylated Approved | Breast, ovarian [16]
hydrochloride cancers
liposomal doxorubicin Pancreas, gastric
Phase I/11 > ’ [5, 17,
or esophageal 18]
cancer (small cell
lung, head and
neck cancer)

* Denotes recruiting.

** Denotes withdrawn.
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Table 1: Selected nanoparticle-drug formulations in clinical trials and/or approved for use in a

variety of GI cancers.
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Figure 1: Schematic Illustrating the Enhanced Permeability and Retention (EPR) Effect
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Figure 1. Schematic Illustrating the Enhanced Permeability and Retention (EPR) Effect:
“Passive tissue targeting” of nanoparticles carrying therapeutic drugs or contrast agents to tumors
is based on the leaky epithelium of tumor vasculature and the poor lymphatic drainage of tumors
(EPR effect). Nanoparticles can additionally be directed to cancer cells via the attachment of a
ligand or some targeting moiety to the surface of nanoparticles facilitate homing to a receptor or

antigen present on the tumor cells, which is referred to as “active cellular targeting.”
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Figure 2: Schematic Depicting Different Nanocarriers
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Figure 2. Schematic Depicting Different Nanocarriers: A) Liposomal nanocarriers can be
synthesized as either unilamellar or multilamellar liposomes, with their defining feature
including a lipid bilayer resulting in an internal hydrophilic environment when in an aqueous
environment. B) Carbon nanotubes are composed of rolled graphene carbon hexagons in either
single or multi wall arrangements. C) Polymer micelles, dendrimers and D) nanoparticles are
composed of di-block amphiphilic copolymers. Upon conjugation with a drug (or other anti-

cancer agent), polymer nanoparticles will form either a nanosphere in which the drug is

217




dispersed equally throughout the body of the nanoparticle, or a nanocapsule in which the drug is

limited to a cavity surrounded by an additional polymer membrane.
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Table 2: Advantages and Disadvantages for Therapeutic Application by Nanotechnology

Nanotechnology | Application Advantages/ Disadvantages
Liposomes Drug delivery/ | Advantages:
Imaging

* Increase solubility of drug(s);

* Payload release upon specific physiologic
triggers;

* Biocompatible;

* Surface modifications: form stealth
liposomes or attaching cancer-specific
ligands or receptors (“immunoliposomes”)

Disadvantages:

* Recognized by MPS/RES

Carbon Drug delivery/ | Advantages:

napotubes Imaging * Ultrahigh surface area allows for
(smgle-walled or conjugation of high concentration of
multi-walled) drug(s) and/or dye(s);

* Surface modifications increase solubility

Disadvantages:

* Highly hydrophobic surface;

* Insoluble in all solvents (unless modified);
* Toxicity concerns;

* Size limited

Polymeric Drug delivery/ | Advantages:

Micelles Imaging * Increase solubility of drug(s) and/or

dye(s);

* High loading capacity of hydrophobic
core;

* Decrease cytotoxicity of drugs;

* Biocompatible;

* Surface modifications to decrease immune
recognition/clearance

Disadvantages:

* Recognized by MPS/RES

Polymeric Drug delivery/ | Advantages:

Dendrimers Imaging * Increase solubility of drug(s) and/or

dye(s);

* More closely regulated synthesis;

* Highly branched structure allows for
loading high concentration of drug(s)
and/or dye(s);
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* Biocompatible;
* Surface modifications to decrease immune
recognition/clearance

Disadvantages:

* Uncontrolled release of payload;
* Possible aggregation in bloodstream;
* Recognized by MPS/RES

Polymeric Drug delivery/ | Advantages:
Nanoparticles Imaging * Increase solubility of drug(s) and/or
(nanospheres or dye(s);
nanocapsules) * Reduce toxicity of drug(s) and/or dye(s);
* Biocompatible;
* Surface modifications to decrease immune
recognition/clearance
Disadvantages:
* Recognized by MPS/RES
Metal Drug delivery/ | Advantages:
Nanocarriers Imaging

* Increase solubility of drug(s) and/or
dye(s);

* High surface area to volume ratio;

* PTT applications;

* Inert and biocompatible;

* Theranostic applications: metal core as a
contrast agent in addition to being loaded
with drug(s) and/or dye(s)

Disadvantages:

* Some metal retained in body post-exposure

Table 2. Advantages and Disadvantages for Therapeutic Application by Nanotechnology:
The theoretical medicinal use of each of the unique types of nanoparticle discussed in this paper
is dependent upon the specific advantages and disadvantages. This table summarizes each of the

different types of nanotechnology and the advantages and disadvantages associated with each for

the application to nanomedicine.

MPS: mononuclear phagocyte system; RES: reticuloendothelial system; PTT: photothermal

therapy.
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Chapter Six

Fabrication and characterization of PLGA nanoparticles encapsulating large

CRISPR-Cas9 plasmid

Ami Jo*, Veronica M. Ringel-Scaia*, Dylan K. McDaniel, Cassidy A. Thomas, Rui Zhang, Judy

S. Riffle, Irving C. Allen, Richey M. Davis

ABSTRACT

Background

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and Cas9
protein system is a revolutionary tool for gene therapy. Despite promising reports of the utility of
CRISPR-Cas9 for in vivo gene editing, a principal problem in implementing this new process is

delivery of high molecular weight DNA into cells.

Results

Using poly(lactic-co-glycolic acid) (PLGA), a nanoparticle carrier was designed to
deliver a model CRISPR-Cas9 plasmid into primary bone marrow derived macrophages. The
engineered PLGA-based carriers were approximately 160 nm and fluorescently labeled by
encapsulation of the fluorophore 6,13-bis(triisopropylsilylethynl) pentacene (TIPS pentacene).
An amine-end capped PLGA encapsulated 1.6 wt% DNA, with an encapsulation efficiency of
80%. Release studies revealed that most of the DNA was released within the first 24 hours and

corresponded to ~2-3 plasmid copies released per nanoparticle. In vitro experiments conducted
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with murine bone marrow derived macrophages demonstrated that after 24 hours of treatment
with the PLGA-encapsulated CRISPR plasmids, the majority of cells were positive for TIPS

pentacene and the protein Cas9 was detectable within the cells.

Conclusions

Taken together, these data suggest successful nanoparticle-based delivery of high

molecular weight plasmid and suggests that the process described here will be effective for

future in vivo applications.

Keywords: nanoprecipitation, transfection, TLR4
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BACKGROUND

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9 system
has received much attention recently due to its potential for revolutionizing targeted genome
editing with unprecedented precision and control. CRISPR was discovered in bacteria and
function as a defense mechanism against invading viral DNA'. Over the last two decades,
CRISPR-Cas9 based systems have revolutionized our ability to rapidly and effectively target
genes in eukaryotic cells for genetic modification. In biomedical research applications, CRISPR-
Cas9 is now routinely utilized to generate novel genetically modified animal models and is being
aggressively pursued in gene therapy applications. Indeed, a series of high profile proof-of-
concept studies recently demonstrated that the CRISPR-Cas9 system could be harnessed to
modify the mouse genome in adult animals and modulate disease phenotypes.”

