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ABSTRACT

ADVANCING ENGINEERED ENDOSYMBIONTS AS A PLATFORM TECHNOLOGY FOR
THERAPEUTIC MACROPHAGE MODULATION

By

Cody Scott Madsen

This dissertation describes the construction of engineered endosymbionts (EES) as a
platform technology for modulating macrophage function for therapeutic applications. Dr. Ashley
Makela and | worked closely to advance the EES technology. Dr. Makela focused on the
characterization of the EES ability to change macrophage function and | focused on developing
the EES technology and working with Dr. Makela on characterization and using the EES in
applications (Chapter 2 and 3). In Chapter 2, Bacillus subtilis was developed as a chassis
organism for EES that escape phagosome destruction, reside in the cytoplasm of mammalian
cells, and secrete proteins that are transported to the nucleus to impact host cell response and
function. Two synthetic operons encoding either the mammalian transcription factors (TFs) Stat-
1 and KIf6 or KIf4 and Gata-3 were recombined into the genome of B. subtilis expressing
listeriolysin O (LLO) from Listeria monocytogenes and expressed from regulated promoters.
Controlled expression of the mammalian proteins from B. subtilis LLO in the cytoplasm of
J774A.1 macrophage/monocyte cells altered surface marker, cytokine and chemokine
expression. Once the EES platform was developed and initially tested in vitro with a
macrophage cell line, translating the EES to applications became the next step to understand
the capacity of the new technology (Chapter 3). For increased translatability, the effect of the
engineered B. subtilis LLO TF strains on murine bone marrow-derived macrophages (BMDMSs)
function was characterized. The TF strains shifted BMDM production of cytokines, chemokines
and metabolic patterns. RNA-seq is still being analyzed to elucidate effects on gene expression.
Furthermore, the ability of the B. subtilis LLO TF strains to alter the tumor microenvironment

was characterized in a murine 4T1 orthotopic breast cancer model. The B. subfilis LLO strains



altered the tumor microenvironment by promoting immune cell invasion, altering the functional
metabolism of cells within the tumor, and causing tumor growth stabilization. Additionally, safety
of this EES platform was observed as multiple doses at bacterial concentrations 100-fold more
than other bacterial therapies were injected without affecting the health of mice. Yet, during the
development and characterization of the EES, the sugar (D-mannose) that was used to induce
transcription in the EES once inside the host cell was observed to significantly impact
macrophage physiology which created additional complexity and was not ideal for in vivo
applications. Accordingly, Emily Greeson and | worked on developing a mechanism for non-
invasive localized control of gene expression in vivo. Emily Greeson engineered B. subtilis with
temperature sensitive repressors (TSRs) and characterized this new genetic switch. | then
coated B. subtilis with superparamagnetic iron oxide nanoparticles (SPIONs) which could be
stimulated by an alternating magnetic field (AMF) to generate thermal energy. Chapter 4
discusses this new approach, and we investigated the ability of magnetic hyperthermia to
regulate TSRs of bacterial transcription. The TSR, TIpA39, was derived from a Gram-negative
bacterium, and used here for thermal control of reporter gene expression in Gram-positive B.
subtilis. In vitro heating of B. subtilis with TIpA39 controlling bacterial luciferase expression,
resulted in a 14.6-fold (12 hour; h) and 1.8-fold (1 h) increase in reporter transcripts with a 9-fold
(12 h) and 11.1-fold (1 h) increase in bioluminescence. To develop magnetothermal control, B.
subtilis cells were coated with three SPION variations which was confirmed by electron
microscopy coupled with energy dispersive X-ray spectroscopy. Furthermore, using long
duration AMF, we demonstrated magnetothermal induction of the TSRs in SPION-coated B.
subtilis with a maximum of 4.6-fold increases in bioluminescence. Pairing TSRs with
magnetothermal energy using SPIONSs for localized heating with AMF can lead to improved
EES transcriptional control. The research described in this dissertation demonstrates a multi-
disciplinary approach towards developing a new modular technology to alter mammalian cell

function with the specific focus on macrophages.
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CHAPTER 1

INTRODUCTION AND BACKGROUND: ENDOSYMBIONTS, MACROPHAGE PHYSIOLOGY

AND SYNTHETIC BIOLOGY



Synthetic biology in human health

Synthetic biology has developed a variety of tools that can be used as and to advance
therapeutics in human health applications. Some examples of these tools include genetic
circuits such as logic gates/circuits, Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) and CRISPR-associated systems (Cas) along with nuclease dead Cas (dCas),
biological scaffolds with small molecules and ex vivo engineered cells (i.e. chimeric antigen
receptor T cells)'"°. Further, other approaches have encapsulated engineered eukaryotic cells
in a semi-permeable membrane that allows proteins and molecules produced by prosthetic
networks in the engineered eukaryotic cells to impact tissues and similar approaches with
bacteria have been used to impact gut microbiome health through controlled delivery of small
molecules and proteins'6. Altogether, these tools were created to manipulate, guide and
communicate with target cells towards a desired function. Moreover, while these tools have
provided new opportunities to communicate change to cells, nature has provided examples of
stable interactions which are controlled by intracellular communication in the form of
endosymbionts that can be modeled to improve synthetic biology technologies in guiding cell

function.

Endosymbionts and current applications

The endosymbiont theory of the origin of eukaryotic cells postulates that there was a
close and long-term biological interaction (symbiosis) between separate single-cell organisms
that led to eukaryotic cells and multicellular organisms by the genesis of organelles'” and is
referred to as endosymbiogenesis'®. Organelles, specifically mitochondria, represent the first
endosymbionts that formed as a result of stable interactions with host cells'®2'. Over time,

endosymbionts have developed throughout the entire biosphere from plants to insects to



animals'®?2-2"_ Extensive omics approaches have characterized the complexities of these
symbiotic relationships revealing the necessity of this interaction for survival of both host and
endosymbiont?®-%6. Moreover, these studies have not only led to furthering the understanding of
how eukaryotic cells developed and how these symbioses sustain the biosphere but also how
symbiotic relationships along with endosymbionts can be used for human health applications®’~
41 The concept of using endosymbionts and symbionts for modifying eukaryotic organisms to
improve human health has existed and been utilized in the last decade in insects and
nematodes*?°. Wolbachia spp. is a model endosymbiont that lives symbiotically within
mosquitoes and naturally blocks the transmission of dengue and Zika virus by the mosquito
species Aedes aegypti*®. Therefore, researchers have been infecting populations of mosquitoes
with Wolbachia spp. and releasing them into the environment to further prevent transmission of
the viruses through mating of the infected populations with the uninfected, further extending the
Wolbachia spp.-carrying population*®4’. Various symbionts have been engineered in
applications ranging from improving honeybee immunity*® to enhancing nematode biocontrol of
dangerous crop pathogens?®, indirectly improving human health. Furthermore, extensive
research has been done on natural endosymbionts in invertebrates and the benefits of the
symbiotic relationships between endosymbiont and host which has even revealed clinically
relevant compounds produced as a result of this relationship that can be produced into chassis
organisms relevant in biomanufacturing®®-°¢. Although the concept of endosymbiosis has been
examined and utilized previously, only one recent study has investigated mimicking
mitochondria by engineering a bacterium to become reliant on the host cell for survival thus
creating an artificial endosymbiosis. In this study, Escherichia coli was engineered to exist in the
cytoplasm of Saccharomyces cerevisiae and supply adenosine triphosphate as a replacement
for the deficient mitochondria®’. In return, S. cerevisiae produced an essential vitamin for E. coli

to create a symbiotic relationship. This relationship was stable over several generations of S.



cerevisiae® . This study revealed that an extracellular bacterium could be engineered to live

inside a eukaryotic cell and be used to understand symbiosis.

Bacterial and nanopatrticle use in cancer therapy

Precedence exists for using bacteria to impact mammalian cell physiology for
therapeutic approaches that are relevant even at the clinical level. Primarily extracellular
bacteria-based therapies have been developed to improve human health from improving the gut
microbiome®®-¢" to treating cancer®?-%°. Mycobacterium bovis or Bacille Calmette-Guerin
(BCG)®¢" was originally developed as a tuberculosis vaccine but has now also been approved
for bladder cancer treatment, and other clinical applications for bacteria treatment in cancer are
being tested®?-568-70 Furthermore, several advancements have been made in improving
extracellular bacteria treatment of cancer from tropism to therapeutic delivery”'-"*. E. coli Nissle
1917 (EcN) is a probiotic Gram-negative bacterium that has been part of the advancements in
extracellular bacterial cancer immunotherapy’>"8. EcN has been modified to deliver
chemotherapeutic drugs and proteins while improving safety as a probiotic’>7°. Intracellular
bacteria have also been used in cancer immunotherapy. Gram-positive intracellular bacterium,
Listeria monocytogenes, has been used to mobilize the immune system to alter the cancer
microenvironment and Salmonella typhimurium has been used extensively to disrupt viability of
cancer cells along with therapeutic molecule delivery®-8¢. Still, several challenges exist to
improve these therapies. Dose tolerance from live bacteria injection especially Gram-negative
bacteria, utilizing known pathogens as chassis organisms, and lack of characterized
mechanisms of impact on target microenvironment are all challenges that need to be
addressed®-%. Yet, another approach exists that could be paired with bacteria for the

advancement of cancer treatment.



Magnetic nanoparticles have broad applications in biomedicine including imaging, drug
delivery, theranostics and therapeutic hyperthermia in cancer®™3, Nanoparticles have also been
used to study and treat bacterial infections through the coating of bacterial membranes for
imaging and as anti-microbial agents®-'%. Superparamagnetic iron oxide nanoparticles
(SPIONSs) are useful imaging contrast agents for magnetic resonance imaging (MRI) and more
recently in magnetic particle imaging (MPI)'0'-%_MPI| detects SPIONSs directly, providing a
readout of both iron content and location with high specificity and sensitivity'°"'%7=1%°_Further,
MPI can guide the application of electromagnetic energy generated by alternating magnetic
fields (AMF) to cause local temperature increase known as magnetic hyperthermia%-"2 to
precisely heat the iron-containing area which has been used in cancer treatment''. The
configuration, size and composition of SPIONs have a large effect on MPI performance’'*-11®
and magnetothermal heating''’. Synomag-D is a commercially available multi-core “nanoflower”
particle’'® and has demonstrated improved MPI performance''®'2° as well as high intrinsic
power loss under magnetic hyperthermia''122, Magnetothermal energy using SPIONs for
localized heating with AMF as guided by MPI or MRI could be used for new approaches to

bacteriotherapy.

The relevance of B. subtilis as a chassis organism

B. subtilis is a model Gram-positive, generally recognized as safe (GRAS)'?
organism'?* and is used for industrial protein production with numerous synthetic biology
strategies for manipulating gene expression'?126global metabolic networks'?” and the entire
genome'?8-130 making it well-suited for utilizing complex genetic systems even for spatial and
temporal regulation'’. B. subtilis has been classically used for secreting complex proteins into
the surrounding extracellular space through the general secretory (Sec) and twin-arginine

translocation (Tat) pathways which provides a model system to use when secreting proteins™.



Also, B. subtilis has been well characterized to the point of full genome annotation and
databases (e.g. BsubCyc database) have been developed for metabolism analysis and protein
production®2. B. subtilis has been shown to contain multiple inducible systems including several
sugar-regulated inducible systems'33. B. subtilis even contains a promoter-regulator inducible
system that is sensitive to D-mannose and D-mannose has been shown to be actively
transported inside of mammalian cells'*'%, Yet, other genetic switches are still needed to
improve control mechanisms in B. subtilis. B. subtilis is highly resistant to environmental
stressors such as heat with a heat shock response at 48°C'3¢. High heat resistance and well
characterized protein production pathways may make B. subtilis an ideal chassis organism for
thermal energy controlled protein production that could act as therapeutics'’='%. B. subtilis also
has multiple characterized inducible systems including several sugar-regulated inducible
systems'33. B. subtilis has been well studied for a variety of in vitro industry applications in areas
such as pharmaceutical/nutraceutical production, recombinant protein production and secretion,
and production of functional peptides and oligopeptides'-'43. However, these inducible
systems have limited control for both in vitro and in vivo applications due to potential host
toxicity, cost and carbon-source dependence’*. Temperature-sensitive repressors (TSRs) are a
class of repressors that bind an operator-promoter region with temperature dependence, and
show promise for in vivo control with local heating for localized delivery'®. With the addition of
thermal energy to the system, a structural change occurs that releases the repressor from DNA
resulting in transcription'. Thus, TSRs are different from heat shock promoters (HSP) and rely
on housekeeping sigma factors such as oA in B. subtilis'*"'*®, TSRs offer a greater dynamic
range than HSP and do not necessitate stress conditions for induction.'**14¢ There is precedent
for thermal control of B. subtilis with induction of gene expression at low and high temperatures
in both native and recombinant systems™&-153. Additionally, TSRs have been shown to be
controlled previously in Gram-negative organisms with ultrasound to create localized thermal

energy for transcriptional control4°,



The role of macrophages in tissue homeostasis

Due to phagocytic immune cells readily internalizing bacteria and demonstrating altered
cell fate in response to bacteria, these cells represent a unique target cell type that has been
used in bacterial therapy®*8'.1%*, The immune system is delicately balanced in mammalian
systems, both recognizing self and building tissues, and defending against disease and foreign
invaders capable of damage. However, loss of immunological homeostasis (i.e. balance) may
contribute to disease progression, and this has been largely studied in the context of
macrophage function'®'%, Macrophages are an abundant cell throughout the body, playing
important roles in host immunity, tumor progression and modulation of the host response™’-"%°,
They are commonly recruited by stimuli in response to inflammation and contribute to
progression, and therefore, they represent a significant component of the diseased
microenvironment and the resulting outcome'5'%. As a first line of defense, macrophages are
phagocytic, acting to take up and destroy foreign invaders or damaged cells'®*. Macrophages
are also remarkably plastic with the ability switch phenotypes and alternate between
synthesizing proinflammatory or anti-inflammatory signals'®. Their function is influenced by the
microenvironment in which they reside, where they respond to a variety signals and stimuli and
these are often co-opted by tumors to create anti-inflammatory microenvironments'+'%". There
are broadly two categories of macrophages, which dictate their function. Pro-inflammatory
macrophages (M1) act in a fashion to destroy pathogens, including tumor cells, and anti-
inflammatory (M2) macrophages decrease inflammation, support angiogenesis and promote
tissue remodeling and repair'®?-'%4. Each phenotype of macrophages plays an important role in
regulating several functions within tissues and treating disease. For example, inflammation is an
important hallmark of cancer, and the phenotype of tumor associated macrophages (TAM) is
thought to promote tumor growth, metastases and poor outcomes'®. TAMs are broadly M2

polarized, and interleukin (IL)-10, IL-12p40 and granulocyte colony stimulating factor (G-CSF)



all have been shown to play important roles in impacting the tumor microenvironment through
regulation of TAMs'%>-'67 which could be targeted by cancer immunotherapy. Arthritis represents
immune polarization where homeostasis is driven to a pro-inflammatory condition'®®. Modulating
macrophages towards the M2 phenotype could reduce inflammation in joints. Downregulation of
tumor necrosis factor alpha (TNF-a) and upregulation of IL-10 shows promise for treating
damaging inflammatory conditions such as arthritis'®'%°. However, manipulation of immune
cells in vivo has been characterized by low efficacy and lack of innate control using current

mechanisms'7°.