The CRISPR-Cas9 system is typically delivered to cells as a single large plasmid or
multiple smaller plasmids that encode a target sequence, a CRISPR guide, and Cas9. However,
efficient transfection of DNA or RNA into the cell for transcription is a significant hurdle. Both
chemically- and mechanically-based transfection methods have been successfully utilized in
vitro, but effective, clinically relevant, in vivo transfection methods are significantly lacking.
Lipofectamine is a cationic lipid-based transfection agent often used to increase permeability of
the cell membrane, but it can destabilize the membrane and result in unacceptable toxicity,
especially in test animals.” Electroporation and sonoporation have also been examined in vivo.®’
However, these approaches are not always feasible when attempting to transfect animals or
humans due to accessibility limitations and invasiveness of the treatments. Finally, adenoviral
vectors are also being studied as potential carriers for the CRISPR-Cas9 system and have shown
great success in vitro,"” yet the relatively large size of the CRISPR-Cas9 system and potential

immunogenicity of adenoviral vectors have, for the moment, limited in vivo applications.
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The lack of an efficient and clinically relevant delivery system is a major hurdle in
advancing CRISPR-Cas9 from proof-of-principle to in vivo clinical application. Specifically, the
delivery system must be clinically relevant, capable of being targeted to specific cells of interest
and minimize immune system stimulation. After considering a range of delivery approaches, we
believe that polymeric nanoparticles offer a promising solution to this limitation. For example,
Cohen et al. studied sustained marker gene expression using plasmid DNA in PLGA
nanoparticles and liposomes, which concluded that while nanoparticles resulted in a much lower
level of gene transfection in vitro, it produced almost two orders of magnitude more successful
transfection in vivo than with liposomes.'® By using a polymeric nanocarrier, the bioavailability
of the therapy is increased by reducing the premature clearance of these biomaterials from the
body. In theory, a nanoparticle can be designed to enter the cell by endocytosis and release the
plasmid directly into the cytoplasm. Poly(lactic-co-glycolic acid) (PLGA) has proven very useful
for drug delivery given its biocompatibility, biodegradability, and toxicologically safe
degradation products.'' PLGA has been approved by the FDA for human use in nanomedicine

. 13
formulations.'”

Proteins, peptides, genes, vaccines, antigens, and human growth factors have
been successfully incorporated into PLGA or PLGA-based particles.! However, to our
knowledge, the use of biodegradable polymer nanoparticles to deliver plasmid DNA for
implementing CRISPR-Cas9 gene editing has not previously been demonstrated.

This study explores the engineering and processing steps to fabricate high molecular
weight plasmid DNA-encapsulated fluorescently-labeled PLGA nanoparticles. The particles
themselves are internalized by the cell and tracking is enabled by a novel fluorescent dye. The

most relevant study prior to this work was that of Niu et al. who used a modified slow

nanoprecipitation method to encapsulate plasmid DNA into PLGA particles for enhanced

224



expression of green fluorescent protein (GFP) in cells.'* They tested loading, structural integrity,
DNA protection from enzymes when in the particles, and functionality in cell studies. This
nanoprecipitation method became the starting point for the work presented here for encapsulating
CRISPR-Cas9 plasmid. The main differences between the work by Niu et al. and this work was
the size of the CRISPR-Cas9 plasmid (~8500 bp), which is approximately twice the size of their
GFP plasmid (~4000 bp), and the need for fluorescently labeled particles to track the NP for
future in vitro and in vivo applications. Because high molecular weight plasmid DNA tends to be
susceptible to shear degradation, we used this low-shear nanoprecipitation method to address
these particle design constraints. Nanoprecipitation forms particles by adding a water-miscible
organic solution of a polymer and therapeutic drop-wise into an aqueous solution containing a
polymeric surfactant which, in the work of Niu et al was the triblock copolymer Pluronic
F127™.'* Using this modified nanoprecipitation method, we characterized fluorescently labeled
PLGA nanoparticles encapsulating a high molecular weight CRISPR-Cas9 plasmid DNA and

investigated their transfection in vitro in murine bone-marrow derived macrophages.

RESULTS
Solvent mixture used in particle formation

Since 6,13-bis(triisopropylsilylethynyl) pentacene (TIPS pentacene), DNA, and PLGA
have very different solubility characteristics, a solvent mixture was needed to solubilize all 3
components and form well-defined nanoparticles when mixed with the aqueous Pluronic F-127
solution. TIPS pentacene is highly nonpolar and therefore readily soluble in THF while only

partially soluble in DMF (Figure 1a-b). In contrast to TIPS pentacene, PLGA was more soluble
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in DMF than THF. However, DNA was not soluble in this purely organic mixture and thus a
mixed aqueous-organic mixture was sought. Ke et al. used a mixture of 5 vol% TE buffer and 95
vol% DMF and showed that plasmid DNA was stable in this mixture at room temperature.'
Therefore, to solubilize the DNA, some TE buffer was added to the mixture of DMF and THF
but the concentration was kept low to prevent the TIPS pentacene from precipitating. Because
the CRISPR plasmid used in this work was about twice the size as that used by Ke et al., 5 vol%
was not sufficient to solubilize the DNA and was found experimentally to leave a small visible
pellet of DNA that was not loaded into the syringe for particle formation. The final solvent
mixture solubilizing TIPS pentacene, DNA, and PLGA consisted of 10 vol% TE buffer, 45 vol%

DMF, and 45 vol% THF and was used in the nanoprecipitation process to form nanoparticles.

Evaluation of nanoparticles made with different PLGA end groups show main difference to
be in DNA loading

For particles made with the ester-end capped PLGA, the intensity-average hydrodynamic
diameters (D;) were ~ 160 nm while the diameters of particles made with the amine-end capped
PLGA were slightly larger, D; ~ 180 nm with no significant change when DNA was encapsulated
(Table 1). Because PLGA degrades by hydrolysis, the particles were freeze dried for extended
storage which greatly simplified the subsequent cell-based experiments. Since PLGA aggregates
irreversibly during freeze-drying, trehalose was used as a cryoprotectant. A mass ratio of NP to
trehalose ranging from 1:25 to 1:42 - determined by experiments described in the SI — resulted
in particles redispersed in DI water that were somewhat aggregated during freeze drying with D;
~ 210-350 nm but still small enough to be useful for cell uptake. The trehalose:NP ratio varied

slightly from batch to batch as the exact concentration of the final suspension after the
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centrifugal wash during particle fabrication varied and was calculated after the freeze-drying
process. The zeta potentials of the particles showed little variation, ranging from -29 to -35 mV,

due most likely to carboxylate groups on the particles formed due to hydrolysis of the PLGA.

Proton NMR analysis can be used to estimate Pluronic F127 versus PLGA mass ratio in
nanoparticles

Because Pluronic F127 was added in excess and any material not physisorbed to the
surfaces of the nanoparticles during formation was removed during the centrifugation step, it was
important to determine the polymer composition of the final nanoparticle product. By
determining the mass content of F127 and PLGA in the nanoparticles, the encapsulation
efficiency can also be more accurately calculated. Using proton NMR, solutions of the PLGA
and F127 in deuterated chloroform (CDCls) separately were first analyzed.

In the '"H NMR spectrum of Pluronic F127, the methyl protons have a chemical shift
around 1 ppm (Figure 2a). All other peaks from both PEO and PPO blocks are integrated into
one peak, between 3.2-3.8 ppm, due to the presence of adjacent oxygen atoms. Based on the
NMR, the composition of the F127 is PEOs-b-PPOgs-b-PEO;os which is close to the theoretical
values of PEO,o-b-PPOgs-b-PEO . ® Alternatively, if the integrals of the methyl protons on the
PPO segment are set to be 100, then there would be 100/3 = 33.3 repeating units of PO. The PEO
methylene proton peaks then have an integral of 544.2 — 100 = 444.2, after subtracting the
methylene and methine protons from the PO. It means there are 444.2/4 = 111 repeating units of

EO, per 33.3 units of PO. The molar ratios of the EO over PO are then:

mole of EO  3.33
mole of PO 1
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Another important value was the percent of the integrals in the overlapped chemical shift region
that contributed to the EO mass. The % value becomes important when calculating the PPO
ratios in case overlapping occurs when mixed with the PLGA components. The PPO proton wt%

can be calculated as follows.

%A3 25-3.8ppmPPO = —— =81.2%

The PLGA spectra show two distinctive peaks around 4.5-5.5 ppm (Figure 2b-c). Specifically,
the methine protons (g peak) from the poly(lactide) segment have a chemical shift of ~5-5.5
ppm, while the value for the methylene protons (f peak) from the poly(glycolide) segment was
4.5-5 ppm. The molar ratios of the poly(lactide) segment over poly(glycolide) can be determined
by comparing the integral of g to the integral of f divided by two, as there are two protons in
peak f compared to only one in peak g. The results indicated the molar ratios are ~1:1, close to
the values provided by the manufacturer.

Because the F127 and the poly(lactide) and poly(glycolide) have distinctive, non-
overlapping peaks, the PLGA to F127 ratios in the TIPS loaded NPs could be calculated. For

example, using the ester end cap PLGA case (Figure 3a):

253.3
mole of EO _ 3.3 mole of GA T2 1.27 _ %A _ 8120
mole of PO 1’ moleof LA~ 100 — 1 ' 0/13.25-3.8ppmPPO = ©5+470
1
96.3 * 81.2%
mole of EO T 1 _ 3.33 EO
mole of LA 100 511 17.0LA

The result means that in the mixed systems, per 3.33 mole of EO, there would be 1 mole of PO,
17 moles of LA, and 17*1.27 mole of GA. With all these ratios, we can use the MW of the repeat

units to find the mass ratio of F127 to PLGA and from there the wt% of each:

228



Mpipy 3.33 * (44.04) + 58.06 2047
Mpr gy 17.0 * (1.27 * (58.02) + 72.04)  2477.3

- 91.7% PLGA/8.3% F127

This same method can be used for the amine end cap case (Figure 3b), yielding similar results of
92.4% PLGA. Given the approximate 5% error in the NMR spectra integration, the uncertainty
of these calculations is +6-7% and therefore both of these compositions are statistically identical

and assumed to be ~92% PLGA for all future loading calculations.

DNA release profiles differ between NP formulations and pH conditions

From an analysis of the DNA content of the supernatant after centrifugation during the
fabrication process, the DNA loading was determined to be 0.7 and 1.6 wt% for the ester and
amine endcap PLGA cases, respectively (Table 1). The difference between the two formulations
may be due to charge and hydrophobic interactions from the different PLGA end groups. We
hypothesized that an amine end group would provide additional electrostatic attraction with the
negatively charged DNA which would enhance loading. By contrast, the PLGA with the ester
end cap contained a 9-carbon chain as the end group and thus the lower DNA loading with this
polymer could be due to a combination of the lack of attractive charge interactions and the
increased hydrophobicity of the chain ends which could interact unfavorably with the
hydrophilic DNA. Based on the particle sizes and DNA loadings of the samples in Table 1, the
estimated number of plasmids per NP ranged from ~2 to 5 copies (eq. (S4)).

DNA release measurements were performed at 3 different pH values (pH 7, 6, 4.5) to
mimic the different pH environments that the particles would experience during incubation in the
media (pH 7.4) outside the cell, through early (pH 6.8-6.1) and late endocytosis (pH 6.0-4.8), and
in lysosomes (pH 4.5) inside the cell.'” The amine end-capped PLGA case shows a higher

release at all 3 pHs, with the highest release being DNA equivalent to 0.8 wt% loading with
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respect to PLGA (eq. (S5)) at pH 7 after 3 days (Figure 4). By contrast, the corresponding
release for the ester end-capped case after 3 days at pH 7 was 0.4 wt% with somewhat lower
values at pH 4.5 and 6.0. Because the amine end-capped case had over 2X higher overall
loading, it is reasonable that it would release more DNA relative to the ester end-capped case.
From 1-3 days, release at pH 7.0 appeared to be systematically higher by ~ 30-60% than
for the pH 4.5 case. However, it is possible that pH may affect the concentration of DNA
detected by the PicoGreen assay. The first step to depurination and f-elimination during dsDNA
degradation in aqueous media is catalyzed by acidic conditions.'® Evans et al. showed in their
accelerated stability studies that even at a pH 6, significant difference in degradation could be
seen for supercoiled plasmid DNA when compared to pH 7.'® The formation of acid groups due
to hydrolysis is probably why lower DNA release was measured for the lower pH cases.
Hydrolysis of PLGA is catalyzed by acidic conditions and, as the PLGA breaks down to form
more acid groups, the local pH inside the core decreases.'” This positive feedback loop
accelerates the further breakdown of PLGA.*® When the pH of the surrounding media was
already lower as in the pH 4.5 and 6.0 cases, the acid-catalyzed hydrolysis happens more rapidly
and thus could have degraded more DNA than in the more neutral pH 7 case. If the DNA is
exposed to these highly acidic conditions for a long period of time, it could degrade quickly and
fall below the detection limit of the assay. Balmert et al. estimated the intraparticle pH of ester
endcapped PLGA microparticles (MW = 15 kDa) as ~ 3-4 within 1-3 days in neutral pH media
conditions." This may account for the relatively rapid release of the DNA. The particles are
rapidly being hydrolyzed which, in turn, forms more acid groups that further catalyze hydrolysis,
leading to formation of pores that lead to faster diffusion of DNA out of the particle into the

aqueous media. However, at lower pH values, especially at pH 4.5, the acidic environment in the
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nanoparticles may lead to early DNA degradation, thus lowering the apparent release levels. This
is supported by the decline in DNA release for the pH 4.5 case after 3 days.

The apparently anomalous points in the release profile at the t=0 time point at all 3 pH
values occurred when the buffer was initially added to the NPs, followed by immediate
centrifugation to obtain the supernatant for the PicoGreen assay. The DNA content at this time
point was found to be higher than the subsequent 1-hour time point for all 6 of the DNA-
containing conditions tested. We believe this was due to surface-bound or partially encapsulated
DNA that may have been partly degraded during processing due to its exposure to the
environment. Because that DNA was close to the surface, it was quickly released. Although all
processing steps were done carefully to minimize degradation, between mixing, centrifugation,
freeze drying, and reconstitution in buffers, it is possible that some of the surface-bound DNA
had degraded. We hypothesize that, at t=0, this surface-bound DNA was released rapidly and
detected by the assay. If this DNA had already been partially degraded to form relatively short
linear DNA fragments due to the effects of the handling steps, it may have degraded faster once
in the media with its chain length eventually falling below the detection limit of PicoGreen
(<200 bp) as specified by the manufacturer. Other sources have shown experimentally that

PicoGreen could accurately detect DNA chains as short as 150 bp.>"*

Regardless of the cutoff
length for detection, the hypothesis of partially degraded DNA chains on the surface undergoing
rapid burst release and degradation to lengths below detection by PicoGreen still applies.

This degraded DNA can also show up as a stronger signal for the same amount of DNA
than when in plasmid form given the nature of the PicoGreen assay. The assay involves

intercalation of the reagents into the DNA and therefore will not have access to the entire chain

when the plasmid is supercoiled. Holden et al. reported that, for their plasmid, the PicoGreen
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assay showed the supercoiled plasmid to be 60% the mass of the same plasmid that had been
linearized.” The discrepancy between the supercoiled and linearized forms will depend on the
sequence and conformation of the plasmid but, in all cases, the supercoiled case may show a
lower signal due to inaccessibility of parts of the chain. The DNA concentration for the stock
solution was measured by NanoDrop 2000 (ThermoFisher) which is a UV absorption method
and thought to be be more accurate than the assay for plasmids. This measurement was taken to
be accurate and used to concentrate the stock for a targeted 2 wt% DNA loading with respect to
mass of PLGA. Under the assumption that the added DNA was enough for exactly 2 wt% DNA
loading, the unincorporated DNA and encapsulated DNA should add up to that total mass added.
However, given the lowered detection by picoGreen, the mass of unincorporated DNA as
measured from the supernatant using PicoGreen would be an underestimate. Similarly, the DNA
released over the 5 days was ~ 50% of what was loaded. These measurements are also
underestimates and could be a main factor in accounting for the missing mass in the mass
balance.

More important than the actual estimated loading is the DNA released as shown by the
release study. The amount of measured DNA released for the amine case after 5 days at pH 7.0
was equivalent to a DNA loading of 0.8 wt% with respect to PLGA or approximately half of the
total 1.6 wt% loading. This corresponds to ~2-3 plasmid copies released per NP and is a rough
underestimate as mentioned above. An underestimated plasmid release is better than an
overestimate in this application because the chances of successful delivery of the plasmid to the
nucleus for transcription increases with the number of plasmid copies released. Therefore, the

particles may be more effective for the apparent DNA added. To test this, cell studies were
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conducted to investigate the expression of the Cas9 protein and to explore any changes to the

mouse DNA after NP treatments.