Importance of bone marrow derived macrophages as models for in vivo

BMDMs'"":172 represent primary antigen presenting cells that signal to other important
immune cells and regulate immune response'”®'74. These shifts in population function are
distinguished by changes in gene expression, cell surface markers (i.e. cluster of differentiation
(CD)86; pro-inflammatory or CD206; anti-inflammatory) and expression of
cytokines/chemokines'”®176, Furthermore, metabolism also acts as measure of shifts in BMDM
activity and function. Metabolic reprogramming plays an important role in the progression of
cancer through mechanisms such as the Warburg effect’”’-'"°, Immune cells such as BMDMs
also experience the Warburg effect and other shifts in metabolism when activated by
lipopolysaccharide (LPS) and other pro-inflammatory stimuli’®-"8". Metabolic deviations can be
revealed by measuring transitions from oxidative phosphorylation to glycolysis (Warburg effect),
changes in oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) and
variations in ATP production rate'®-'92, These metabolic shifts occur as a component of the
dynamic response of macrophages to specific stimuli thus acting as another readout for

macrophage behavior. As a result, BMDMs have been used as models to understand



macrophage importance in many applications including cancer'®*-'%_ chronic inflammation'7:1%,

drug delivery'1%  pathogen response?°®-22 and tissue regeneration70:203-205,

Transcription factors are a new option for therapeutic proteins

In the therapies mentioned above, bacteria are used to deliver checkpoint inhibitors,
nanobodies, epitopes or even lyse as a way of altering the tumor microenvironment through
disruption of tumor cell viability or in an attempt to activate immune cells”'="37°8! These
approaches have shown a level of efficacy and continue to be improved. Yet, delivering other
types of payloads from bacteria could serve as alternatives or to be paired with current
approaches. Due to transcription factors (TFs) regulating the expression of groups of genes to
direct cellular fates?°-2°TFs are being used in ongoing clinical trials in new efforts to alter
cellular function for therapies in cancer, wound repair, regeneration and immune modulation?'®,
However, delivery mechanisms for TFs are limited and in need of new strategies?'°.
Pseudomonas aeruginosa delivered TFs to induced pluripotent stem cells by a type Ill secretion
system and drove differentiation to cardiomyocytes?!'. Ultimately, this study showed that a
pathogenic, extracellular bacterium could deliver TFs that manipulated mammalian cells.
Therefore, this study and the endosymbiosis study with E. coli mentioned above reveal an
opportunity; the combined result of these studies would be stable, non-pathogenic engineered
endosymbionts (EES) that can deliver TFs to alter cellular fate. The term EES in this work refers
to bacteria that were designed and developed to exist in the cytoplasm of a mammalian cell

over an extended period and remain viable.

The construction and application of engineered endosymbionts

B. subtilis expressing listeriolysin O (LLO) from L. monocytogenes is an engineered

intracellular bacterium of interest which was chosen to be the chassis to develop functional



EES?'2. B. subtilis LLO was created previously by engineering B. subtilis ZB307 (derivative of B.
subtilis strain 168)?'3, allowing it to escape phagosomes in mammalian cells using the hlyA gene
encoding for LLO protein under control of an isopropyl B-D-1-thiogalactopyranoside (IPTG)
inducible promoter?'2. B. subtilis physiology is ideal for an EES as it is a GRAS, non-pathogenic,
Gram-positive, soil bacterium that respires as a facultative anaerobe'>2'4215 and does not have
a lipopolysaccharide- (LPS) mediated immune response?'®. To demonstrate both cytoplasmic
persistence of the EES and host cell fate alteration, phagocytic immune cells’* provided a
useful model. Initially, variations of the EES were delivered to J774A.1 monocyte/macrophages
previously because of the characterized mechanism to gain access to the cytoplasm?'2,
flexibility of using a cell line for optimizing EES interaction with the host cell and testing if TFs
can be used to modulate macrophage response when expressed from the EES. Therefore, B.
subtilis LLO was designed to express and deliver TFs in two operons for modulating

macrophage phenotype towards pro- or anti-inflammatory states.

One operon encodes the TFs signal transducer and activator of transcription 1 (STAT-1)
and Kruppel-like factor 6 (KLF6) which induce a general response to an inflammatory state in
macrophages, and the second encodes Krippel-like factor 4 (KLF4) and GATA binding protein
3 (GATA-3) which are both characterized to drive an anti-inflammatory response in
macrophages?'’-22'. Both STAT-1 which is controlled by pro-inflammatory IFN-y and cytokines
and KLF4 which is stimulated by anti-inflammatory cytokine IL-4 are upstream regulators that
impact several pathways, while KLF6 and GATA-3 are more specific in regulation, which lends
to a dual approach towards driving the desired cell fates?'-?2'. The engineered B. subtilis LLO
strains that expressed these TFs altered patterns of altered patterns of J774A.1 cell surface
markers, cytokine and chemokine expression with some patterns of modulation towards anti- or
pro-inflammatory phenotypes, indicating that the B. subtilis LLO TF expressing strains may be

used to direct immune cell function and elucidate mechanisms of macrophage response to
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intracellular bacteria. For translatability, EES impact on BMDMs'""'72 was characterized. The
strains impacted BMDM gene expression, cytokine/chemokine expression and functional
metabolism with some patterns of modulation towards anti- or pro-inflammatory phenotypes with
clear indication of complex response to the bacteria and TFs. Furthermore, murine 4T1
orthotopic breast cancer tumor microenvironments??>-22* were altered by the engineered B.
subtilis LLO strains by promoting immune cell invasion, altering the functional metabolism of
cells within the tumor and causing tumor growth stabilization. Additionally, safety of this EES
platform was observed as multiple doses at bacterial concentrations 100-fold more than other
bacterial therapies were injected without affecting the health of mice. The EES showed promise
as a new approach for modulating macrophage function by expressing TFs to be used in
bacterial therapy applications and to decipher bacterial impact on tumor microenvironments.
Additionally, further measures of controlling the EES both in vitro and in vivo were advanced.
TSRs'#5146 were engineered into B. subtilis and were observed to control transcription of the
bacterial bioluminescence operon in a temperature responsive manner. Further, pairing the
TSRs with magnetic hyperthermia generated by AMF stimulating SPIONs coating B. subtilis
showed magnetothermal control. These advancements provide an avenue towards the
development of noninvasive genetic control mechanism for the EES when being used during in

vivo applications.
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CHAPTER 2

ENGINEERED ENDOSYMBIONTS THAT ALTER MAMMALIAN CELL SURFACE MARKER,

CYTOKINE AND CHEMOKINE EXPRESSION
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ABSTRACT

Developing modular tools that direct mammalian cell function and activity through
controlled delivery of essential regulators would improve methods of guiding tissue
regeneration, enhancing cellular-based therapeutics and modulating immune responses. To
address this challenge, Bacillus subtilis was developed as a chassis organism for engineered
endosymbionts (EES) that escape phagosome destruction, reside in the cytoplasm of
mammalian cells, and secrete proteins that are transported to the nucleus to impact host cell
response and function. Two synthetic operons encoding either the mammalian transcription
factors Stat-1 and KIf6 or KiIf4 and Gata-3 were recombined into the genome of B. subtilis
expressing listeriolysin O (LLO) from Listeria monocytogenes and expressed from regulated
promoters. Controlled expression of the mammalian proteins from B. subtilis LLO in the
cytoplasm of J774A.1 macrophage/monocyte cells altered surface marker, cytokine and
chemokine expression. Modulation of host cell fates displayed some expected patterns towards
anti- or pro-inflammatory phenotypes by each of the distinct transcription factor pairs with further
demonstration of complex regulation caused by a combination of the EES interaction and
transcription factors. Expressing mammalian transcription factors from engineered intracellular
B. subtilis as engineered endosymbionts comprises a new tool for directing host cell gene

expression for therapeutic and research purposes.
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INTRODUCTION

The endosymbiont theory of the origin of eukaryotic cells postulates that there was a
close and long-term biological interaction (symbiosis) between separate single-cell organisms
that led to the genesis of organelles’. This process can be mimicked in the laboratory, as was
demonstrated by engineering Escherichia coli to survive within cells of Saccharomyces
cerevisiae?. In addition, bacteria can be engineered to express mammalian transcription factors
(TFs) that alter cell fate. Extracellular Pseudomonas aeruginosa that deliver TFs via type I
secretion into induced pluripotent stem cells (iPSCs) can direct the differentiation of the iPSCs
into cardiomyocytes®. Together, these studies support the development of non-pathogenic
engineered endosymbionts (EES) that persist in the host cell cytoplasm and influence control of
mammalian gene expression. The term EES refers to the functional combination of bacteria that
remain viable in the cytoplasm of mammalian cells with the engineered production of
modulators (proteins, metabolites or nucleic acids) that can redirect host cell biology.

To demonstrate both cytoplasmic persistence of the EES and host cell fate alteration,
phagocytic immune cells* provide a useful model. Because phagocytic immune cells readily
internalize bacteria and demonstrate altered cell fate that is the result of specific TFs, these
cells represent a testable system for EES function*. The immune response is delicately
balanced in mammalian systems, both recognizing self and building tissues and defending
against disease and foreign invaders capable of damage. Macrophages are commonly recruited
by stimuli in response to inflammation and contribute to progression or suppression of
associated pathologies®, thus representing a significant component of the inflammatory
microenvironment®. Macrophages may prove to be a key cell for molecular therapies directed at
modifying cellular functions, since these cells are present within injured, damaged and
malignant tissues and can be modulated to switch phenotypes to alter the disease course’.

Macrophages are plastic, with the ability to alternate between synthesizing pro-inflammatory or
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anti-inflammatory signals® and their function is influenced by the microenvironment in which they
reside. Pro-inflammatory macrophages (M1) act in a fashion to destroy pathogens, and anti-
inflammatory (M2) macrophages decrease inflammation, support angiogenesis and promote
tissue remodeling and repair®'°. This dichotomy is known as macrophage polarization.

Polarized inflammation effector states are distinguished by changes in cell surface markers
including, cluster of differentiation (CD)86 for M1 or CD206 for M2, or through differential
expression of cytokines and chemokines™'.

Bacillus subtilis expressing listeriolysin O (LLO) from Listeria monocytogenes is an
engineered intracellular bacterium''3, LLO lyses the phagocytic vacuole, releasing internalized
bacteria into the cytosol. The hlyA gene encoding LLO was placed under control of an isopropyl
B-D-1-thiogalactopyranoside- (IPTG) inducible promoter and inserted into the genome of B.
subtilis'?>'3. Since B. subtilis expressing LLO can access the cytoplasm and does not have a
lipopolysaccharide- (LPS) mediated immune response', it was chosen as a chassis organism
for the development of a cell fate-controlling EES. Additionally, B. subtilis is a non-pathogenic,
Gram-positive, soil bacterium that respires as a facultative anaerobe making it capable of
replicating in the host cell cytoplasm'. This bacterium has been classically used for secreting
complex proteins into the surrounding extracellular space through the general secretory (Sec)
and twin-arginine translocation (Tat) pathways'®. B. subtilis has been well characterized to the
point of full genome annotation and databases (e.g. BsubCyc database) have been developed
for metabolism analysis and protein production’’. Several sugar-regulated inducible systems®
including D-mannose, which has been shown to be actively transported inside of mammalian
cells, provide additional techniques to regulate EES gene expression'®?°. B. subtilis is an ideal
chassis organism for development of an EES.

Bacteria have been developed that impact mammalian cell physiology for therapeutic
approaches, bacteriotherapy, and advances in this field support the development of EES for

cellular control. Bacille Calmette-Guerin (BCG, the Mycobacterium bovis strain used as a
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tuberculosis vaccine) bacteriotherapy has become standard of care for bladder cancer, and
other clinical applications for bacteriotherapy are being tested®'-?’. Here, the EES can be used
to modulate mammalian cell function by expressing engineered operons that encode
mammalian TFs that are delivered to the nuclei of mammalian cells (Fig. 2.1, 2.2). Due to TFs
regulating the expression of groups of genes to direct cellular fates?®-3!, TFs are being used in
ongoing clinical trials in new efforts to alter cellular function for therapies in cancer, wound
repair, regeneration and immune modulation®2. However, delivery mechanisms for TFs are
limited and in need of new strategies®2. Therefore, an EES was designed to express and deliver
TFs in two operons for modulating macrophage phenotype towards pro- or anti-inflammatory
states. One operon encodes the TFs signal transducer and activator of transcription 1 (STAT-1)
and Krippel-like factor 6 (KLF6) which induce a general response to an inflammatory state in
macrophages, and the second encodes Krippel-like factor 4 (KLF4) and GATA binding protein
3 (GATA-3) which are both characterized to drive an anti-inflammatory response in
macrophages®*-3’. Both STAT-1 and KLF4 are upstream regulators that impact several
pathways, while KLF6 and GATA-3 are more specific in regulation, which lends to a dual
approach towards driving the desired cell fates3*-%". When expressed from intracellular EES
these TFs altered patterns of cell surface markers, cytokine and chemokine expression with
some patterns of modulation towards anti- or pro-inflammatory phenotypes, indicating that the
EES may be used to direct immune cell function and elucidate mechanisms of macrophage

response to intracellular bacteria.
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EES uptake

\

Escape by Nuclear
LLO localization

Tat pathway .
secretion

Figure 2.1. EES as a means of controlling gene expression in mammalian host cells
The EES enter phagocytic mammalian host cells and escape the phagosome using the LLO
protein. The EES then secrete a reporter protein or transcription factor into the cytoplasm
through the Tat pathway followed by localization to the host cell nuclei. Expression of

mammalian transcription factors from the EES were shown to direct macrophage function.
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Protein delivery experiments

Confocal and live cell imaging experiments
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Figure 2.2. Diagram of method to deliver engineered bacteria and analyze interaction with
host cells

General approach for co-incubating B. subtilis LLO with host J774A.1 cells and timeline for the
interaction. EES are allowed to incubate with J774A.1 cells for 1 h with the appropriate inducer
depending on condition before a low concentration of gentamicin is added to eliminate
extracellular EES. Incubation continues for 3 more hours with a second inducer before a high
concentration of gentamicin is used to eliminate intracellular EES. Incubation is continued for 21

h to determine impact on host cells by imaging or other methods such as flow cytometry and

cytokine/chemokine profiling.
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RESULTS

_B. subtilis LLO escape from phagosomes of J774A.1 cells

Confocal microscopy confirmed the escape of B. subtilis LLO from phagosomes after
uptake into J774A.1 cells'. To further elucidate the mechanism of escape, B. subtilis LLO
(magenta) localization was compared to LAMP-138 positive structures (phagosomes, red) in
J774A.1 cells (green) with and without IPTG induction of LLO expression (+IPTG and -IPTG).
The LAMP-1 protein is crucial for phagosomal assembly and therefore will reveal when the LLO
strain is contained within the phagosomes and when the phagosomes have been disrupted®.
When LLO expression was induced by IPTG, many of the LLO strain were intact and present
throughout the mammalian cells (Fig. 2.3, zoom-dotted line). Z-stack data analysis identified B.
subtilis LLO throughout the cytoplasm of J774A.1 cells and not associated with LAMP-1 positive
structures (Fig. 2.3, zoom-solid line). In contrast, without IPTG induction, few of the LLO strain
were observed and many regions of punctate signal within LAMP-1 positive regions were
observed (Fig. 2.3, zoom-solid line). Accordingly, the expression of LLO when induced by IPTG

allows B. subtilis LLO to access the cytoplasm of the host cells.
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Figure 2.3. Confocal imaging identifies LLO strain phagosomal escape into the