Bacterial S. pyogenes Cas9 protein is successfully translated inside murine macrophages

To further test the successful encapsulation of CRISPR plasmid into the amine end-
capped PLGA nanoparticles, we next wanted to determine whether the plasmid remained
functional, defined by its ability to transcribe and translate S. pyogenes Cas9 protein. To do so,
we harvested wild type mouse bone marrow derived macrophages (BMDMs), replated at a
density of 500,000 cells/mL, and challenged the macrophages with either blank nanoparticles
(100 ug/ml), CRISPR plasmid-loaded nanoparticles (100 ug/ml), CRISPR plasmid with
Lipofectamine 3000 transfection (2 ug/ml DNA), CRISPR plasmid only (2 ug/ml), or PBS for
24 hours. The total remaining cells were removed from the plates, lysed, and Western blot was
performed for Cas9 using a S. pyogenes specific monoclonal antibody (Figure 5).

The nanoparticle concentrations were chosen to keep the DNA concentration constant
between the samples under the assumption of 2 wt% targeted DNA loading. However, the
measured loading was 1.6 wt% with respect to the PLGA, and with the presence of F127
included in the total NP mass, the nominal DNA concentration of the plasmid NP case was
approximately 1.5 ug/ml. In order to control for suboptimal nanoparticle delivery of CRISPR
plasmids, we used Lipofectamine 300 (Invitrogen) in order to transfect approximately the same
total DNA that was encapsulated in the particles. Due to the phagocytic nature of the BMDM
primary cells that we used for this study, we also treated the cells with the free plasmid DNA.
Cas9 was detectable in the cells transfected with Lipofectamine (lanes 1 and 2) as well as the

cells treated with CRISPR plasmid only (lanes 3 and 4) and CRISPR-loaded nanoparticle (lane
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6), while the cells treated with blank nanoparticle (lane 7) and PBS only (lane 5) were not
(Figure 5). Qualitatively, the band intensities between all 3 CRISPR-containing samples were
comparable. Again, given the phagocytic nature of these cells, the BMDMSs internalized the
plasmid only control with no additional carrier or transfection needed. From release studies
shown earlier, we showed that most of the plasmid was released from the particles within the
first 24 hours in suspension, and more specifically within the first 8 hours. From imaging
cytometry, we found ~ 95% of the macrophages exhibited red fluorescence from the TIPS
pentacene indicating internalization after 24 hours (Figure 1d). McDaniel et al. showed similar
statistics using TIPS pentacene loaded poly(lactic acid)-based nanoparticles. That study also
showed that within the first 2 hours ~ 30% of cells showed particle uptake increasing to ~40% at
4 hours but not reaching the 90+% until after 8 hours of incubation.”* Assuming similar DNA
release kinetics in cell culture media, and similar particle uptake behaviors with these PLGA
particles, it is difficult to discern whether the entire nanoparticle was internalized by the
macrophages before releasing the plasmid into the cytosol as intended, the plasmid in the
particles were released outside the cell and the free plasmids phagocytosed, or a combination of
the two. We hypothesize this will become more clear in future in vivo studies. Cohen et al. found
that nanoparticles performed better than liposomes for in vivo delivery of plasmid DNA for gene
editing applications, although it did not do as well in in vitro cell studies.'” Even though we
cannot see a clear advantage in using transfecting agents from this particular study, what this
result does show is that the encapsulated high molecular weight plasmids in the nanoparticles
were intact enough to express the Cas9 protein and can therefore be considered functional. In the

current set of studies, we cloned a test gRNA targeting the Lps-d allele in the mouse 7/r4 gene
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into our pX330 CRISPR plasmid.” Future studies will include functional and validated CRISPR

gRNAs that target a range of murine genes of interest both in vitro and in vivo.

DISCUSSION

CRISPR-Cas9 is an extremely valuable tool towards an effective therapy for a vast range
of genetic diseases. Successful delivery of high molecular weight plasmid DNA into cells is a
significant hurdle in the application of CRISPR-Cas9 based therapeutic strategies. With most of
the current methods for transfection being ex vivo, there is a clear need for investigations into
other delivery methods. By using polymer nanoparticles, the CRISPR-Cas9 tool can be translated
to in vivo therapies without the immunogenicity concerns of viral vectors or cationic liposomes.
This proof-of-concept study has shown a method of fabricating versatile particles made from
biocompatible materials that can be applied to multiple CRISPR-Cas9 systems and beyond to
other plasmid-based treatments. The particles were shown to release 2-3 plasmid copies per
particle with loadings as high as 1.6 wt% with respect to PLGA when previous studies using this
method of fabrication have encapsulated plasmids half the size at only 1 wt%."

Previous studies have shown promising results using adenoviral vectors but historically,
viral vectors have had low success rates in FDA approval.?® However, there have been major
recent steps in the development of liposomes and lipid nanoparticles to deliver CRISPR-Cas9.
Researchers have used gold nanoparticles coated with lipid layers to passivate the surface and
also to encapsulate the Cas9-gRNA ribonucleoprotein and donor DNA. Lee et al. used gold
nanoparticles due to the ability to coat a thick layer of DNA on the surface and their tendency to

be internalized by many different cell types.”’ Wang et al. used gold nanoparticles as a thermally
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triggered release mechanism for plasmid-loaded gold nanoparticle and lipid complexes.” Finn et
al. used lipid nanoparticles to encapsulate mRNA/gRNA complexes and demonstrated delivery
in vivo.” There are advantages and disadvantages to using the different forms of CRISPR-Cas9
and different delivery vehicles.

By using plasmid DNA, we are able to deliver a high Cas9 dosage with indefinite
production by the cells, but there are higher risks for off-target effects.’® One disadvantage of
liposomal and lipid nanoparticle formulations is that the product is difficult to characterize and
store. The liposomes are made in solution so the product yield and encapsulation are
characterized solely on the payload concentration. The initial molar ratios of the different lipids
and components are given under the assumption that the end product has the exact same ratios. It
is difficult to determine the absolute loading of the payload and long-term storage can be an
obstacle. By using polymeric nanoparticles, the particles can be freeze-dried to increase shelf-
life, the material composition of the particles can be characterized to determine loading so that
dosages can be identified by product mass concentrations, and the particles are dispersible at
desired concentrations. Without much literature on the direct comparison of liposomal delivery
versus polymer nanoparticle delivery in vivo, it is difficult to give a clear functional advantage of
one over the other. However, future work in this work will include a comparison especially given
the larger number of studies showing successful implementation of liposomal/lipid nanoparticle
CRISPR-Cas9.

Several studies that have successfully employed nanoparticle delivery of CRISPR-Cas9

plasmids have done so using immortalized cell lines.’' >’

In this way, our study is unique as we
utilize primary cells. There has been a previous study by Jin et al. using a magnetic nanoparticle

delivery system to transfect rat primary cortical neurons with a CRISPR plasmid, but delivery to
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these primary cells were found to be at a much lesser degree relative to studies done in
immortalized HEK cells.” Therefore, delivery in primary cell systems is an needed area of
investigation in this field. With the ultimate goal of applying this method of CRISPR-loaded
nanoparticles in vivo, primary cells are advantageous as they more accurately represent
physiological conditions.

Here, we have chosen to validate the CRISPR-Cas9 plasmid functionality via detection of
the S. pyogenes Cas9 protein within the murine macrophages. In future work, this can be taken a
step further to confirm genetic changes within the target gene to verify CRISPR plasmid delivery
and functionality. Due to the nature of the double-stranded break created by the Cas9 enzyme, it
should be expected that the genetic changes would not be uniform or even predictable. As the
interest of this work was to create a base pair substitution within the Lps-d allele in the mouse
Tlr4 gene, sufficient number of cells must be utilized to account for all the possible outcomes
after a double stranded break: insertions or deletions of a few base pairs (less than 20),>* to up to
several hundred,” and resultant complex rearrangements.*

With multiple plasmid copies per particle, the nanoparticle-based carrier described here
successfully delivered the high molecular weight CRISPR-Cas9 plasmid into primary mouse
derived macrophages. The relative expression and translation of the bacterial Cas9 protein in
macrophages treated with NP-encapsulated plasmids was comparable to cells transfected using
more traditional transfection approach of Lipofectamine (Figure 5). This may not mean that the
NP delivery is directly comparable to this method, as this can be attributed to the 80%
encapsulation efficiency of the DNA. Previous studies have shown that polymer carrier systems
can be much more effective at delivering genetic material in vivo even when levels of

transfection are less than levels observed in cell studies.'® Thus, given the successes of this
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formulation in vitro, future work involving transfer of this technology into in vivo animal studies
for comparison to current methods of delivery looks promising. It is our hope the procedures
described here will ultimately improve genome editing as a whole to move us towards an

effective treatment for a range of genetic diseases.