Single cell zoom

cytoplasm of J774A.1 cells

Confocal imaging was used to identify the PKH67 membrane stain (green; J774A.1 cells),
nuclear Hoechst 33342 (blue), B. subtilis (magenta) and LAMP-1 (red). The LLO strain was
introduced to J774A.1 cells at a multiplicity of infection (MOI) of 25:1 and treated without (-IPTG)
or with IPTG (+IPTG). Examples of single cells are displayed as zoomed regions with Hoechst
33342, B. subtilis and LAMP-1 channels merged (below). Without IPTG, there were few B.
subtilis positive regions (dashed line), mostly consisting of punctate regions of signal (solid line).
When LLO was induced with IPTG (+IPTG), there was evidence of B. subtilis LLO escape.
Empty LAMP-1 structures could be identified (solid line, white arrow) with adjacent B. subtilis
LLO. There were also B. subtilis LLO which had not yet escaped the phagosome (dashed line,
white arrowhead) but the majority of identified B. subtilis LLO were within the cytoplasm of the
cells (dotted line). The z-depth was chosen for each zoomed image and each channel was

adjusted to provide a representative image of each scenario. Scale bars = 20 uym.
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Viability of J774A.1 cells and B. subtilis LLO replication in the host cell cytoplasm

Host cell viability was assessed after delivery of the LLO strain at different MOI at 2
different time points. At 1 hour (h) post-bacterial addition, there was significant change in host
cell viability only at the highest MOI (50:1; Fig. 2.4, left panel). At 4 h post bacterial addition,
both the 25:1 and 50:1 MOI conditions revealed significant losses in host cell viability (Fig. 2.4,
left panel). The same trend was observed using flow cytometry to assess cell viability (Fig. 2.5).
From these results, an MOI of 25:1 was chosen for the LLO strain delivering proteins to the
nuclei of host cells. To determine the viability of B. subtilis LLO (LLO strain) in the cytoplasm,
live cell imaging was performed to image the interaction of the fluorescently stained LLO strain
in live J774A.1 cells. With IPTG induction, the LLO strain was observed to replicate in the host
cell cytoplasm after phagosomal escape indicating active metabolism and viability (Fig. 2.4, right
panel). An increase in the number of bacteria was visualized over time, after co-incubation with
a 10:1 MOI. Zoomed regions demonstrate that each bacterium doubled twice during the two
time points from 3 bacteria at 1 h to 12 at 2.5 h in this representative instance (Fig. 2.4, two right
panels). Additionally, uptake of the LLO strain by the host cell was quantified in multiple
conditions. The number of cells containing B. subtilis LLO with rod morphology and the number
of bacteria per cell were determined (Table 2.1), alongside viability assessments using an MTS
assay. At an MOI of 10:1, the doubling trend of the LLO strain was confirmed across the
population as seen with the representative instance in Fig. 2.3 (Table 2.1). At each MOI tested,
approximately 50% of the added LLO strain entered host cells and at MOls of 25:1 or 50:1,

nearly 100% of the host cells contained the LLO strain (Table 2.1).
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Figure 2.4. Host cell viability and replication of the LLO strain in the cytoplasm of

J774A.1 cells

J774A.1 cell viability at multiple time points after treatment with the LLO strain under various
conditions (left, MTS assay). Live cell microscopy revealed the LLO strain replicating in a single
host cell by comparing images at 1 h and 2.5 h post bacterial addition (right). J774A.1 cells were
visualized in brightfield, and the LLO strain using fluorescence (magenta); zoomed images
reveal the LLO strain replication in the cytoplasm. Plotted data is mean + SD from n=3 biological

replicates; **p<0.01, ******p<0.000001. Scale bars = 20 pm.
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Figure 2.5. Flow cytometry analysis of viable J774A.1 cells

J774A.1 cells were treated with the LLO strain without IPTG (25:1 MOI) and with IPTG at
different MOls for 4 h J774A.1 were analyzed for viability using flow cytometry. Experiment was
performed with one biological replicate (n=1) to test for the same trend as the MTS assay.

Number of events>20,000 cells.
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Table 2.1. Quantification table of LLO strain interaction with J774A.1 cells
Quantification of LLO strain presence within J774A.1 cells using a 25:1 MOI without IPTG, and

different MOI with IPTG at 1 and 2 h post LLO-strain addition.

10:1
MOl
2h
570 500 588 130

J774A1 290 235 452 501

LLO strain _- 2112 4753 6579 5985 14165 2830

LLO strain/J774A.1 -- 467 949 1154 1197 2410 21.77
%J774A.1 924 940 984 99.8 100 100
containing LLO

strain

Engineered B. subtilis LLO secretes 3-gal with delivery to the nuclei of J774A.1 cells

Protein secretion from B. subtilis LLO was used to further demonstrate bacterial viability
within the cytoplasm and as an initial demonstration of protein delivery to the nucleus. B. subtilis
LLO was engineered to produce and secrete (3-galactosidase (B-gal) (strain designated LLO-
lacZ) through the twin-arginine translocation (Tat) pathway by synthesizing the PhoD signal
peptide*® and the amino acids from 126-132 of the simian virus (SV) 40 nuclear localization
signal (NLS)*'. The production of B-gal by LLO-/acZ, with and without a nuclear localization
signal (NLS; LLO-/acZ-NLS and LLO-/acZ-no NLS), was studied with IPTG or mannose control.
The mannose-inducible system was amplified from the genome of the B. subtilis strain 168" to
provide a genetic switch to control protein delivery to nucleus specifically. The mannose-
inducible system was chosen due to the characterized uptake of this sugar in mammalian
cells?°. Localization of the reporter protein to J774A.1 nuclei was confirmed after coincubation

with LLO-/acZ and end-point fluorescence microscopy (Fig. 2.6, 2.7). After incubation of
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J774A.1 cells with mannose-induced LLO-/acZ-NLS (3 h), the nuclear to background
fluorescence signal to noise ratio (SNR; Fig. 2.7) was higher than that observed for untreated
J774A.1 cells, cells incubated with 3-gal protein from supernatant of LLO-/acZ-NLS cultures,
non-induced LLO-/acZ-NLS and LLO-/lacZ-no NLS (Fig. 2.6). At 3 h, the mannose-inducible
system was more efficient than the IPTG-inducible system as indicated by the intensity of
fluorescent signals from the nuclei (Figure 2.8), and for this reason was used for the additional
studies. Further, the addition of a high concentration of gentamicin (25 pg/mL) at 3 h after
induction of B-gal eliminated intracellular bacteria and rescued the J774A.1 cells from
overgrowth of the LLO-/acZ, allowing for another 21 h of trafficking of protein to the nucleus (Fig.
2.6, lower image panels; Fig. 2.7). Nuclear 3-gal SNR of cells exposed to mannose-induced
LLO-lacZ-NLS for 3 h and then incubated for 21 additional hours (Fig. 2.6) was higher than the
controls of J774A.1 cells only (5.1-fold), cells incubated with the supernatant of induced LLO-
lacZ-NLS, no mannose induction (2-fold) and cells exposed to the LLO-/acZ-no NLS strain (1.5-
fold; Fig. 2.6). In summary, the mannose-inducible system in the LLO strain was shown to be
controlled inside mammalian cells and to provide regulation of secreted proteins that are

directed to the J774A.1 nuclei.
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Figure 2.6. Intracellular localization of LLO-/acZ secreted B-gal

The presence of 3-gal in the nuclei of host cells was determined by measuring fluorescent
signals of anti-b-gal in the nuclei compared to background signals as a ratio (SNR).
Fluorescence microscopy (top) and SNR (bottom) of the following: J774A.1 cells with no LLO
strain (none), J774A.1 cells incubated with B-gal collected as supernatant from induced LLO-
lacZ-NLS (supernatant), J774A.1 cells incubated with uninduced LLO-/acZ-NLS (-mannose),
J774A.1 cells incubated with induced LLO-/acZ-no NLS (mannose -NLS) and J774A.1 cells
incubated with induced LLO-/acZ-NLS (mannose NLS). Plotted data is mean £ SD from n=50

random individuals from a representative experiment; ******p<0.000001. Scale bars = 20 ym.
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Figure 2.7. Quantification method for calculating SNR

Representative images showing quantification of 3-gal fluorescence in nucleus by SNR. Phase
contrast (upper left), Hoechst 33342 nuclear stain (upper right), Cy5 secondary antibody for [3-
gal (lower left) and overlay of Hoechst 3342 and Cy5 (lower right) as panels. Larger circles
denoting background signal (noise) and smaller signals drawn around nuclei for quantification to

generate SNR (lower right).
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Figure 2.8. Intracellular LLO-/acZ secretes B-gal to nuclei of J774A.1 cell using IPTG- and

mannose-inducible systems

Fluorescence of nuclei in J774A.1 cells with no LLO strain (none), J774A.1 cells incubated with

B-gal collected as supernatant from induced LLO-/lacZ-NLS (supernatant), J774A.1 cells

incubated with uninduced LLO-/acZ-NLS (-mannose), J774A.1 cells incubated with induced

LLO-lacZ-no NLS (mannose -NLS) and J774A.1 cells incubated with induced LLO-/acZ-NLS

(mannose NLS). Plotted data is mean + SD from n=50 random individuals from a representative

experiment; ******p<0.000001. Scale bars = 20 um.
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Engineered B. subtilis LLO transcription factor delivery and modulation of J77A.1 cell marker

expression

B-gal delivery by the LLO-/acZ strains demonstrated the possibility of an intracellular
EES to functionally deliver proteins capable of transcriptional regulation to the nuclei of host
cells. Accordingly, TFs were chosen to be delivered by the EES to alter host cell function. The
LLO strain was engineered to secrete two distinct pairs of TFs known to impact macrophage
function: STAT-1 and KLF6 (LLO-SK; pro-inflammatory) or KLF4 and GATA-3 (LLO-KG; anti-
inflammatory) (Fig. 2.9). Introduction of the TF pairs into the genome of B. subtilis LLO
minimally impacted bacterial growth rates, did not adversely affect J774A.1 cell viability
compared to the LLO strain and did not alter the ability to escape destruction of phagosomes
and persist in macrophages (percent cells containing bacteria and distribution of the
fluorescence intensity relating to number of bacteria per cell; Fig. 2.10). After staining for protein
expression, quantification of fluorescence confirmed production and delivery of STAT-1/KLF6
and KLF4/GATA-3 in cells containing LLO-SK or LLO-KG, respectively, after 3 h of TF delivery
(Fig. 2.11). Quantification of nuclear SNR identified increases in nuclear fluorescence in all four
TFs after delivery from the LLO-SK or LLO-KG strains with and without addition of D-mannose.
D-mannose significantly increased delivery of all four TFs. Additionally, the positive controls for
STAT-1/KLF6 (LPS and IFN-y) and KLF4/GATA-3 (IL-4 and IL-13) produced some increase in

nuclear SNR but significantly less than the LLO-SK and LLO-KG strains over the 3 h.

To determine the impact of engineered B. subtilis LLO strain TF delivery on J774A.1
modulation, surface marker expression was examined in cells containing various strains (168
strain, LLO strain, LLO-SK and LLO-KG strains in the presence and absence of mannose) and
compared to MO and M1+/M2+ polarized J774.1 cells at 24 or 48 h post-incubation. As

determined by flow cytometry, engineered B. subtilis LLO strains expressing TFs exhibited
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different patterns of J774A.1 surface marker expression when compared to the LLO strain (Fig.
2.12, 2.13). There was no difference in surface marker expression between B. subtilis strain 168
and the LLO strain at any time point. At 24 h post-incubation, a significant decrease in CD206
expression was observed in J774A.1 cells containing LLO-SK, with and without the addition of
mannose (p=0.0048; not shown on plot), compared to the LLO strain. The same trend was
observed at 48 h (Fig. 2.12A, C). Conversely, the mean fluorescence intensity (MFI) for CD206
staining was increased by LLO-KG, both with and without mannose (p=0.0599; not shown on
graph), at levels comparable to those of the positive control at 24 h (M2+). However, the
elevated levels were not sustained as indicated by the 48 h time point. CD86 expression levels
were the same in all bacterial conditions at 24 h in comparison to resting cells with no significant
differences in comparison to the M1 control (M1+; Fig. 2.12B, D). At 48 h, the LLO-SK strain
significantly increased CD86 MFI in comparison to the LLO strain with or without mannose
added. The B. subtilis 168 strain showed a significant difference in CD86 MFI in comparison to
untreated control but not in comparison to the LLO strain. Differences in CD206 and CD86
expression at 24 and 48 h post treatment were analyzed to reveal temporal changes of each
treatment (Fig. 2.13). CD206 expression was further increased in M2+ J774A.1 cells, whereas
the LLO-KG with and without mannose were not able to sustain CD206 expression and showed
a decrease at 48 h. CD86 expression was increased at 48 h in cell with the B. subtilis strain 168

and LLO-SK with, and without, mannose.
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Figure 2.9. Visualization of polarization operons created for EES expression
The operons for polarization were designed to be transcriptionally controlled by the mannose
promoter (Pman). Then a Gram-positive ribosomal binding site (RBS) and secretion peptide

(PhoD) were synthesized in front of each gene in both operons.
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Figure 2.10. Characterization of engineered B. subtilis LLO strains activity in growth and

interaction with J774A.1 cells

Growth rates of the LLO strain (LLO), LLO-SK and LLO- KG were evaluated for any differences

(A). Flow cytometry was used to identify the strains impact on J774A.1 viability (B, percent

viable cells) and ability to escape phagosomal destruction and persist in J774A.1 cells (C,

percent cells that are positive for fluorescent LLO strains). Box and whisker plots (D)

demonstrate distribution of CTO (CellTracker Orange) positive J774A.1 cells, relating to the

presence of fluorescently labeled strains within the cells. AMFI represents the change in CTO

intensity in the CTO positive population. Data is mean + SD from either n=3 biological replicate

or n=3 biological with n=8 technical for growth curve; *p<0.05, ******p<0.000001.
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Figure 2.11. Engineered B. subtilis LLO production and secretion of mammalian
transcription factors

Fluorescence microscopy (top) identifies B. subtilis (magenta) and transcription factors (red) in
J774A.1 cells treated with nothing (none), positive control (STAT-1/KLF6: LPS and IFN-y or
KLF4/GATA-3: IL-4 and IL-13), LLO strain (LLO), LLO-SK or LLO-KG not induced (-mannose)
or induced (+mannose). Each row dynamic range was scaled to the image with the highest
fluorescence intensity to compare conditions. Scale bars=50 um. Quantification of nuclear
fluorescence (bottom) quantified from each transcription factor: STAT-1 (A), KLF6 (B), KLF4 (C)
and GATA-3 (D). Plotted data is mean + SD from n=158.4 +/- 63.6 (SD) random individuals in

representative experiment; ******p<0.000001.
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Figure 2.12. Flow cytometry demonstrated TF strain-mediated shifts of J774A.1 cell
marker expression

Flow cytometric analysis revealed changes in CD86 and CD206 induced by expression of
transcription factors from the EES (top panel). These data are representative examples, taken
as the median value of n=3. Average CD86 or CD206 median fluorescence intensity (MFI) is
compared among all treatments at each time point (bottom panel, n=3). J774A.1 cells were
untreated (none), treated with LPS and IFN-y (M1+), IL-4 and IL-13 (M2+), B. subtilis strain 168
(168), LLO strain (LLO), LLO-SK with and without mannose (LLO-SK -mannose, LLO-SK
+mannose) and LLO-KG with and without mannose (LLO-KG -mannose, LLO-KG +mannose) at
24 and 48 h post initial treatment. Plotted data is mean x SD; *p<0.05, **p<0.01, ***p<0.001,

*****p<0.00001.
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Figure 2.13. Flow cytometry reveals differences in impact of engineered B. subtilis LLO
strains on J774A.1 cell marker expression between 24 and 48 h time points

Median fluorescence intensity of CD206 (A) and CD86 (B), comparing cell marker expression
between 24 and 48 h time points. J774A.1 cells were treated with nothing (none), LPS and IFN-
y (M1+), IL-4 and IL-13 (M2+), LLO strain (LLO), LLO-SK with and without mannose (LLO-SK -
mannose, LLO-SK +mannose) and LLO-KG with and without mannose (LLO-KG -mannose,
LLO-KG +mannose. Plotted data is mean + SD from n=3 biological replicates in representative

experiment; **p<0.01, ***p<0.001.
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Modulation of J77A.1 cell cytokine and chemokine expression using engineered B. subtilis LLO

strains

Functional readouts for macrophage polarization and resulting cell fate change include
shifts in cytokine and chemokine expression’1"42, Therefore, to characterize the effect of LLO-
SK and LLO-KG on macrophage function, cytokine and chemokines produced by the J774A.1
cells were profiled when treated with the engineered strains relative to the LLO strain. B.
subtilis strain 168 yielded similar marker expression profiles in comparison to the LLO strain and
a AhlyA mutant (i.e. no LLO expression) of Listeria monocytogenes has been shown to either
not change cytokine and chemokine profiles in a macrophage cell line, or to change profiles of
these proteins equally to the wild-type L. monocytogenes in bone marrow derived
macrophages***4. Therefore, the 168 strain was not used in further comparisons, because the
lack of LLO was not expected to impact J774A.1 profiles. LLO-SK and LLO-KG were shown to
alter J774A.1 cytokine and chemokine expression patterns relative to the LLO strain as well as
positive controls (Fig. 2.14, 2.15). Addition of LLO-SK and LLO-KG strains to J774A.1 cells led
to differential expression of cytokines compared to the cytokine profile observed when the LLO
strain was used, as shown by levels of interleukin (IL)-10, IL-12p40 and tumor necrosis factor
alpha (TNF-a) (Fig. 2.14A-D, 2.15). LLO-SK downregulated granulocyte colony stimulating
factor (G-CSF) relative to both the LLO strain and LLO-KG (Fig. 2.14D-E). Although cytokine
production was generally higher at 24 h compared to 48 h post bacterial exposure for most
cytokines and chemokines, significant differences were observed at both time points from LLO-
SK and LLO-KG in comparison to the LLO strain, and the M1 and M2 positive controls.

Some of the selected proteins were not impacted by any condition, including vascular
endothelial growth factor (VEGF). Several cytokines were only significantly changed at one of
the two time points in certain conditions, including IL-6 and macrophage inflammatory protein-2

(MIP-2/CXCL2) (Fig. 2.15F-G, O-P). D-mannose alone altered the relative levels of certain
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cytokines including IL-1a and IL-1; significant results were observed in treatment conditions
when D-mannose was added and caused the same impact on certain cytokines (e.g. Fig. 2.14F,
and Fig. 2.15C-D). Lastly, some cytokines such as eotaxin-1 (CCL11), IFN-y and leukemia
inhibitory factor (LIF) were not detected at any significant level in the J774A.1 cells (not shown).
MIP-1a production at 24 h was outside the concentration range of the standards even after
dilution (not shown). IL-4 only appeared in the M2+ condition in which it was added. IL-13
exhibited the same trend of minimal expression at 24 h among all treatment conditions other
than M2+ (Fig. 2.15H-I). All B. subtilis LLO strains caused a significant change in most cytokine

levels relative to the resting state and positive controls.
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Figure 2.14. TF-expressing strains modulated cytokine and chemokine expression in
J774A 1 cells

Cytokine and chemokine protein concentrations were assayed by Luminex in untreated J774A.1
cells (none), and in cells treated with LPS and IFN-y (M1+), IL-4 and IL-13 (M2+), LLO strain
(LLO), LLO-SK with and without mannose (LLO-SK -mannose, LLO-SK +mannose) and LLO-
KG with and without mannose (LLO-KG -mannose, LLO-KG +mannose) at 24 and 48 h-post
initial treatment. The most prominent protein changes are shown; 14 of the 17 proteins in the
panel revealed gene-specific distinctions between the LLO-SK and LLO-KG strains. Plotted data
is mean + SD from n=3 biological replicates; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,

*****#*p<0.000001. Significance shown is comparing LLO treatment to all other treatments.
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Figure 2.15. Remainder of Luminex cytokine profiling assay characterizing EES impact

on J774A.1 cell cytokine and chemokine expression

Cytokine protein concentration was quantified after J774A.1 cells were treated with nothing

(none), LPS and IFN-y (M1+), IL-4 and IL-13 (M2+), LLO strain (LLO), LLO-SK with and without

mannose (LLO-SK -mannose, LLO-SK +mannose) and LLO-KG with and without mannose

(LLO-KG -mannose, LLO-KG +mannose) at 24 and 48 h post initial treatment. Data is mean *

SD from n=3 biological replicates; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, *****p<0.00001,

*****¥n<0.000001. Significance shown is comparing LLO strain condition to all other conditions.
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DISCUSSION

For the EES to impact macrophage function, the EES needs to access the cytoplasm by
phagosomal escape and remain metabolically active to deliver protein to the host cell
cytoplasm, which can then traffic to the nucleus. Induction of LLO expression allowed the LLO
strain to maintain its morphology within the cytoplasm of the host cell*® (Fig. 2.3), indicating
escape from phagosome-mediated destruction. After phagosomal escape, the LLO strain was
observed to replicate in live J774A.1 cells indicating intracellular viability of the LLO strain (Fig.
2.4 right panel, Table 2.1). Additionally, the J774A.1 cells were found to contain an average of
11 bacteria (the LLO strain) per cell with 99% of cells containing bacteria indicating effective
uptake and persistence (Table 2.1). The LLO strain delivering nuclear targeted p-gal protein to
the nucleus was further evidence of bacterial and macrophage viability in the co-cultures (Fig.
2.6). The presence of viable LLO strain in the host cells did affect the host cell viability; without
regulation of the LLO strain replication, the fate of host cells was eventually cell death, due to
bacterial proliferation. This was apparent in 10-12% of J774A.1 cells at the final time point (4 h)
with 25:1 MOI (Fig. 2.4 left panel). To address this problem, the cultures were treated with a
high concentration of gentamicin (25 ug/mL), above the amount used to kill extracellular
bacteria (4 pg/mL), for the purpose of eliminating the intracellular bacteria. To further develop an
EES chassis, replication would need to be controlled to optimize the interaction between the
EES and host cell. Genetic control of specific component of the EES replication machinery,
could be used to control replication while still maintaining protein production; an optimized EES
could include a genetic switch controlling an essential gene responsible for initiation of

replication®.

During immune responses, STAT-1 is part of the pro-inflammatory response and is a

potent modulator that is directly upregulated by exposure to pro-inflammatory cytokines such as
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IFN-y. This response was shown at 3 h in this study (Fig. 2.11), while KLF6 has been shown to
be upregulated in M1 polarized macrophages®3343. Therefore, these two factors were used in
LLO-SK to compare to IFN-y and LPS in driving the pro-inflammatory phenotype. The activity of
KLF4 is directly stimulated by the signal cascade in cells treated with the cytokine IL-4 and while
this stimulation did not produce significant immunofluorescence at 3 h (Fig. 2.11), this TF has
been reported to promote M2 polarization. GATA-3 is also highly upregulated in M2
macrophages®®%, which is the reason these two TF were used in LLO-KG to compare to IL-4
and IL-13 in driving the anti-inflammatory phenotype. Delivery of LLO-SK and LLO-KG strains to
J774A.1 cells produced higher levels of these TFs in the nuclei than levels produced by the
known signal cascade inducers (IFN-y and LPS; IL-4 and IL-13). Accordingly, this result
demonstrated the potential of B. subtilis LLO to impact host cell function within the 3 h

timeframe of interaction between the LLO strains and host cells.

In this study macrophage plasticity was modulated using TFs expressed from the EES.
Cell surface markers are commonly used to differentiate M1 and M2 polarization’''. Cell surface
expression levels of CD86 and CD206 were altered by the bacterial conditions, and the LLO-SK
and LLO-KG were observed to regulate CD206 (Fig. 2.12) expression as expected based on the
known activity of the expressed TFs. At 24 h, CD86 response was more complex as it is
expected to be upregulated as a general response to bacteria. However, by 48 h the LLO-SK
strain had increased expression significantly compared to the LLO strain (Fig. 2.12, 2.13). The
B. subtilis 168 strain also increased expression between 24 and 48 h but not significantly
relative to the LLO strain. The surface protein CD206 has been shown to recognize the surface
carbohydrates of pathogens and be triggered by proteases produced by B. subtilis*®+’. This
would explain the increase in CD206 expression caused by the B. subtilis 168 strain and LLO
strain in comparison to the untreated controls. Additionally, while CD86 is regulated directly by

inflammatory responses to the engineered B. subtilis LLO, the plasticity of the macrophages
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could cause CD86 expression to change over time'. It has been suggested that products of B.
subtilis such as sublancin or exopolysaccharide (EPS), or the treatment of macrophages with B.
subtilis spores can result in either M1 or M2 activation*®. Even with these complexities, clear
changes were observed that indicate that LLO-SK and LLO-KG impacted surface marker

expression in comparison to the LLO strain.

Although changes in cytokine and chemokine expression vary along the spectrum of
macrophage polarization, there are well documented cytokines which are used to broadly
identify M1 or M2 macrophages”'*°. These identifying cytokines and chemokines are important
when studying disease as they provide information on the function and characteristics of
macrophage populations*?°°. The M1 and M2 polarization classifications represent a trend in
immune responses but is complex and contains some mixed signals, likely due to bacterial
stimulation which can cause these classifications to be incomplete or oversimplified*®:>'.
Complexities in macrophage activation, phenotype and plasticity were encountered in this study.
In some instances, the LLO-SK and LLO-KG strains impacted the host cell as predicted in
comparison to the LLO strain alone (Fig. 2.14, 2.15). The upregulation of IL-10 by LLO-KG and
down regulation by LLO-SK was an expected result along with G-CSF being downregulated by
LLO-SK3%375253 The LLO strain increased IL-10 and G-CSF which are expected results
because IL-10 and G-CSF have been shown to be produced in response to bacteria®-5°,
However, in some cases there were results that were not anticipated, and the pleiotropic effects
of each selected TF need to be considered. The change in IL-12p40 levels is an example of an
unexpected result based on known signaling cascades. IL-12p40 is known to be produced
during inflammatory phenotypes by nuclear factor kappa light chain enhancer of activated B
cells (NF-kB)%. Therefore, the increase in production of IL-12p40 by LLO-KG is unexpected;
however, it is possible GATA-3 could affect IL-12p40 production. The IL-12p40 promoter has a

canonical GATA binding site but GATA-3 has not been studied with this promoter®®. The LLO-
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SK strain showed some downregulation of IL-12p40 at 48 h which could be due to STAT-1
driving alternative cytokine production such as IL-27p28%°7. TNF-a downregulation by LLO-KG
is another expected result®® but downregulation by LLO-SK in comparison to the LLO strain
indicates further complexity and potential pleiotropic effects of STAT-1. This could be due to
TNF-a being regulated by NF-kB®%-%°. Furthermore, there may have been metabolic impact on
cytokine production due to the addition of D-mannose, which impairs glucose metabolism and is
known to suppress the succinate-driven HIF 1a activation of IL-1[3 leading to downregulation of
IL-1B%"82, Accordingly, results indicated that D-mannose had a significant impact on IL-1B and
other cytokines and chemokines, which is an important consideration for future EES studies that
rely on sugar-inducible systems. Metabolic reprogramming is most likely playing a significant
role in response to the chemical inducer of the engineered B. subtilis LLO TF operons and

possibly the LLO strain alone®?.

Overall, dynamic responses were observed for many of the cytokines and chemokines in
response to the LLO strain with the LLO-SK and LLO-KG strains able to modify expression
further in comparison to the LLO strain in some key examples indicating TF specificity. One
component of the differential responses were elevated expression of cytokines and chemokines
in response to all bacterial strains compared to the positive controls of IFN-y and LPS (M1+) or
IL-4 and IL-13 (M2+). Additionally, the differences in responses to treatment with bacteria
compared to the positive controls was larger in the cytokine and chemokine profiles than were
observed with the cell surface markers. Enhanced signaling proteins (cytokines and
chemokines) response from macrophages, and other professional antigen presenting cells,
compared to cell surface marker expression has been previously observed®-%. Other factors
that could contribute to the observed complex response involves B. subfilis stimulating Toll-like
receptor 2 (TLR2) in contrast to IFN-y and LPS stimulating TLR4°%. Additionally, viable bacteria

can cause a more dynamic response than just bacterial products alone®’. Altogether, even with
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the dynamic responses from the J774A.1 cells in response to complex signals, the LLO-SK and
LLO-KG strains were able to change trends in macrophage surface markers, and
cytokine/chemokine profiles in comparison to the LLO strain. This observation is further
supported by not observing significant differences in J774A.1 viability, percentage of cells
containing fluorescently labeled bacteria and distribution of fluorescence intensity (relating to
number of bacteria per cell) when comparing the LLO, LLO-SK and LLO-KG strains (Fig. 2.10).
Future studies should focus on characterizing the impact of these strains in primary
macrophages such as bone marrow derived macrophages to clearly understand application
potential. In addition, more TF pairings informed by thorough studies that elucidate the
complexity of macrophage response should be constructed and tested to optimize the response

from the macrophages for the desired application.

Controlling inflammation could be an important biomedical application of the LLO-SK
and LLO-KG strains. For example, inflammation is an important hallmark of cancer, and the
phenotype of tumor associated macrophages (TAM) is thought to promote tumor growth,
metastases and poor outcomes®®. TAMs are broadly M2 polarized, and IL-10, IL-12p40 and G-
CSF all have been shown to play important roles in impacting the tumor microenvironment
through regulation of TAMs®8-"% which could be targeted by the LLO-SK for cancer
bacteriotherapy?®. Arthritis represents immune polarization where homeostasis is driven to a
pro-inflammatory condition”’. Here, modulating macrophages towards the M2 phenotype could
reduce inflammation in joints. Downregulation of TNF-a and upregulation of IL-10 LLO-KG
shows promise for treating damaging inflammatory conditions such as arthritis®’'. Manipulation
of immune cells in vivo has been characterized by low efficacy and lack of innate control’? and
the use of EES could circumvent these issues since engineered bacteria can be taken up by

phagocytic cells and direct gene expression towards a therapeutic phenotype.
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The use of an EES is advantageous when compared to alternative methods of
manipulating mammalian cell fates and function. Current methods of manipulating mammalian
cell fate include viral vectors, growth factors or signaling molecules’. Additionally, chimeric
antigen receptor T (CAR-T) cells and CRISPR technologies have proven to be potential futures
for some therapeutics and are clinically relevant, but each has some limitations’™. Viral vectors
have been shown to be slow as therapeutics within the immune system, specifically in targeting
and modulating macrophages, compared to exogenous cytokines’. An alternative method of
manipulating cellular fates using prosthetic networks increases the variety of cargo that can be
delivered and provides some control with limitations™. The EES can build on the precedence of
prosthetic networks by having the capability to be constructed to generate complex sets of
proteins and molecules once in the cytoplasm of mammalian cells for improved control;
continuously supplying TFs, or alternatively providing a method for delivering CRISPR-Cas97%77,

which could improve directing cell fates.