METHODS
Materials

PLGA AP063 (15,000-25,000 My advertised (31,700 My by GPC), PDI=1.86, 50:50
lactic acid:glycolic acid, ester end-capped), and PLGA AI063 (10,000-20,000 My advertised
(16,000 My by GPC), PDI=1.41, 50:50 lactic acid:glycolic acid, diamine end-capped) from
Akina Inc. PolySciTech was used as purchased. Pluronic® F127 copolymer (PEO(~4.3 kDa)-
PPO(~3.9 kDa)-PEO(~4.3 kDa)), D-(+)- Trehalose dehydrate, uninhibited tetrahydrofuran (THF)
(anhydrous >99.9%), dimethyl sulfoxide (DMSO) (>99.9%) and 6,13-
bis(triisopropylsilylethynyl)pentacene (TIPS pentacene) were purchased from Sigma Aldrich and
used as received. Dimethylformamide (DMF) (spectrophotometric grade), and chloroform
(HPLC grade) was purchased and used as received from Spectrum Chemical. Deuterated
chloroform (CDCls) (D, 99.9%) was purchased from Cambridge Isotope Laboratories, Inc. and
used as received. GE Hyclone Phosphate Buffered Saline (1X, 0.0067M PO,, without Calcium
and Magnesium) (PBS), Tris-Ethylenediaminetetraacetic acid (Tris-EDTA or TE) buffer, and
PicoGreen Assay Kit were purchased from Fisher Scientific and used as received. CRISPR Cas-9
DNA (~8500 bp; MW ~5.5 x 10° g/mol) was cultured using Escherichia coli (described below)

and purified using the Qiagen plasmid purification maxi prep kit. Autoclaved Milli-Q deionized
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water (resistivity ~ 18 MQ-cm produced from a Millipore Synergy Ultrapure Water system) was

used in all experiments.

CRISPR plasmid design

The CRISPR plasmid pX330-U6-Chimeric BB-CBh-hSpCas9 was a gift from Feng
Zheng (Addgene plasmid # 42230).”” The plasmid was digested with the restriction enzyme
Bbsl, and a murine 77r4- specific gRNA was cloned into the vector. The goal with the design of
the gRNA was to specifically target site 2342 in the Mus musculus Lps-d allele. The oligos were
designed based on this target sequence, self-complimentary, and with overhang specified in order
to be successfully cloned into the pX330 plasmid once digested with Bbsl restriction enzyme.
The sequences of the oligos in the 5 to 3° direction: CACCCCTGGTG
TAGCCATTGCTGCCAA and AAACTTGGCAGCAATGGCTACACCAGG. (Figure S1).

Competent E. coli cells (Sigma Aldrich) were transformed with cloned pX330 containing
Tlr4 gRNA and amplified in Ampicillin-containing selection media according to standard
transformation protocols. Plasmid DNA was isolated from competent cells via plasmid MaxiPrep
kit (QIAgen) following the manufacturer’s protocol, and the concentration was verified by a

NanoDrop 2000 (ThermoFisher).

Fabrication of DNA loaded PLGA nanoparticles by nanoprecipitation

The method used for nanoprecipitation of PLGA nanoparticles was modified from that
previously described by Niu et al.'* PLGA with two different end groups (ester and amine
groups) were used to test the hypothesis that the positively charged amine end caps could

increase the encapsulation efficiency and loading due to the charge interactions between it and
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the negatively charged backbone of the DNA. In a 50 mL polypropylene conical centrifuge tube,
100 mg Pluronic F127 was dissolved in 20 mL autoclaved DI water by vortex mixing followed
by 30 minutes of sonication (Fisherbrand CPXH Series Heated Ultrasonic Cleaning Bath; 110
W, 40 kHz). An autoclaved magnetic stirring bar was added and the solution was mixed at 600
RPM for 30 minutes while the other solutions were made. Plastic labware was used instead of
glassware throughout to minimize nonspecific adsorption of DNA. Solutions of PLGA dissolved
in DMF (44.48 mg/mL) and TIPS pentacene dissolved in THF (0.667 mg/mL) were made
separately. The PLGA was left quiescently to wet in DMF for 30 minutes before being sonicated
for 30 minutes but the TIPS pentacene was only vortex mixed and not sonicated to avoid
degradation from heat and sonication. Next, 400 uL of a 1.41 mg/mL stock solution of plasmid
DNA in TE buffer were placed in an Amicon 100 kDa MWCO Ultra 0.5 centrifugal filter and
spun at 11k RPM (11,498 x g) (Fisher Scientific accuSpin™™ Micro; PCR-Rotor 7500 3243) for
10 minutes to concentrate the solution. The filter was then inverted into a clean tube and spun at
3k RPM (855 x g) for 3 minutes to recover the now-concentrated DNA (~8.14 mg/mL). Next, 63
uL of the concentrated DNA solution was diluted with 63 uLL TE buffer. To make the final
solution, 562 uL of PLGA stock, 562 uLL TIPS pentacene stock, 126 uL. TE (with or without
DNA) were combined in a 1.5 mL centrifuge tube with gentle pipetting until visually
homogenous. This solution had a volume of ~ 1.25 mL and contained 25 mg PLGA, 0.513 mg
DNA, and 0.375 g TIPS corresponding to a 2 wt% DNA and 1.5 wt% TIPS loading with respect
to the PLGA. The mixture was then loaded into a 3 mL plastic syringe fitted with a 21-gauge
beveled needle. Using a syringe pump (New Era Pump Systems, Farmingdale, NY), the organic
solution was added drop-wise (30 mL/hr) to the aqueous Pluronic F-127 solution magnetically

stirred at 600 rpm. The combined solution was left stirring for 5 hours on ice and covered to
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minimize light exposure for the TIPS pentacene before being centrifuged at 4°C and 22,789 xg
for 30 minutes (Thermo Scientific, Sorvall Legend X1R, FIBERLite'™ F15-8x50c rotor). The
supernatant was decanted and saved for assaying the unincorporated DNA by PicoGreen. The
pellet was re-suspended in 20 mL of DI water by 30 minutes of sonication and then filtered
through a 0.45 um nitrocellulose membrane to make the “reserve” suspension. Meanwhile, 200
mg of trehalose were dissolved in 1 mL of DI water. Next, 1.5 mL of the reserve suspension was
split into three 1.5 mL tubes (0.5 mL per tube) to freeze dry without a cryprotectant to determine
the concentration of the reserve suspension. The remaining ~16-18 ml was added to the trehalose
mixture for a targeted NP:trehalose mass ratio of 1:25. All samples were frozen in a -70°C
freezer and then lyophilized (FreeZone6, LABCONCO) for at least 5 days at <0.09 mBar and ~ -

50°C.

Size and zeta potential characterization

Size distributions were measured by dynamic light scattering (Zetasizer NanoZS,
Malvern Instruments, software version 7.12) at 25°C unless otherwise noted. The sizes reported
are averages of 5 measurements of the intensity peak corresponding to the bulk of the mass in the
system. Each measurement consisted of 12-16 subruns averaged by the software and all solutions
had a NP concentration of ~0.2 mg/mL. For the measurement of reserve suspensions, 50 uL of
sample were diluted with 1 mL of DI water. For solutions made with freeze-dried samples, the
powdered samples were left quiescently to wet for 15 minutes followed by vortex mixing and
then sonication for 1 minute. Zeta potentials were also measured using the same suspensions

used for DLS (Zetasizer NanoZS) which were loading into pre-wetted folded capillary tubes.
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Five measurements were conducted per sample with each measurement consisting of an average

from 42 subruns.

Determining PLGA and Pluronic content per nanoparticle by proton NMR

Proton NMR was used in order to find the mass ratio of PLGA to Pluronic content in
nanoparticles. PLGA, Pluronic, and TIPS pentacene loaded nanoparticles were dissolved
separately in CDCl; at concentrations of ~1-2 mg/mL, and placed in standard 5 mm o.d. tubes.
The 'H NMR spectra were obtained using a Bruker Avance 500 spectrometer operating at 500

MHz and 25°C with 32 scans per sample.

Measurement and calculation of TIPS pentacene encapsulation

The targeted TIPS pentacene loading of 1.5 wt% was based on the mass of TIPS pentacene
and PLGA dissolved in the solvent mixture used for fabrication. As with the NMR
measurements, NPs for the TIPS pentacene composition measurements were freeze dried without
trehalose cryoprotectant. The particles were dissolved in THF at specific mass concentrations to
liberate the TIPS pentacene and the absorbances were measured at 641 nm to calculate the
concentration from (Figure 3b) where the absorbance was related to the concentration by:

Absorbance = 29.084 * Crps pentacene + 0.0021 (S1)

The calculated TIPS concentration was subtracted from the known NP concentration to obtain
the polymer concentration in solution and then, using the PLGA/F127 mass ratio of 92/8
determined by NMR (described below), the PLGA concentration was calculated which permitted
a calculation of the TIPS pentacene loading relative to the PLGA content. For example, a 0.2

mg/mL concentration of NP dissolved in THF had an absorbance of 0.075 so that:
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Absorbance + 0.0021  0.075 4+ 0.0021 mg

TIPS pentacene concentration = 59,084 29084 0025 oL
The TIPS pentacene loading, defined as (TIPS mass/PLGA mass) is given by:
TIPS pent loading = 0-0025 100% = 1.38 + 0.11 wt%
pentacene loa mg_(0.2—0.0025)*92%PLGAX 0 =138 £ 0.11 wt%
and the TIPS encapsulation efficiency, EE, is:
wt% TIPS pentacene calculated 1.38 wt%
EE = =92% EE

wt% TIPS pentacene targeted during fabrication ~ 1.5 wt%

The major source of uncertainty comes from the propagation of uncertainty in the PLGA
composition given the NMR measurements. This analysis shows that almost all of the TIPS
pentacene was encapsulated which is consistent with the highly hydrophobic nature of the small

molecule fluorophore.

Determination of fluorophore loading and encapsulation efficiency

To determine fluorophore loading and encapsulation efficiency, the particles were freeze-
dried as mentioned above without any cryoprotectant. The freeze-dried nanoparticles were then
dissolved in THF at concentrations of 0.2 and 0.5 mg/mL with vortex mixing and no sonication,
again to protect TIPS pentacene from thermal degradation. TIPS exhibits a local absorbance
maximum at 641 nm (Figure 4a) where PLGA and Pluronic F127 do not absorb at all and so the
absorbance at this wavelength was used to quantify TIPS pentacene loading. The absorbances of
these solutions were compared to an absorbance vs. TIPS pentacene concentration calibration
curve (Figure 4b) to determine the TIPS pentacene concentration in the NP solution and
therefore the TIPS pentacene loading. The loading was then used to back calculate the

encapsulation efficiency defined as:
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wt% TIPS pentacene determined by absorbance measurement

S2
wt% TIPS pentacene targeted during fabrication (52)

Determining NP:trehalose ratio using TIPS pentacene

From the 3 tubes of 0.5 mL reserve suspension that were freeze dried without trehalose,
the NP concentration of the reserve suspension (eq. (S3)) was determined using the TIPS
pentacene calibration curve and the calculated TIPS pentacene loading.

Crips.
CNP-reserve = TIFSitube * 100 (53)
' Wt%ripswrenp)

where Cxp.reserve 1S the NP concentration in the reserve suspension, Crip:ube 1S the concentration of
TIPS pentacene in the dissolved NP samples from the freeze dried tubes, and wt%ripswrinp) s the
wt% TIPS pentacene with respect to the entire NP as measured from UV-Vis spectrophotometry
of a known mass of NP (not to be confused with the wt% TIPS calculated with respect to PLGA
as done during the EE calculations) (Wt%rtmpswiiney = 1.25). Eq. (S3) also assumes the freeze-
dried particles were dissolved in the same volume of THF as volume of reserve suspension
added to the tube (0.5 mL).

From the reserve concentration, the concentration was multiplied by the volume of
suspension added to the trehalose tube to get the mass of NPs added and compared to the 200 mg
trehalose added per batch to determine the final NP:trehalose mass ratio which ranged from 1:25

to 1:42.

Measuring DNA loading by PicoGreen assay

To determine the DNA loading of the particles, the free DNA concentration in the

supernatant that was not encapsulated into the particles was measured using the PicoGreen
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dsDNA assay. After the particles were centrifuged during fabrication, the supernatants were
decanted into new 50 mL centrifuge tubes. The supernatant was diluted 10-fold into 1 mL
aliquots for the measurement. The samples were measured as per instruction of the assay and
compared to a set of lambda DNA solutions ranging 0-2000 ng/mL. The assay was read on black
96-well plates using a plate reader (BioTek, SynergyMx) with the sensitivity adjusted so that the
2000 ng/mL signal was below the saturation level of the detector. The DNA concentration of the
supernatant was back calculated assuming 21 mL volume (20 mL F127 solution + 1 mL organic

solution) and 0.41 mg DNA added in the 1 mL organic during particle formation.

Estimation of the number of plasmid copies per particle

Estimating the number of plasmid copies per particle starts with the hydrodynamic
diameter as measured by DLS. The PEG chains from the Pluronic F127 that coat the surface of
the particles are assumed to be ~15 nm as assumed by Pansare et al. in their own fluorescence
per nanoparticle calculations.”® With the known wt% DNA with respect to PLGA as measured
by picoGreen and NMR, we can calculate the approximate plasmid copies per particle with the
following equation:

#plasmids — T[(dcore)3pPLGA * WtCyODNA * l\IA

(S4)
NP MWpxa

where dcore 18 the estimated diameter of the hydrophobic PLGA core [cm], ppLca is the density of
bulk PLGA [1.34 g/cm’],”” wt%pna is the measured loading of DNA with respect to PLGA, Ny
is Avogadro’s number, and MWpna is the molecular mass of the 8500 bp plasmid [g/mol]

assuming 650 g/mol base pair.

Calculations of DNA loading with respect to PLGA
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The wt% DNA with respect to PLGA values that make up the y-axis for Figure S in the
main text was calculated from picoGreen assays of the DNA concentrations in the supernatant
during the release studies at known NP concentrations.

CDNA;picogreen
Cynp * Wt%prga

Wt%DNA = (55)

where Ccenaspicogreen 15 the DNA concentration as measured by the picoGreen assay, Cnp is the
known NP concentration in the suspension, and wt%prga is the percent PLGA that makes up the
polymer carrier as determined by NMR analysis. The mass of DNA is not accounted for in the
total mass calculation of the denominator because the DNA loadings with respect to the entire

nanoparticle is less than 1 wt% and considered negligible.

DNA release profile

Using the approximate ratio of trehalose:NP as described, ~9-10 mg of NPs were
weighed into three separate 15 mL tubes for each of the 4 cases, i.e. the ester and the amine end-
capped PLGA types with and without DNA for a total of 12 samples. The 3 tubes of each NP
case were resuspended in PBS at 3 different pHs (4.5, 6.0, 7.0) at a final nanoparticle
concentration of 1 mg/mL. The buffers started from 1x PBS and were titrated to the target pHs
using HCI measured using a pH meter (Denver Instrument UB-5 with ThermoScientific Orion™
9156DJWP Double Junction Electrode). The samples were left to equilibrate overnight and
titrated again back to the target pH. The buffers were then autoclaved for sterility and aliquots
were tested a final time for correct pH to keep the stock sterile. The 15 mL tubes of suspensions
were vortexed and sonicated for 1 minute before being aliquoted to 9 separate 2 mL centrifuge
tubes for each of the time points. The tubes were stored in a 37°C incubator on a nutating mixer

(Fisher Scientific Nutating Mixer Variable Speed 3D Platform Rotator Model # 88861043) at 15
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RPM and removed at specified time points for analysis. At each time point, the particles were
spun down at 16,060 x g for 20 minutes at room temperature and 500 uL of the supernatant were
used for the PicoGreen assay. A stock volume (1 mL per time point) of each dilution for the
lambda DNA standard calibration was made to keep the standard concentrations consistent

across all times points.