Studies of pathogens and their virulence factors should inform future development of the
EES. The EES will utilize this characterization for defined control within the host cell cytoplasm.
This study demonstrated the utility of an EES to alter mammalian cell fates. The use of the EES
as a tool to change mammalian cell function may have use in the treatment of diseases by
altering the function of mammalian cells. B. subtilis serves as an ideal chassis for development
and optimization of the EES capable of surviving in the cytoplasm and delivering proteins to the

nuclei of mammalian cells to alter cellular fates.
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MATERIALS AND METHODS

B. subtilis LLO constructs

Constructs were inserted into the genome of B. subtilis LLO at the amyE locus using a
homologous recombination plasmid (pDR11178, a gift from Dr. Lee Kroos). The pDR111 plasmid
was transformed into B. subtilis using a natural competence protocol and constructs were
selected by spectinomycin then confirmed by PCR amplification out of the genome’®. B. subtilis
expressing IPTG-inducible LLO was provided by Dr. Daniel Portnoy. The constructs include the
lacZ, Stat-1KIf6 and Klf4Gata-3 genetic cassettes. B. subtilis LLO was designed to secrete 3-gal
to the nucleus through the twin-arginine translocation (Tat) pathway by synthesizing the PhoD
signal peptide*® and the amino acids from 126-132 of the simian virus (SV) 40 nuclear
localization signal (NLS)*! together and connecting both to /acZ when inserting into pDR111
using Gibson assembly after lacZ was amplified from the pST5832 plasmid (a gift from Carolyn
Bertozzi & Jessica Seeliger, Addgene plasmid #36256). The same construct was engineered
without the SV40 signal to confirm specific delivery to the nucleus. The lacZ gene and the
synthesized PhoD signal peptide plus SV40 NLS were cloned into the Nhel restriction site in
pDR111 using Gibson assembly. Initially, the B-gal secretion strain was controlled by an IPTG-
inducible promoter (Phyper-spank). However, previous studies have shown the IPTG system is
limited in controlling protein production so these constructs were engineered to be controlled by
the mannose-inducible system amplified from B. subtilis ZB307 strain genome'®. The mannose
promoter and regulator were cloned into the pDR111 plasmid to replace the Phyper-spank
promoter and Lacl regulator using Gibson assembly. Accordingly, the /acZ gene with the same
design was cloned in the Nhel restriction site present in the pDR111 mannose plasmid using
Gibson assembly. The Stat-1 and KIf6 genes were synthesized by IDT as a custom gene and

Gblock respectively from the coding sequences obtained from Uniprot. The Stat-1KIf6 operon
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was fused by ligation at an introduced Eagl restriction site between the genes during cloning
into the pDR111 mannose plasmid by restriction cloning into the Sall and Nhel restriction sites.
The Kif4 and Gata-3 genes were synthesized as Gblocks from IDT and fused using the same
method as the Stat-1KIf6 operon. The Kif4Gata-3 operon was cloned into the pDR111 mannose
plasmid using restriction cloning at the Sall and Sbfl restriction sites after the Sbfl cut site was
introduced into the multiple cloning site by inverse PCR then digesting both ends with Sbfl and
re-ligating the pDR111 mannose plasmid. All constructs were confirmed by restriction digest,

sequencing and functionality tests.

Growth conditions for B. subtilis 168, B. subtilis LLO and engineered strains

B. subtilis LLO was grown under the same conditions for all experiments. Each B.
subtilis LLO construct was grown in Luria-Bertani Miller broth (LB) with the appropriate
antibiotic. B. subtilis LLO was grown in LB with chloramphenicol (10 pg/mL) and all constructs
that were integrated into the amyE were grown with spectinomycin (100 pg/mL). The overnight
cultures were grown for 16 h at 37°C and 250 RPM. All constructs were integrated into the
genome of B. subtilis LLO which allowed for expression of constructs without antibiotics during
co-incubation with J774A.1 cells. B. subtilis 168 (ATCC-23857, ATCC, Manassas, VA, USA)

was grown in LB with no antibiotic selection overnight for 16 h at 37°C and 250 RPM.

Delivery protocol for B. subtilis LLO and engineered strains

The following conditions were utilized to induce B. subtilis LLO delivery, unless
otherwise described. J774A.1 monocyte/macrophage cells (ATCC-TIB-67, ATCC Manassas,
VA, USA) were maintained at 37°C and 5% CO; in DMEM (ThermoFisher, MA, USA),
supplemented with 10% fetal bovine serum (FBS). Cells were tested negative for mycoplasma

using the MycoAlert PLUS Mycoplasma Detection Kit (Lonza, USA). Once cells were confluent,
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they were seeded onto a plate or 4-well chambered imaging slide and allowed to adhere
overnight (described below) when an estimation of total number of cells was made based on
confluency. B. subtilis LLO was added at an optimized MOI of 25:1 for all experiments besides
testing of host cell viability, along with IPTG (500 uM) to induce expression of LLO with or
without protein of interest. B. subtilis LLO and J774A.1 cells were then co-incubated at 37°C
and 5% CO: for 1 h J774A.1 cells were then washed three times with PBS and new medium
was added containing gentamicin (4 uM) to eliminate any remaining extracellular B. subtilis
LLO. Co-incubation continued for 3 h at 37°C and 5% CO. prior to imaging or preparation for

microscopy (described below) (Fig. 2.2).

Antibody staining for B. subtilis LLO phagosomal escape

After fixation with 4% paraformaldehyde (PFA), cells were permeabilized using 0.3%
Triton X-100 (ThermoFisher) followed by a blocking step containing 0.3% Triton X-100 and 5%
normal goat serum (ThermoFisher, cat#31872,). B. subtilis LLO location was determined by
incubating a rabbit anti-subtilisin antibody (1:50, Antibodies-online, PA, USA, cat#ABIN958907)
at 4°C overnight followed by a goat anti-rabbit IgG Dylight 650 (1:4000, Novus, CO, USA,
cat#NBP1-76058) secondary antibody at room temperature (RT) for 2 h. Phagosome formation
or destruction was shown by incubating an anti-Lamp-12 antibody (1:100, AbCam, MA, USA,
cat#ab25245) at 4°C overnight followed by a goat anti-rat IgG Alexa Fluor 555 (1:1000,
Invitrogen, CA, USA, cat#A-21434) secondary antibody at RT for 2 h. Nuclei were
counterstained by incubating cells with Hoechst 33342 (1 ug/mL) for 10 minutes (min) at RT.
Membranes of the cells were stained by incubating cells with PKH67 green-fluorescent cell
linker kit (10 uM, Sigma MO, USA) for 10 min at room temperature. Slides were then
coverslipped using Fluoromount-D mounting media (Southern Biotech, AL, USA). Slides were

imaged using confocal microscopy (described below).
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Confocal imaging

Confocal microscopy was performed using a Nikon A1 CLSM (Nikon, NY, USA)
microscope to determine B. subtilis LLO escape from the phagosome complex by imaging
J774A.1 cells that had been treated with the B. subtilis LLO with and without IPTG. Imaging was
performed using a 60x oil objective and 1.5x zoom and using filter sets for DAPI (Hoechst
33342), GFP (PKH67), TRITC (Alexa Fluor 555 for LAMP-1) and Cy5 (Dylight 650 for B.
subtilis). Z-stacks were taken at 0.5 ym steps to confirm location of B. subtilis LLO within host
cells. Images were analyzed using NIS-Elements AR Software (Nikon) and background noise
was reduced by using Nikon denoise.ai algorithm. The 3-dimensional volume images and
cutaways were produced by the Alpha display mode. The Alpha display mode was also used to
generate 3-dimensional videos to display z-depth location of the B. subtilis LLO during escape

from the phagosomes.

J774A.1 viability by MTS assay and Flow cytometry and uptake rate of engineered B. subtilis

LLO strains

The effect of B. subtilis LLO on J774A.1 cell viability was determined after EES delivery.
Conditions examined were: multiple time points of interaction between B. subtilis LLO and host
cells (0, 1 and 4 h), different MOls (10:1, 25:1, 50:1), no IPTG induction and no treatment, with
biological triplicates (n=3) for each time and condition. At each time point, J774A.1 cells were
washed once with PBS then MTS reagent (Abcam) was added to cells at a 10-fold dilution with
DMEM followed by incubation for 30 min at 37°C then absorbance was measured at 490 nm. All
treatment conditions were compared to J774A.1 cells alone to elucidate any differences in loss
of viability of the J774A.1 cells due to the treatment conditions. Flow cytometry was used to
analyze cell viability after engineered B. subtilis delivery at 10:1, 25:1 and 50:1, compared to no

IPTG induction and no treatment at the 4 h time point (n=1) or after the addition of LLO, LLO-SK
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and LLO-KG (all at 25:1 MOI with IPTG; n=3) compared to no treatment. Furthermore, uptake of
B. subtilis LLO, LLO-SK and LLO-KG by J774A.1 cells was assessed after staining bacteria with
CellTracker Orange CMRA Dye (CTO, Invitrogen, C34564, 2 uM incubated at 37°C and 250
RPM for 25 min). Following staining, the strains were washed three times before adding to
J774A.1 cells at 25:1 MOI for 4 h incubation. Cells were collected, washed once with 1X PBS
and incubated with Zombie NIR viability dye (1:750, Biolegend, San Diego, CA, USA;
cat#423105) in PBS for 20 min, at 4°C in the dark. Cells were washed twice followed by fixation
using 4% PFA and resuspended in 100 uL flow buffer for analysis using the Cytek Aurora
Cytometer (Cytek Biosciences, CA, USA). All samples were assessed for percent live cells.
Cells which were incubated with CTO bacteria were assessed for percent CTO positive cells
(indicating J774A.1 cells containing bacteria) and CTO MFI was used as a relative measure of
CTO bacteria per cell. Standard one-way ANOVA with Tukey post-hoc test was used to

determine statistically different values.

Live Cell Imaging

B. subtilis LLO was internalized into J774A.1 cells as described above, using a 96-well
black glass-bottom plate (40,000 cells/well; Greiner Bio-One, Austria, cat#655892). B. subtilis
LLO was stained with CellTracker Orange CMRA Dye (CTO, Invitrogen, C34564) as described
above then added to J774A.1 cells. Live cell imaging was performed on a Leica DMi8 Thunder
microscope equipped with a DFC9000 GTC sCMOS camera and LAS-X software (Leica,
Wetzlar, Germany). Cells were maintained at 37°C and 5% CO: in Fluorobrite medium during
the imaging session. Fluorescent images of CTO were acquired using a TRITC filter set.
Brightfield and fluorescent images were acquired consecutively, using a 63x oil objective every
1 h beginning at 1 h post co-incubation and continuing until 4 h post incubation. Z-stacks were

taken at all time points at 0.4 ym steps to confirm B. subtilis LLO presence within cytoplasm. B.
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subtilis LLO presence in J774A.1 cells was quantified using Fiji (ImageJ) software and cell
counter plugin by counting >1.5 um rods throughout z-depth. An area of 2090 um by 1254 ym in

each well was imaged and used to perform this quantification.

Engineered B. subtilis LLO B-gal protein secretion

B. subtilis LLO engineered to secrete B-gal (LLO-/acZ) with and without a NLS (LLO-
lacZ-NLS and LLO-/acZ-no NLS) were internalized into J774A.1 cells as described above, using
4-well chambered slides (75,000 cells/well, ThermoFisher, cat #154917). Incubation was also
performed using the supernatant from a 16 h mannose-induced LLO-/acZ-NLS culture. The
second incubation step was 3 h and began after adding gentamicin (4 ug/mL) and with and
without D-mannose (1% w/v) for the B-gal secretions strains. During extended studies, the cells
were washed gently 3 times with 1X PBS then a high concentration of gentamicin (25 pg/mL)
was added after 3 h and incubation continued for an additional 21 h. The cells were then fixed

with 4% PFA for 10 min prior to preparation for microscopy (described below).

B-gal antibody staining

After fixation with 4% PFA, cells were permeabilized using 0.3% Triton X-100
(ThermoFisher) followed by a blocking step containing 0.3% Triton X-100 and 5% normal goat
serum (ThermoFisher). B-gal secretion to the nucleus was identified using fluorescence imaging
after incubation with an anti-B-galactosidase (E. coli) antibody-rabbit (1:100, Biorad, CA, USA,
cat#AHP1292GA) at 4°C overnight followed by a goat anti-rabbit IgG Dylight 650 (1:3000,
Novus) secondary antibody at RT for 2 h Nuclei were counterstained by incubating cells with
Hoechst 33342 (1 pg/mL) for 10 min at room temperature. Slides were then coverslipped using
Fluoromount-D mounting media (Southern Biotech, AL, USA). Epi-fluorescent microscopy was

performed using a Nikon Eclipse Ci-L microscope equipped with a CoolSNAP DYNO camera for
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fluorescent imaging and NIS elements BR 5.21.02 software (Nikon). Images were acquired with
a 40x phase contrast objective and for fluorescent imaging DAPI and Cy5 filter sets were used.
Nuclear SNR was quantified by imaging in random areas in each corner of the well and in the
center of the well. At least 5 random images totaling an area of 1085 um by 825 ym were
utilized in drawing regions of interest (ROIs) around nuclei of J774A.1 cells to quantify Cy5
fluorescence by utilizing Hoechst 33342 counterstain to determine nuclei location. Nuclear SNR
was calculated by using mean fluorescence intensity of ROI region around nuclei of J774A.1
cells in each of the five random images (n=50 random individuals) divided by standard deviation
(SD) of noise in the well. SD of noise in well was determined by drawing 3 ROIs (550 um?) in
background areas of each image then calculating SD of the mean fluorescence from all ROls
drawn in background areas. Statistics was determined using Brown-Forsythe and Welch

ANOVA with Dunnett T3 post-hoc test and all treatment conditions were compared.

Engineered B. subtilis LLO-modulation of J774A.1 cell protein expression

The LLO strain, LLO-SK and LLO-KG were internalized into J774A.1 cells as described
above (B. subtilis LLO B-gal protein secretion), using a 6-well plate (Corning Costar #3516). TFs
were secreted for 3 h then allowed to be trafficked for an additional 21 h as described above (B.
subtilis LLO B-gal protein secretion). For flow cytometry, Accutase (Sigma, cat#A6964) was
used to detach J774A.1 cells for analysis (described below). For Luminex cytokine profiling
(Millipore Sigma, MA, USA), the supernatant was removed at both 24 and 48 h and then
analysis was performed to quantify cytokines produced (described below). Non-stimulated
J774A.1 cells were assumed to be at resting state. J774A.1 cells were polarized with interferon-
gamma (IFN-y) and lipopolysaccharide (LPS) (M1+, 100 ng/mL each) or interleukin (IL)-4 and/or
IL-13 (M2+, 100 ng/mL each) to be used as positive controls. Furthermore, J774A.1 cells were

treated with the B. subtilis 168 strain in flow cytometry characterization to compare to LLO
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strain. The EES with operons were treated with and without mannose as described in B. subtilis
LLO B-gal secretion and the LLO strain was not as no difference in impact on J774A.1 cells was
observed in previous flow experiments. All treatment conditions were performed in biological

triplicates (n=3).

Growth curves

B. subtilis LLO, LLO-SK and LLO-KG overnight cultures were grown for 16 h at 37°C
and 250 RPM in triplicate (n=3). All cultures were diluted 1:20 then allowed to grow into
logarithmic phase for 3 h Subsequently the cultures were normalized to ODsgo= 0.1 then 100 uL
was transferred into columns of a 96 well plate (Falcon, #351172) for a total of 24 replicates
(n=3 biological, n=8 technical). Cultures were grown in a PerkinElmer VICTOR Nivo plate
reader at 37°C and 300 RPM with ODsgo measurements (580 nm was used due to plate reader
limitations) taken every 30 min. Measurements were performed until growth rates began to slow
in late logarithmic phase in the 100 pL (9 h for all samples). All replicates were plotted to

visualize differences in growth rates between strains as mean + SD.

Flow cytometry

After addition of the engineered B. subtilis LLO strains and controls, followed by
incubation for 24 or 48 h, cells were collected and stained in a 96-well round bottom plate.
Treatment addition was staggered so that flow staining and data acquisition could be performed
at the same time for 24 and 48 h cells. All staining steps were performed in 100 yL volume at
4°C in the dark. Samples were first incubated with Zombie NIR viability dye (1:750, Biolegend)
for 20 min. Cells were washed once with flow buffer, followed by incubation with TruStain FcX™
PLUS (anti-mouse CD16/32) Antibody (Biolegend, cat#156603; 0.25 ug/sample) for 10 min.

Alexa Fluor® 647 anti-mouse CD86 Antibody (0.125 pug/sample; Biolegend; cat#105020) and
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FITC anti-mouse CD206 (MMR) antibody (0.1 ug/sample, Biolegend; cat#141703) were then
added and incubated for 20 min. Cells were washed twice with flow staining buffer and fixed
with 4% PFA for 10 min and resuspended in a final volume of 100 uL for flow cytometry analysis
using the Cytek Aurora spectral flow cytometer (Cytek). Single stained controls and unstained
controls for all conditions were used to assess fluorescent spread and for gating strategies.
Flow cytometry data was analyzed with the software FCSExpress (DeNovo Software, CA,
USA). A standard one-way ANOVA with Tukey’s multiple comparisons test was used to
determine statistically different MFI values amongst all groups within each time point. A two-way
ANOVA with Sidak’s multiple comparisons test was used to compare the 24 and 48 h data for
each surface marker. The data presented herein were obtained using instrumentation in the
MSU Flow Cytometry Core Facility. The facility is funded in part through the financial support of
Michigan State University’s Office of Research & Innovation, College of Osteopathic Medicine,

and College of Human Medicine.

Luminex cytokine profiling assay

Cell culture supernatant was stored at -20°C until ready for use. Supernatant was
analyzed for CCL2 (MCP-1), CCL3 (MIP-1a), CCL11 (Eotaxin), CXCL2/MIP-2, G-CSF, IL-1a, IL-
1B, IL-4, IL-6, IL-10, IL-12p40, IL-12p70, IL-13, INFy, LIF, TNF-a and VEGFa cytokine
expression. Cytokine levels of cell supernatants were measured using a MCYTOMAG-70K-17
Mouse Cytokine Magnetic Multiplex Assay (Millipore Sigma) using a Luminex 200 analyzer
instrument (Luminex Corp, USA) according to the manufacturer’s instructions. Standard one-
way ANOVA with Tukey post-hoc test was used to determine statistically different values

amongst all treatment groups.
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ICC confirming EES manufacturing and delivering TFs

Protocol for engineered B. subtilis LLO modulation of J774A.1 cell protein expression
was used as the template protocol for this experiment. The experiment was performed using a
96-well black glass-bottom plate (40,000 cells/well; Greiner Bio-One). However, J774A.1 cells
were fixed at 3 h post mannose addition to reveal engineered B. subtilis LLO delivering TFs to
host cells using antibodies against the transcription factor of interest. Each transcription factor
was stained for with the appropriate antibody individually within the wells. The strains was
stained prior to addition to host cells using Invitrogen CellTracker Orange CMRA Dye
(Invitrogen) as in live cell imaging. After fixing, cells were permeabilized using 0.3% Triton X-
100 (ThermoFisher) followed by a blocking step containing 0.3% Triton X-100 and 5% normal
goat serum (ThermoFisher). Cells were then incubated with rabbit anti-Stat-1 (1:50,
MyBiosource, CA, USA, cat#MBS125754), rabbit anti-KI/f6 (1:50, MyBiosource,
cat#MBS8307089), rabbit anti-Kif4 (1:20, MyBiosource, caté#MBS2014661) or rabbit anti-Gata-3
(1:100, MyBiosource, cat#MBS8204267) at 4°C overnight followed by a goat anti-rabbit IgG
Dylight 650 (1:3000, Novus) secondary antibody at RT for 2 h Nuclei were stained by incubating
cells with Hoechst 33342 (1 pg/mL) for 10 min at room temperature. Membranes of the cells
were stained by incubating cells with PKH67 green-fluorescent cell linker kit (10 uM) for 10 min
at room temperature. Imaging was performed using Leica DMi8 Thunder microscope equipped
with Leica DFC9000 GTC sCMOS camera and Leica LAS-X software (Leica) with the following
light emitting diodes for excitation: Hoechst 33342 (395 nm), PKH67 (475 nm), CellTracker
Orange CMRA Dye (555 nm) and Dylight 650 for TFs (635 nm) filters were used and imaged
using a 40X objective to confirm LLO-SK and LLO-KG delivery of TFs. Images were quantified
using Fiji (Imaged). Thresholding was performed on the Hoechst 33342 images to identify the
nuclei. Nuclear ROIs were used to quantify fluorescence intensity in the Dylight 650 channel.

Nuclear SNR was calculated using mean nuclear fluorescence/standard deviation of the
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background signal. Background signal was quantified from one data set for each TF. A mean of
158.4 +/- 63.6 (SD) cells were analyzed per data set. Outliers were identified using the ROUT
methods (Q=1%) and outliers removed for analysis using a one-way ANOVA and Tukey’s

multiple comparisons test.

Statistical analysis

Statistical analyses were performed using Prism software (9.2.0, GraphPad Inc., La
Jolla, CA). Statistical tests are identified for each method. Data are expressed as mean +/-
standard deviation; p<.05 was considered a significant finding. Plotting was performed using R

version 4.0.4 with the following packages: ggplot2, dplyr, reshape2, ggsignif, plotrix and ggpubr.
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CHAPTER 3

UTILIZING ENGINEERED ENDOSYMBIONTS TO MODULATE PRIMARY MACROPHAGE

FUNCTION AND ALTER TUMOR MICROENVIRONMENTS
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ABSTRACT

Modulating gene expression in macrophages can be used to improve tissue
regeneration and redirect tumor microenvironments (TME) toward positive therapeutic
outcomes. We have developed engineered endosymbionts (EES) as a platform technology for
the purpose of controlling the fates and function of macrophages. In chapter 2, engineered
Bacillus subtilis strains expressed listeriolysin O (LLO) from Listeria monocytogenes and
mammalian transcription factors (TFs), resided in the cytoplasm of J774A.1
monocyte/macrophage cells and modulated surface marker, cytokine and chemokine
expression indicating functional change in the host cells. For increased translatability, the effect
of the engineered B. subtilis LLO TF strains on murine bone marrow-derived macrophages
(BMDMs) function was characterized using flow cytometry, chemokine/cytokine profiling,
metabolic assays and RNA-Seq. The TF strains shifted BMDM gene expression, production of
cytokine and chemokines and metabolic patterns which indicated that primary macrophages
could be guided towards beneficial therapeutic outcomes. Therefore, the ability of the
engineered B. subtilis LLO TF strains to alter the TME was characterized in a murine 4T1
orthotopic breast cancer model. The B. subtilis LLO strains altered the TME by promoting
immune cell invasion, altering the functional metabolism of cells within the tumor and causing
tumor growth stabilization. Additionally, safety of this EES platform was observed as multiple
doses at bacterial concentrations 100-fold more than other bacterial therapies were injected
without affecting the health of mice. The B. subtilis LLO TF strains as EES showed promise as a
unique therapeutic approach for cancer immunotherapy that could be expanded to modulate

mammalian cells for other biomedical applications.
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INTRODUCTION

The concept of using endosymbionts and symbionts for modifying eukaryotic organisms
to improve human health has existed and been utilized in the last decade in insects and
nematodes’*. Wolbachia spp. is a model endosymbiont that lives symbiotically within
mosquitoes and naturally blocks the transmission of dengue and Zika virus by the mosquito
species Aedes aegypti. Therefore, researchers have been infecting populations of mosquitoes
with Wolbachia spp. and releasing them into the environment to further prevent transmission of
the viruses through mating of the infected populations with the uninfected, further extending the
Wolbachia spp.-carrying population®®. Various symbionts have been engineered in applications
ranging from improving honeybee immunity” to enhancing nematode biocontrol of dangerous
crop pathogens?®, indirectly improving human health. Furthermore, extensive research has been
done on natural endosymbionts in invertebrates and the benefits of the symbiotic relationships
between endosymbiont and host which has even revealed clinically relevant compounds
produced as a result of this relationship that can be produced into chassis organisms relevant in
biomanufacturing®'°. Previously, we developed non-pathogenic engineered endosymbionts
(EES) that persisted in the cytoplasm of mammalian cells and altered macrophage surface

marker, cytokine and chemokine expression for potential use in human health applications.

Variations of the EES were delivered to J774A.1 monocyte/macrophages previously'®
because of the characterized mechanism to gain access to the cytoplasm and flexibility of using
a cell line for optimizing EES interaction with the host cell. For translatability, EES impact on
primary bone marrow derived macrophages (BMDMs)'"'® was characterized. BMDMs represent
primary antigen presenting cells that signal to other important immune cells and regulate
immune response’®?. Accordingly, BMDMs alternate between synthesizing pro-inflammatory or

anti-inflammatory signals?' and function as pro-inflammatory macrophages (M1) to destroy
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pathogens or anti-inflammatory (M2) macrophages to decrease inflammation, support
angiogenesis and promote tissue remodeling and repair??23, These shifts in population function
are distinguished by changes in gene expression, cell surface markers and expression of
cytokines/chemokines?*?’. Furthermore, metabolism also acts as measure of shifts in BMDM
activity and function. Metabolic reprogramming plays an important role in the progression of
cancer through mechanisms such as the Warburg effect?®-3°. Immune cells such as BMDMs
also experience the Warburg effect and other shifts in metabolism when activated by
lipopolysaccharide (LPS) and other pro-inflammatory stimuli®'-*8, Metabolic deviations can be
revealed by measuring transitions from oxidative phosphorylation to glycolysis (Warburg effect),
changes in oxygen consumption rate (OCR), changes in extracellular acidification rate (ECAR)
and variations in adenosine triphosphate (ATP) production rate®**3. These metabolic shifts
occur as a component of the dynamic response of macrophages to specific stimuli thus acting
as another readout for macrophage behavior. As a result, BMDMs have been used as models to
understand macrophage importance in many applications including cancer**, chronic

inflammation*®4°, drug delivery®*®®', pathogen response®*-** and tissue regeneration®'°5-57,

Extracellular bacteria-based therapies have been developed to improve human health
from improving the gut microbiome®®-*" to treating cancer®?-%°. Mycobacterium bovis or Bacille
Calmette-Guerin (BCG)®5” was originally developed as a tuberculosis vaccine but has now also
been approved for bladder cancer treatment, and other clinical applications for bacteria
treatment in cancer are being tested®>-%58-70 Furthermore, several advancements have been
made in improving extracellular bacteria treatment of cancer from tropism to therapeutic
delivery”'=">. E. coli Nissle 1917 (EcN) is a probiotic Gram-negative bacterium that has been
part of the advancements in extracellular bacterial cancer immunotherapy’®7°. EcN has been
modified to deliver chemotherapeutic drugs and proteins while improving safety as a probiotic’>-

9 Intracellular bacteria have also been used in cancer immunotherapy. Gram-positive
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intracellular bacterium, Listeria monocytogenes, has been used to mobilize the immune system
to alter the cancer microenvironment and Salmonella typhimurium has been used extensively to
disrupt viability of cancer cells along with therapeutic molecule delivery®-%. Yet, several
challenges still exist to improve these therapies. Dose tolerance from live bacteria injection
especially Gram-negative bacteria, utilizing known pathogens as chassis organisms, and lack of
characterized mechanisms of impact on target microenvironment are all challenges that need to
be addressed®—°. The Bacillus subtilis expressing listeriolysin O (LLO)%"%? chassis of the EES
is a non-pathogenic, generally recognized as safe (GRAS), Gram-positive, soil bacterium that
respires as a facultative anaerobe and does not have a lipopolysaccharide- (LPS) mediated
immune response which provides an alternative to some of the challenges described above® %4,
The EES concept of using an intracellular approach to stimulate macrophages and mobilize the
immune system to alter the cancer microenvironment parallels some efforts in L.
monocytogenes®®8' for cancer treatment but with a non-pathogenic platform that is classically

used for secretion of complex proteins®.