Macrophage Nanoparticle and CRISPR Challenge

Bone marrow derived macrophages (BMDMs) were isolated from wild type mice
following standard procedures.*’ Briefly, bone marrow isolated from the femur and tibia from
C57Bl/6 female mice aged 8-12 weeks was incubated for 6 days with Dulbecco Modified Eagle
Media (DMEM) supplemented with 10% fetal bovine serum, 1x penicillin/streptomycin, and
20% L929-conditioned media. On day 6, total cell numbers were counted and replated at a cell
density of 500,000 cells/mL. After overnight incubation with complete DMEM supplemented
with 10% fetal bovine serum and 1x penicillin/streptomycin, the macrophages were resuspended
with plain DMEM and either blank nanoparticles (100 wg/ml), CRISPR plasmid-loaded
nanoparticles (100 ug/ml), CRISPR plasmid with Lipofectamine 3000 (2 ug/ml DNA), CRISPR

plasmid only (2 ug/ml), PBS for 24 hours.

LIST OF ABBREVIATIONS

CRISPR clustered regularly interspaced palindromic repeats
PLGA poly(lactic-co-glycolic acid)

TIPS 6,13-bis(triisopropylsilylethynl)

BMDM bone marrow derived macrophages

THF tetrahydrofuran

DMSO dimethyl sulfoxide
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DMF dimethylformamide
TE Tris-Ethylenediaminetetraacetic acid
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FIGURES

Figure 1: TIPS pentacene can be used as a fluorescent marker for cell internalization
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Figure 1. TIPS pentacene can be used as a fluorescent marker for cell internalization. (a)
TIPS structure, (b) Normalized absorbance spectrum of TIPS pentacene in THF (v/v), (c)
Calibration curve of absorbance vs. TIPS pentacene concentration in THF by volume, (d)
Imaging cytometer images of BMDM cells treated with either mock or TIPS loaded NPs

demonstrates internalization of particles into the cell as indicated by red fluorescence signal.
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Figure 2: Analysis of F127 and PLGA proton NMR spectra show distinct peaks that can be

used to determine polymer composition of resulting nanoparticles
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Figure 2. Analysis of F127 and PLGA proton NMR spectra show distinct peaks that can be
used to determine polymer composition of resulting nanoparticles. 'H NMR spectra of (a)

Pluronic F127 and (b) ester end capped PLGA (c) amine end capped PLGA in CDCls.
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Figure 3: Mass ratio of Pluronic F127 and PLGA in the nanoparticles determined by

proton NMR allows for more accurate calculations of encapsulation efficiency
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Figure 3. Mass ratio of Pluronic F127 and PLGA in the nanoparticles determined by
proton NMR allows for more accurate calculations of encapsulation efficiency. 'H NMR of

NPs made with (a) ester end cap PLGA and (b) amine end cap PLGA.
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Figure 4: Majority of DNA released within the first 24 hours with NPs made from amine

endcaps at pH 7 showing the highest level of release
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Figure 4. Majority of DNA released within the first 24 hours with NPs made from amine
endcaps at pH 7 showing the highest level of release. DNA release profile from the particles

with respect to time at pH (a) 7.0, (b) 6.0 (c) 4.5.
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Figure 5: Bacterial S. pyogenes Cas9 protein is successfully translated inside murine

macrophages
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Figure 5. Bacterial S. pyogenes Cas9 protein is successfully translated inside murine
macrophages. After 24 hours incubation with CRISPR+ Lipofectamine (lanes 1 and 2), CRISPR
plasmid only (lanes 3 and 4), PBS only (lane 5), CRISPR loaded nanoparticle (lane 6), and blank

nanoparticle (lane 7), S. pyogenes Cas9 protein was detectable by Western Blot.
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Table 1

Target Actual Before freeze drvin Freeze dried 1:~25
DNA DNA YME | NP:trehalose (w:w)
PLGA loading loading
Sample o o
end cap (Wt %o (Wt %o D, 7P D 7P
based on based on (nm) PDI (mV) | (nm) PDI (mV)
PLGA) PLGA)
A Ester - - 157 | 0.06 -31 344 | 0.42 -29
B (neutral) 2 0.7 160 | 011 | -33 | 213 [ 023 | -35
C Amine - - 177 | 0.11 -24 290 | 0.37 -27
D ) 2 1.6 182 [ 008 | 26 | 260 | 021 | -30

Table 1. Size and zeta potential of NPs in DI water made with different end-capped PLGA

before and after lyophilization.
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SUPPLEMENTAL FIGURE

Figure S1: Designed target sequence for gRNA in CRISPR-Cas9 plasmid, targeting 7/r4

gRNA target sequence:

CACC CCT GGT GTA GCCATT GCT GCC AA
GGA CCA CAT CGG TAACGA CGG TT CAAA

Figure S1. Designed target sequence for gRNA in CRISPR-Cas9 plasmid, targeting 7/r4.
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Chapter Seven

Discussion and Conclusions

Veronica M. Ringel-Scaia

Cancer affects millions of people worldwide, and is the second leading cause of death in
the United States.' Despite improvements to the overall average survival rate, the most updated
estimates predict that over 600,000 American patients will die from cancer in 2019, equating to
nearly 1,700 deaths per day.' Awareness of preventable lifestyle-related risks™> has not led to
significant improvements in prevention, and cancer rates continue to rise. Combatting the ever-
increasing exposure to cancer risks within the world population may not be feasible on a
meaningful scale; to refine treatments and outcomes for the millions of cancer patients, novel
ways of thinking about the disease is necessary. The focus of this work was to provide unique
insight for understanding, treating, and targeting cancer from the perspective of a family of
cellular receptors of the innate immune system. By focusing on Pattern Recognition Receptors
(PRRs), this work provides context for improving overall understanding of cancer. The goal of
the work presented here is to provide evidence of the advantages of considering PRRs as a tool
for understanding cancer, in order to ultimately lead to improved treatments for patients.

Attempts to pinpoint specific causes of cancer have oftentimes fallen short due to the
complexity and heterogeneity of the disease. Conclusions drawn from laboratory techniques that
isolate and utilize a single cancer cell type, while useful, oftentimes fail or cannot be reproduced

in situ or in vivo. The cunning nature of cancer is to usurp normal and crucial biological
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processes of the body to the advantage of the tumor and ultimate detriment to the healthy tissue.
We have since accepted that the immune system is often one such process that is hijacked by
cancer. The “immune surveillance” concept and hypothesis has evolved in the years since its
inception; after initially being abandoned due to lack of experimental evidence, it is now
considered a means for understanding cancer and the immune system.® Dunn et al. described an
updated theory of immunological regulation of cancer, “cancer immunoediting,” in three parts:
the elimination phase where cancerous cells are destroyed by the immune system, the
equilibrium phase between the immune system and malignant cells, and the escape phase where
the immune system fails to destroy the tumor and it is now clinically detectable as a tumor.” It is
now clear that both the innate and adaptive arms of the immune system play a role in the
regulation of cancer,’ and advances in cancer treatments founded in the role of the immune
system have been successful when exploiting this. The current status of cancer therapy that relies
on activating the host immune system to produce antitumor effects, or cancer immunotherapy,
can be grouped into three main categories: tumor vaccinations, adoptive cell transfer, and
checkpoint inhibitors.*” In order to improve the outcomes of not only immunotherapies, but all
therapies, clearer understanding of the biological causes for both the prevention and promotion

of cancer development is crucial.