In the therapies mentioned above, bacteria are used to deliver checkpoint inhibitors,
nanobodies, epitopes or even lyse as a way of altering the tumor microenvironment (TME)
through disruption of tumor cell viability or in an attempt to activate immune cells”™="37%81 These
approaches have shown a level of efficacy and continue to be improved. Yet, delivering other
types of payloads from bacteria could serve as alternatives or to be paired with current
approaches. Previously, engineered B. subtilis LLO strains were used to deliver transcription
factors (TFs) due to TFs potency in regulating genes to direct cellular fates®-°° which has led to
TFs being used in clinical trials for therapies in cancer, wound repair, regeneration and immune
modulation'®. These engineered B. subtilis LLO strains expressed and delivered signal
transducer and activator of transcription 1 (STAT-1) together with Kriippel-like factor 6 (KLF6)

for pro-inflammatory activation and Kriippel-like factor 4 (KLF4) together with GATA binding
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protein 3 (GATA-3) for anti-inflammatory activation in macrophages'*'-'%. The engineered B.
subtilis LLO strains altered patterns of BMDM gene expression, cytokine/chemokine expression
and functional metabolism with some patterns of modulation towards anti- or pro-inflammatory
phenotypes with clear indication of complex response to the bacteria and TFs. Furthermore,
murine 4T1 orthotopic breast cancer TMEs'%%-'% were altered by the engineered B. subtilis LLO
strains by promoting immune cell invasion with some tumor growth regression measured.
Additionally, safety of this EES platform was observed as multiple doses at bacterial
concentrations 100-fold more than other bacterial therapies were injected without affecting the
health of mice. The EES showed promise as a new approach for modulating macrophage
function by expressing TFs to be used in bacterial therapy applications and to decipher bacterial

impact on TMEs (Fig. 3.1, 3.2).
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Figure 3.1. EES approach to modulating macrophage function and current EES
application to alter tumor microenvironments

The EES are taken up by macrophages and escape into the cytoplasm to deliver transcription
factors (TFs) to modulate host cell function. For an in vivo application, the EES ability to localize
to and alter the TME was tested in a 4T1 orthotopic breast cancer model. The EES localization
and persistence was tracked with the /n Vivo Imaging System (IVIS). Tumor growth was
measured by calipers. Tumors were characterized by immunophenotyping (flow cytometry),
functional metabolism (Seahorse real-time metabolic assays) and EES colony forming units

(CFU).
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Figure 3.2. Diagram of method to deliver B. subtilis LLO strains to bone marrow derived

macrophages and analyze interaction

General approach for co-incubating B. subtilis LLO with host bone marrow derived
macrophages (BMDMs) and timeline for the interaction. Bacteria were incubated with BMDMs
for 1 h then gentamicin is added to eliminate extracellular bacteria. With 11 additional hours of
incubation, BMDMs were observed to eliminate all intracellular bacteria. Analysis was
performed at multiple times intervals but in most cases, incubation was continued for an
additional 12 h to determine impact on host cells by methods such as flow cytometry and RNA-

sequencing.
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RESULTS

B. subtilis expressing LLO escaped phagosome destruction, but autophagy mechanisms

eliminated B. subtilis LLO

Fluorescent microscopy confirmed that B. subtilis LLO escaped phagosomal destruction
in BMDMs (Fig. 3.3) by evaluation of colocalization between bacteria (white) and LAMP-1'%
positive structures (phagosomes, magenta) which indicate assembly of the phagosomes''®. The
escape was conditional on transcription induction by isopropyl $-D-1-thiogalactopyranoside
(IPTG) of the hlyA gene encoding LLO which was also observed for macrophage cell lines
previously'®®1. Without IPTG addition (-IPTG), few B. subtilis rods were observed and most
were outside cells with punctate regions of B. subtilis signal associated with LAMP-1 positive
regions at 4 h and by 12 h only remnants of bacteria were observed (Fig. 3.3, orange arrows).
Conversely, when IPTG was added (+IPTG), B. subtilis rods were observed in several cells not
localized with LAMP-1 pockets with some cells containing many bacteria (Fig. 3.3). Yet, after B.
subtilis LLO escaped to the cytoplasm (+IPTG), BMDMs responded to the escape and had
removed most of the intracellular bacteria by 12 h (Fig. 3.3). Microtubule-associated protein light
chain 3 (LC3) has been shown to coordinate autophagy response after phagosomal escape in
macrophages infected with L. monocytogenes and other pathogens'''-''* so LC3B""" was used
to indicate that this mechanism was activated by the BMDMs to remove intracellular B. subtilis
LLO by 12 h with some activation and destruction of B. subtilis LLO even at 4 h (Fig. 3.3 white
arrows). Accordingly, the expression of LLO when induced by IPTG allowed B. subtilis LLO to
access the cytoplasm of the BMDMSs but resulted in B. subtilis LLO elimination within several
hours. Nonetheless, live cell imaging validated that B. subtilis LLO remained viable within the
cytoplasm as replication was observed in multiple cells in a representative imaging region of

interest between 3 and 4.5 h post bacterial addition (Fig. 3.4). Additionally, BMDMs were
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observed to actively pursue and share bacteria between cells to control bacterial proliferation

and persistence (Fig. 3.4).
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Figure 3.3. Fluorescent imaging identified B. subtilis LLO escape from BMDM
phagosomes and destruction by autophagy mechanisms

Microscopy was used to image BMDMS after the LLO strain was delivered at a multiplicity of
infection (MOI) of 50:1 and treated without (-IPTG) or with IPTG (+IPTG) with imaging at 4 and
12 h in brightfield, nuclei stained by Hoechst 33342 (blue), B. subtilis stained by CellTracker
Orange CMRA Dye (white) and LAMP-1/LC3B stained by primary and secondary antibodies
(magenta and red respectively). Overlays of B. subtilis and LAMP-1 or LC3B are shown with the
two overlays for -IPTG on the left and +IPTG on the right for both time points. The z-depth was
chosen for each overlayed image and each channel was adjusted to provide a representative

image of each scenario. Scale bars = 20 ym.
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Figure 3.4. Live cell imaging of replicating B. subtilis LLO inside live BMDMs

Live cell microscopy revealed the LLO strain replicating in multiple host cells by comparing
images at 3 h (top images) and 4.5 h (bottom images) post bacterial addition. BMDMs were
visualized in brightfield, and the LLO strain using fluorescence (magenta); zoomed images
reveal the LLO strain replication in the cytoplasm. Scale bars = 3 um for zoomed images and

representative scale bars = 20 ym for not zoomed images are in overlay images.

Flow cytometry analysis of BMDM viability and uptake after exposure to B. subtilis LLO and

change in marker expression in response to engineered B. subtilis LLO strains

After, B. subtilis LLO (LLO strain) was observed to be taken up by BMDMs and escape
phagosomal destruction but be eliminated over time by other responses, host cell viability and
rate of uptake was assessed. Flow cytometry analysis was used to determine the number of
BMDMs that were positive for CellTracker Orange (CTO) CMRA Dye stained LLO strain (Fig.
3.5). A multiplicity of infection (MOI) at 50:1 was found to be the optimal MOI which had also
been shown in live cell imaging experiments with approximately 35% of BMDMs positive for

bacteria while the 25:1 MOI resulted in half the cells being positive and 100:1 MOI producing a
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similar number of positive cells as 50:1 (Fig. 3.5). BMDM viability was also assessed by flow
cytometry at the optimal MOI (50:1) at 4 and 12 h with and without IPTG added to induce LLO
expression. After 4 h of incubation with the bacteria, the LLO strain with IPTG induction did
cause a small decrease (5% of total cells) in host cell viability (Fig. 3.5). However, at 12 h post

incubation, the bacteria did not cause a decrease in host cell viability (Fig. 3.5).

Surface marker expression of BMDMs was evaluated by flow cytometry to begin
determining shifts in macrophage function caused by engineered B. subtilis LLO strains at 24
and 48 h. The BMDMs were incubated with the LLO strain, LLO-Stat-7KIf6 (LLO-SK)'® strain
and LLO-KIf4Gata-3 (LLO-KG)'® strain along with the inducer for transcription of the mammalian
TFs, D-mannose, to account for shifts in marker expression caused by the sugar'®. Additionally,
the BMDMs were incubated with positive controls to trigger the pro-inflammatory (M1) and anti-
inflammatory (M2) phenotypes indicated by expression of cluster of differentiation (CD)86 and
CD206 respectively?’. Lipopolysaccharide (LPS) and interferon-y (IFN-y) were used to induce
the pro-inflammatory phenotype while interleukin (IL)-4 and IL-13 were used to induce the anti-
inflammatory phenotype''>1®. The positive controls caused significant increases in each
appropriate marker while the B. subtilis LLO strains only caused minimal shifts in marker
expression (Fig. 3.6). For CD86, LPS and IFN-y increased marker expression by 20- and 10-
fold at 24 and 48 h respectively (Fig. 3.6). All bacterial conditions resulted in no significant
change in CD86 expression at both 24 and 48h and the LLO-KG strain caused a minor trend of
decrease at 48 h. For CD206, IL-4 and IL-13 increased marker expression by 5- and 2-fold at 24
and 48 h respectively (Fig. 3.6). At 24 h, the bacterial conditions did increase CD206
significantly. The bacterial treatments with mannose increased the CD206 more than the
bacterial treatments without mannose except in the LLO-KG strain. At 48 h, the bacterial
treatments did not cause a significant change in CD206 expression, and the LLO-KG strain

appeared to cause a minor decreasing trend. The ratio of CD86 to CD206 expression revealed
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minor but more clear shifts between bacterial treatments as shown in the dot plots (Fig. 3.6).
The LLO-KG strain showed a shift separate from that of the LLO strain alone by reducing the
CD86+ population (determine by shown gating strategy) by 7% at 24 h while the LLO-SK did not
show this trend. A similar but lesser trend was observed again at 48 h and the LLO-SK showed

an increase in CD86+ population compared to LLO and LLO-KG at 48 h.
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Figure 3.5. Uptake of B. subtilis LLO by BMDM and BMDM viability after uptake

BMDMs were treated with CellTracker Orange (CTO) CMRA Dye stained LLO strain with IPTG
at different MOls for 4 h to determine number of cells with bacteria (A). BMDMs were analyzed
for viability using flow cytometry at 4 and 12 h at a 50:1 MOI (B-C). Experiments were
performed with three biological replicates (n=3) except for 25:1 and 100:1 MOI in uptake
experiment (A) which were performed with one biological replicate (n=1) as live cell data had
already showed these trends. Data is mean = SD; **p<0.01, ***p<0.001, ****p<0.0001,

*****p<0.00001.
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Figure 3.6. Flow cytometry indicated engineered B. subtilis LLO strains caused minor
shifts in BMDMs cell marker expression

Flow cytometric analysis revealed some shifts in ratio of expression of CD86 and CD206
induced by engineered B. subtilis LLO strains. The dot plots are representative examples, taken
as the median value of n=3. Plotted CD86 or CD206 median fluorescence intensity (MFI) is
compared among all treatments at 24 and 48 h with (lower panel). BMDMs cells were untreated
(none), treated with LPS and IFN-y (M1+), IL-4 and IL-13 (M2+), B. subtilis strain 168 (168),
LLO strain (LLO), LLO-SK with and without mannose (LLO-SK -mannose, LLO-SK +mannose)
and LLO-KG with and without mannose (LLO-KG -mannose, LLO-KG +mannose) at 24 and 48
h post initial treatment. Plotted data is mean + SD from n=3 biological replicates; *p<0.05,

**p<0.01, ***p<0.001, *****p<0.00001, *****p<0.00001.
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Engineered B. subtilis LLO strains modulate BMDM cytokine and chemokine production

Cytokine and chemokines are important for signaling to other immune cells in different
tissue environments?#28, Therefore, profiling the BMDMs production of these proteins after
exposure to the engineered B. subtilis LLO strains is essential for predicting some potential
impacts in vivo. The BMDMs showed a significant increase in many cytokines and chemokines
in response to the bacterial treatments (several hundred or thousand-fold in some instances)
and in many cases more than the positive controls (Fig. 3.7, 3.8). Also, the engineered B.
subtilis LLO strains showed differential regulation in some cytokines and chemokines and D-
mannose was observed to be the primary regulator of certain cytokines and chemokines (Fig.
3.7, 3.8). LLO-SK and LLO-KG differentially regulated IL-10, macrophage inflammatory protein-
1a (MIP-1a) and granulocyte colony stimulating factor (G-CSF) especially when transcription
was induced by D-mannose in comparison to each other and with the same trends observed
compared to the LLO strain at 24 h (Fig. 3.7A, E-F). The LLO-KG increased IL-6 in relation to
LLO-SK and the LLO strain at 24 h (Fig. 3.7B). Tumor necrosis factor alpha (TNF-a) increased
to all bacterial treatments at 24 h but at 48 h only the LLO-SK strain with mannose added was
significant in comparison to the untreated and comparable to that of the positive control (Fig.
3.7C-D). MIP-2 (CXCL2) and monocyte chemoattractant protein-1 (MCP-1/CCL2) showed
specific responses to D-mannose with the different engineered strains still causing different
patternicity even with the complexity of the D-mannose at 24 h (Fig. 3.7G-H). D-mannose

continue to impact the expression of these two proteins at 48 h as well (Fig. 3.8E-F).

While most cytokines and chemokines production were triggered more by the bacteria
than the positive controls, IL-12p40 and vascular endothelial growth factor (VEGF) did not show
these trends. Production of both IL-12p40 and VEGF at 24 and 48 h increased in response to

M1 positive control by either hundreds or tens-fold respectively (Fig. 3.8M-P). The bacteria did
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not cause such large increases. Yet, at 24 h, IL-12p40 did exhibit differential regulation by LLO-
SK and LLO-KG observed previously'®. LLO-KG increased production of IL-12p40 by 5-fold in
comparison to the untreated which is significant when the hundreds-fold higher positive control
is not included in the one-way analysis of variance (ANOVA) statistical analysis (p<0.002).
However, many of the cytokines and chemokines such as IL-10, IL-6 and MCP-1 are examples
that did not show any differences in the bacterial treatments at 48 h (Fig. 3.8A-F). Furthermore,
some of the cytokines such as IL-15 and granulocyte-macrophage colony stimulating factor
(GM-CSF) were not significantly produced in response to any treatments (Fig. 3.8G-H, K-L).
Finally, IL-1B8 was significantly produced only in response to the bacterial treatments at both 24
and 48 h but no production difference was observed between the bacterial treatments (Fig. 3.8I-

J).
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Figure 3.7. Engineered B. subtilis LLO strains altered BMDMs cytokine and chemokine

production

Cytokine and chemokine protein concentration was quantified after BMDMs cells were

untreated (none), treated with LPS and IFN-y (M1+), IL-4 and IL-13 (M2+), LLO strain with and

without mannose (LLO -mannose, LLO +mannose), LLO-SK with and without mannose (LLO-

SK -mannose, LLO-SK +mannose) and LLO-KG with and without mannose (LLO-KG -mannose,

LLO-KG +mannose) at 24 and 48 h post initial treatment. Data is mean + SD from n=3 biological

replicates; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, *****p<0.00001, ******p<0.000001.
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Figure 3.8. Further profiling of BMDMs cytokine and chemokine production after
exposure to engineered B. subtilis LLO strains

Cytokine and chemokine protein concentration was quantified after BMDMs cells were
untreated (none), treated with LPS and IFN-y (M1+), IL-4 and IL-13 (M2+), LLO strain with and
without mannose (LLO -mannose, LLO +mannose), LLO-SK with and without mannose (LLO-
SK -mannose, LLO-SK +mannose) and LLO-KG with and without mannose (LLO-KG -mannose,
LLO-KG +mannose) at 24 and 48 h post initial treatment. Data is mean + SD from n=3 biological

replicates; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, *****p<0.00001, ******p<0.000001.

Engineered B. subtilis LLO strains adjust functional metabolism patterns in BMDMs

Functional metabolism provides valuable insight into the activity and response of

macrophages to various stimuli''’. Additionally, D-mannose has been shown to impact
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macrophage metabolism and functional response’'® which should be considered in this study.
As a result, BMDM functional metabolism was characterized in response to the engineered B.
subtilis LLO strains and mannose with LPS serving as a control and comparison to other
studies®>3¢. Overall, the D-mannose and engineered B. subtilis LLO strains modified BMDMs
functional metabolism in unique patterns at both 12 and 24 h when oxygen consumption rate
(OCR), extracellular acidification rate (ECAR), ATP production and shifts between glycolysis
and oxidative phosphorylation were measured (Fig. 3.9, 3.10, Table 3.1-2). The bacterial
treatments increased OCR and ECAR similar to that of the LPS treatment at 12 h while D-
mannose produced similar results to the untreated. The LLO-KG strain with and without
mannose increased OCR and ECAR more than any other conditions at 12 h (Fig. 3.9C-D).
Conversely, at 24 h, D-mannose overtook all other treatments as the dominating stimulus
driving metabolism change even in the bacterial treatments (Fig. 3.10C-D). The LLO-KG strain

still caused trends of increase in OCR and ECAR but only without the addition of D-mannose.