NLRs and Understanding Cancer

No two tumors are exactly alike. Few targets remain consistent between tumor types and
tissue of origin, patients and risk factors, metastatic and localized disease. Reaffirming this point,
we have described a phenomenon associated with a particular group of PRRs whose role in

regulating gastrointestinal inflammation we have coined “The Goldilocks Conundrum.”'® The
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particular PRRs of interest are nucleotide-binding oligomerization domain and leucine-rich
repeat containing (NOD-like) receptors (NLRs), which can further be classified based on how
they respond when activated and their predominant role as either regulatory, reproductive, or
inflammasome-forming. As described in chapter two, inflammasome-forming NLRs play a dual
role in gastrointestinal homeostasis and disease: both hyper- and hypo-activity can lead to the
development of disease.'’ This insight is noteworthy, as it implies that the mechanism of
inflammasome activation is likely more closely regulated and controlled than perhaps initially
thought. It is interesting to speculate that there may be an as of yet unknown drug-targetable
mechanism responsible for regulating the activity of inflammasome-forming NLRs within the
gastrointestinal tract and beyond.

Indeed, the role of NLRs within the gastrointestinal tract is complex and intricate, as we
see in chapter three. As previously described, animals that lack a specific inflammasome-forming
NLR, NLRPI, are predisposed to worsened disease phenotype of experimentally induced colitis-
associated cancer.'' We initially anticipated that the communities within the gut microbiome of
these Nlrpl™" animals would be characterized by dysbiosis and an overabundance of bacteria that
should be regulated and controlled by the NLRP1 receptor. However, after carefully controlling
for all potential influencing factors, we saw that caging and maternal influence were far greater
predictors of microbiota composition rather than genotype in our Nlrpl”" animals.'* This work
has major implications for all future work involving NLR knockout animals, as we clearly see
that the housing strategy significantly alters the microbiome composition. It also calls into
question all previous studies that used NLR-deficient animals that were not bred as littermates to

equilibrate microbiomes prior to being subjected to the model.
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Pyroptosis and Treating Cancer
Beyond immunotherapy, additional treatment approaches are showing significant

promise in both pre-clinical and clinical breast cancer studies,'*"”

the most commonly diagnosed
cancer in woman. These therapeutic approaches include cryotherapy, laser irradiation,
microwave irradiation, radiofrequency ablation, high-intensity focused ultrasound ablation, and
irreversible electroporation (IRE). IRE delivers short electric pulses through electrodes inserted
directly into the targeted tumors, and induces cell death by increasing the transmembrane
potential and disrupting cancer cell homeostasis. This technique is being evaluated in clinical
trials for a range of cancers including liver, pancreas, prostate, kidney, and brain.”?* The
second-generation adaptation of this technology, high-frequency irreversible electroporation (H-
FIRE), utilizes high-frequency bipolar bursts.

Effective tumor ablation does not depend on or require a functioning immune system.
However, as observed in chapter four, a functioning immune system results in a significantly
improved reduction in both primary tumor size and metastases in animals treated with H-FIRE.
In the murine 4T1 model of triple negative breast cancer, we saw evidence of a shift in the
immunosuppressive tumor microenvironment to one that is pro-inflammatory, significant
decreases in infiltrating immunosuppressive cells within the tumor microenvironment, and
significant increase in inflammatory cell death within the treatment field. The predominant form
of cell death induced via H-FIRE was mechanistically consistent with pyroptosis, a pathway
downstream of NLR activation.”' Localized H-FIRE tumor ablation leads to the activation of the
innate immune system via increased damage signals associated with pyroptosis in the treatment

zone. The damage signals, coupled with the shift to a pro-inflammatory tumor

microenvironment, are sufficient to ultimately engage the adaptive immune system and increase
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systemic antitumor immunity. H-FIRE is a promising new modality with the potential to
revolutionize cancer treatment options for metastatic disease, if a localized ablation is sufficient
to stimulate systemic antitumor effects at any and all metastatic tumors. It is within reason to
hypothesize that H-FIRE could be clinically administered prior to surgical resection to “prime”

the immune system and increase the odds of minimizing metastases.

TLRs and Targeting Cancer

Despite best efforts to develop drugs and technology with high specificity for tumors,
physical limitations associated with tumor configuration and location impede successful
delivery. Malignancies associated with the gastrointestinal tract epitomize a difficult to target
tumor location. Specifically, several impediments to drug delivery to gastrointestinal tumors
include: toxicity associated with delivering a sufficient concentration of drugs, insolubility of
anti-cancer small molecular weight macromolecules such as genes or proteins, impenetrable
mucus, uncontrolled release of therapeutics, and a lack of specific targeting of tumors. As
reviewed in chapter five, advances in nanoparticle-coupled drug delivery systems, or
nanocarriers, have addressed some of the numerous challenges associated with traditional
treatment of gastrointestinal cancers through the employment of biocompatible nanocarriers to
solubilize, stabilize, and control release of drugs and other anti-cancer agents.”*

Oftentimes, nanoparticle delivery to tumors relies on the relative leakiness of the blood
vessels and poor lymphatic drainage that is characteristic of tumors, known as the enhanced
permeability and retention (EPR) effect.”> However, this form of passive targeting to tumors can
be hindered by the high interstitial pressure within solid tumors which prevents adequate uptake

of the nanoparticle within a tumor and homogenous distribution of the nanoparticle.” To combat
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this, strategies known as active targeting, whereby the surfaces of nanoparticles can be coated
with highly specific ligands for markers on or within the cancerous cells of interest, such as
antibodies, proteins, or aptamers,>* can be employed. In theory, active targeting would lead to the
“homing” of a nanoparticle to the tumor of interest, while sparing the surrounding healthy tissue.
Nanoparticle drug encapsulation and subsequent nanocarrier delivery is essentially limitless; the
most significant challenge is efficient and successful encapsulation of the drug or therapeutic
within uniform and nanoscale particles.

Nanoparticle delivery actively or passively targeting PRRs could open the door for a
variety of new therapeutic outcomes in any disease associated with increased or decreased PRR
activation. As a proof of principle, one such example of PRR-targeting via nanoparticles is
highlighted in chapter six, in which a very large CRISPR-Cas9 plasmid targeting a murine PRR
gene, Tlr4, was loaded into polymer nanoparticles. TLR4 is a PRR responsible for sensing the
endotoxin or lipopolysaccharide (LPS) from gram-negative bacteria.”” Both hypoactive and
hyperactive LPS responsiveness have been linked to detrimental inflammatory responses and
disease.”® As we see from the work presented in chapter six, the nanoprecipitation fabrication
method can be employed to successfully encapsulate large genetic material and importantly
conserves plasmid functionality. The technique developed in chapter six has broad implications
for drug encapsulation and delivery in a multitude of cancers and diseases. It is certainly
interesting to speculate that nanocarriers could be developed in the future that actively target
ligands expressed on or within a tumor, while passively targeting aberrant PRRs within the

tumor.
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CONCLUSIONS

Each of the studies included in this work have attempted to address gaps in the literature
surrounding PRRs and cancer in different ways. There has been debate within the NLR field as
to the role of NLRs in regulating the microbiome and how this may potentially translate to
cancer risk; dysbiosis within the microbiome is often cited as a hypothetical contribution to
gastrointestinal disease development. As we clearly demonstrate in chapter three, the function of
a specific NLR, NLRP1, in the attenuation of colitis-associated cancer is not due to regulation of
microbial communities within the gut microbiome. Contrary to the assumed importance of NLRs
in the microbiome, other PRR-dependent mechanisms in cancer can frequently be overlooked.
An example of such unnoticed system is the influence of the innate immune system following
tumor ablation with H-FIRE. After the initial development of the technology, it was assumed that
the mechanical destruction of the tumors themselves was sufficient. As we have clearly shown in
chapter four, the mechanism of cell death following H-FIRE ablation has the capability to
activate the innate immune system, leading to improved overall outcomes of treatment and long
term survival. PRRs are important and significant in the prevention of and/or predisposition to
cancer, as well as the success or failure of a therapeutic treatment. As such, it was our goal to
develop a technology whereby a specific PRR, TLR4, could be targeted with nanoparticles in
chapter six. We have proved that we can encapsulate a plasmid specific for 7/r4 in a nanocarrier,
opening numerous possibilities for modifications to target other PRRs with nanotechnology. This
collection of work merely begins to explore the role of PRRs on a variety of key components of
cancer and undoubtedly demonstrates that PRRs are vital to understanding, treating, and

targeting cancer.
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