To further unravel the complexity of the response to the bacteria alone and how the TFs
may be impacting metabolism change, changes in OCR (AOCR) and ECAR (AECAR) were
evaluated when electron transport chain inhibitors including Oligomycin (complex V) and
Rotenone (complex I)/Antimycin A (AA; complex lIl) were added''®. At 12 h, LLO-KG with and
without D-mannose was the only treatment to cause a significant change in OCR when
Oligomycin was added, and Rotenone/AA treatment resulted in similar results as basal OCR
(Fig. 3.9E, G). Yet, when evaluating changes in ECAR at 12 h, Rotenone/AA addition revealed
differential trends from the LLO-SK and LLO-KG strains and showed a distinct change from the
D-mannose treatment (Fig. 3.9H). At 24 h, D-mannose continued to be the most important
stimulus when evaluating changes in OCR after all inhibitors were added (Fig. 3.10E, G).

However, the changes in ECAR after inhibitors at 24 h exhibited less dictation by D-mannose
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and even some differential trends between the engineered B. subtilis LLO strains when

Oligomycin was added (Fig. 3.10F).

Quantification of transference in energy generation between glycolysis and oxidative
phosphorylation demonstrated that the bacterial treatments shifted metabolism to glycolysis
from oxidative phosphorylation at 12 h (Table 3.1). The LLO-KG strain with mannose generated
the most significant shift to glycolysis (p<0.007) and comparable to that of LPS (p<0.005) while
LLO-SK did not produce a significant shift. Additionally, total ATP production rate followed the
same trends as the LLO-KG with mannose increased ATP rates by 4-fold compared to the
untreated (p<0.01) and the LLO strain with mannose increased ATP rates by 3-fold compared to
the untreated at 12 h (p<0.07). D-mannose diverted all energy production to oxidative
phosphorylation and reduced ATP production rate at 12 h (Table 3.1). Energetic shifts between
glycolysis and oxidative phosphorylation and ATP production rates also paralleled the OCR and
ECAR results at 24 h except in the LLO-KG with mannose treatment (Table 3.2). The treatment
of D-mannose at 24 h shifted energy generation towards glycolysis instead of oxidative
phosphorylation which was inverse of trends at 12 h. The LLO-KG strain inhibited that shift
when treated with D-mannose which maintained similarity to the other bacterial treatments
without D-mannose whereas the LLO strain and LLO-SK strain were impacted by the treatment
of D-mannose significantly, p<0.04 and p<0.004 respectively (Table 3.2). However, ATP
production rates were driven by D-mannose in all bacterial treatments and were like that of the

D-mannose treatment alone.
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Figure 3.9. Shifts in functional metabolism patterns of BMDMs at 12 h after exposure to
engineered B. subtilis LLO strains

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
before and after electron transport chain inhibitors, Oligomycin and Rotenone/antimycin A (AA),
were added at points indicated on kinetic plot (A, B). OCR and ECAR quantification at the third
measurement before addition of inhibitors was plotted (C, D). Further analysis was performed to
quantify changes in OCR (AOCR) and ECAR (AECAR) after inhibitors were added (E-H).
BMDMs were untreated (none), treated with LPS, mannose, LLO strain with and without
mannose (LLO -mannose, LLO +mannose), LLO-SK with and without mannose (LLO-SK -
mannose, LLO-SK +mannose) and LLO-KG with and without mannose (LLO-KG -mannose,
LLO-KG +mannose). Data is mean £ SD from n=3 biological replicates; *p<0.05, **p<0.01,

**%0<0.001.
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Figure 3.10. Functional metabolism patterns of BMDMs at 24 h after exposure to
engineered B. subtilis LLO strains

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
before and after electron transport chain inhibitors, Oligomycin and Rotenone/antimycin A (AA),
were added at points indicated on kinetic plot (A, B). OCR and ECAR quantification at the third
measurement before addition of inhibitors was plotted (C, D). Further analysis was performed to
quantify changes in OCR (AOCR) and ECAR (AECAR) after inhibitors were added (E-H).
BMDMs were untreated (none), treated with LPS, mannose, LLO strain with and without
mannose (LLO -mannose, LLO +mannose), LLO-SK with and without mannose (LLO-SK -
mannose, LLO-SK +mannose) and LLO-KG with and without mannose (LLO-KG -mannose,
LLO-KG +mannose). Data is mean £ SD from n=3 biological replicates; *p<0.05, **p<0.01,

***p<0.001, ****p<0.0001.
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Table 3.1. Quantification table for functional metabolism shifts between glycolysis and

oxidative phosphorylation and resulting differences in ATP production at 12 h

Quantification of shifts between glycolysis and oxidative phosphorylation and resulting impact

on ATP production when BMDMs were untreated (none), treated with LPS, mannose, LLO

strain with and without mannose (LLO -mannose, LLO +mannose), LLO-SK with and without

mannose (LLO-SK -mannose, LLO-SK +mannose) and LLO-KG with and without mannose

(LLO-KG -mannose, LLO-KG +mannose) at 12 h post addition of treatments.

Basal Rates(Average) 12 h
. . - . . —
e e ey e [ e o
Groups Average StDev Average StDev Average StDev Average StDev Average StDev Average | StDev
Untreated 74 32 283 11.2 35.8 13.7 4.1 16 20.9 6.5 79.1 6.5
LPS 100ng/ mL 38.7 LT 67.3 18.0 106.0 257 1.7 0.1 36.8 15 63.2 15
Mannose 29 8.6 6.0 1.1 8.9 9.8 -2.596 3.810 -46.335 127.003 146.3 127.0
LLO 39.1 17.9 90.1 18.5 129.2 36.0 25 0.8 29.3 6.0 70.7 6.0
LLO +mannose 48.1 6.9 88.5 17.9 136.6 242 1.8 0.2 35.4 26 64.6 26
LLO-SK 31.9 15.5 87.2 212 119.1 422 2.9 0.5 26.1 37 73.9 3.7
LLO-SK +mannose | 28.7 12.0 66.9 15.1 95.7 253 26 0.9 29.2 71 70.8 71
LLO-KG 60.3 171 125.3 34.0 185.6 51.0 2.1 0.1 32.5 1.0 67.5 1.0
LLO-KG +mannose | 59.4 20.5 105.2 43.3 164.6 63.6 1.8 0.2 36.4 22 63.6 22

Table 3.2. Quantification table for functional metabolism shifts between glycolysis and

oxidative phosphorylation and resulting differences in ATP production at 24 h

Quantification of shifts between glycolysis and oxidative phosphorylation and resulting impact

on ATP production when BMDMs were untreated (none), treated with LPS, mannose, LLO

strain with and without mannose (LLO -mannose, LLO +mannose), LLO-SK with and without

mannose (LLO-SK -mannose, LLO-SK +mannose) and LLO-KG with and without mannose

(LLO-KG -mannose, LLO-KG +mannose) at 24 h post addition of treatments.

Basal Rates(Average) 24 h

glycoATP Production

mitoATP Production Rate

Total ATP Production

XF ATP Rate Index

% Glycolysis

% Oxidative

Rate(pmol/min) (pmol/min) Rate(pmol/min) Phosphorylation

Groups Average StDev Average StDev Average StDev Average StDev Average StDev Average | StDev
Untreated 68.0 273 93.2 313 161.1 56.7 14 0.3 420 57 58.0 57
LPS 100ng/ mL 791 422 109.2 1.7 188.3 53.3 16 0.6 402 9.7 59.8 97
Mannose 201 4.1 83 74 285 113 0.38 0.27 742 14.4 258 14.4
LLO 86.3 15.0 165.0 13.0 251.4 26.5 1.9 0.2 34.2 26 65.8 26
LLO +mannose 133 6.8 59 12 19.2 6.9 0.52 0.28 67.3 116 32.7 116
LLO-SK 78.9 22.2 167.0 35.2 246.0 55.3 22 04 31.8 3.6 68.2 3.6
LLO-SK +mannose 9.4 3.9 53 6.1 14.7 10.0 0.44 0.45 743 238 257 238
LLO-KG 113.0 451 190.5 64.2 303.5 109.3 17 0.2 36.8 2.0 63.2 2.0
LLO-KG +mannose| 10.5 6.0 146 8.9 251 14.8 14 0.2 42.0 43 58.0 43
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Tumor microenvironment functional metabolism was modified by engineered B. subtilis LLO

strains when injected in vivo during pilot study

Metabolism has been linked to cancer progression and even to enhancing metastasis so
manipulating metabolism could be a method of therapy in cancer?®-3%1"®. Combining this
knowledge with the results that the engineered B. subtilis LLO strains could modulate functional
metabolism, the TME metabolism was characterized''®. Bioluminescent, non-pathogenic B.
subtilis LLO-luxA-E'?%12" (LLO-/ux) was shown to localize to 4T1 orthotopic tumors and persist in
the tumor for a week after intravenous (IV) injection of 108 bacteria into the tail vein while being
cleared from healthy BALB/c mice in 24 h (Fig. 3.11). Previously, bacterial cancer treatments
have been shown to be most effective at reducing tumor growth and altering the tumor
environment when injected intratumorally (IT)"27387122 Therefore, comparing the impact of the
engineered B. subtilis LLO strains on the TME through different methods of delivery was
essential for optimizing effectiveness. The LLO-KG strain was selected for the pilot study to be
compared to the LLO-/ux strain and D-mannose treatments because of the results in the
cytokine/chemokine and in vitro functional metabolism studies (Fig. 3.7, 3.9). After dissociation
of the tumors one week post the second weekly bacteria injection when tumor growth
stabilization caused by the bacteria had been observed without impact on overall mouse health
(Fig. 3.12), the tumor functional metabolism exhibited a reduction in the bacterial treatments

with differences between strains and methods of delivery (Fig. 3.13).

D-mannose (with IPTG to compare to bacterial treatments) treatment in the mouse water
increased both OCR and ECAR marginally but significantly in the tumors (Fig. 3.13C-D). To
allow for proper comparison, the mice injected with the LLO-/ux, and LLO-KG strains were
treated with D-mannose in the same way as the D-mannose treatment alone. The LLO-/lux

strain and LLO-KG strain treatments both reduced OCR in the tumor TMEs when injected IV
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(LLO-lux 1V, LLO-KG V) and the LLO strain caused the greatest reduction which was matched
by the LLO-KG strain when injected IT (LLO-KG IT, Fig. 3.13C). LLO-KG IV increased ECAR
compared to the untreated tumors while LLO-/ux IV and LLO-KG IT decreased ECAR (Fig.
3.13D). Inhibitors were used again to provide further insights into changes in the respiratory
chain with FCCP added as an uncoupler for mitochondrial oxidative phosphorylation'"® to
increase understanding of potential mitochondrial stress. After addition of each inhibitor or the
uncoupler while measuring OCR, the same trend in results as with basal OCR were observed
for each of the changes in OCR (Fig. 3.13E, G, I). These changes included ATP production
(calculated from change after Oligomycin addition), max respiration (calculated from change
after FCCP addition) and spare capacity (calculated from change between basal OCR and OCR
after FCCP). Changes in ECAR after each chemical addition produced more distinct trends
between the different treatments. The LLO-KG |V treatment caused the greatest change in
ECAR after Oligomycin addition, and these changes were significant compared to the LLO-/ux
IV treatment and nearly significant compared to the alternate delivery method for LLO-KG (Fig.
3.13F). Conversely, when FCCP and Rotenone/AA were added, the three bacterial treatments
significantly reduced the change in ECAR compared to the untreated and D-mannose treatment

with the LLO-KG IV treatment causing the least reduction (Fig. 3.13H, J).
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Immediately after IV injection 1 h after IV injection
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Figure 3.11. Bioluminescent imaging of LLO-/ux strain after intravenous injection into
representative healthy and tumor bearing mice

Representative healthy and 4T1 orthotopic tumor bearing BALB/c mice were injected with 108
LLO-/ux intravenously and tracked using the In Vivo Imaging System (IVIS). Representative
images are shown from immediately after injection, 1 h post injection, 24 h post injection and 1
week post injection. Healthy and tumor bearing mice showed the same trends immediately after
injection and 1 h post injection. However, by 24 h, all bacterial signal is cleared from healthy

mice. Finally, bacteria were shown to persist throughout the tumor 1 week post injection.
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Figure 3.12. Engineered B. subtilis LLO strains stabilize tumor growth rate and mouse
mass progression during tumor growth

Tumor size measurements by calipers were normalized to tumor sizes on first day of treatments
to determine growth rate differences and second injection of bacteria is noted by the arrow (A).
Mouse mass was normalized to mass on first day of bacterial injection to evaluate mass
progression as an indicator of health (B). Tumors were untreated (none), treated with mannose,
LLO-lux strain injected intravenously with mannose (LLO-/ux IV +mannose), LLO-KG injected
intravenously and intratumorally with mannose (LLO-KG IV +mannose, LLO-KG IT +mannose).
Plotted data is mean + SEM (A) or mean £ SD (B) from n=3 or n=2 (mannose only) tumors (A)

or mice (B).

110



A CCR ke graph in vivo B ECAR kinetic graph i wvo
FCCP Rotonono/AA Oligomycin FCCP  Rolonono/AA

Ped
}¢ .3 84
!

REERE.

OCRipmolimn)
ECAR{moHimin)

t
.
+
i

“e o et

20 0 6
Timeimin}

ECAR 0 w0

ECARImpHmA) o

OCR@pmoiming 0

e & s
& & & &

N <
© ©
S ®
Treatment

Change in ECAR post Oligomycin in vivo

ES

A ECAR(mpHimin;

4

Change in ECAR post RetercnerAntimycn A ivo
I I
‘ - . :
e
3 ry
& & L
& &
N &

AECARimpHImin)  ©
6 oa N W a

el
3
&

&
e

Figure 3.13. Bacteria-mediated reduction of functional metabolism in TMEs

Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured
before and after electron transport chain inhibitors, Oligomycin and Rotenone/antimycin A (AA),
and uncoupler, FCCP, were added at points indicated on kinetic plot (A, B). OCR and ECAR
quantification at the third measurement before addition of inhibitors and uncoupler was plotted
(C, D). Further analysis was performed to quantify changes in OCR (ATP production, max
respiration, spare capacity) and ECAR (AECAR) after inhibitors and uncoupler were added (E-
H). Tumors were untreated (none), treated with mannose, LLO-/ux strain injected intravenously
with mannose (LLO-/ux IV +mannose), LLO-KG injected intravenously and intratumorally with
mannose (LLO-KG IV +mannose, LLO-KG IT +mannose). Data is mean + SD from n>4 replicate
wells seeded from one representative tumor; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001,

*****p<0.00001, ******p<0.000001.
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Tumor immunophenotyping identified immune cell population changes caused by engineered B.

subtilis LLO strains during pilot study

Tumor immunophenotyping by flow cytometry provides important insights into different
immune cell populations and can be used as a measure of efficacy in therapies by promoting
immune cell invasion to alter the TME'2-'2°. This method has even been used in bacterial
cancer treatment to understand the benefits of using bacteria to activate immune cells towards
treating cancer’". In parallel with the tumor functional metabolism characterization, the
immunophenotyping was performed after dissociation of the tumors. Profiling of the tumor
immune cell populations displayed that the engineered B. subtilis LLO strains can promote
immune cell invasion causing alteration in cell populations in the tumors (Fig. 3.14). To analyze
leukocytes, CD45 positive cells'® were identified from the live tumor cell populations with the
LLO-KG IV treatment causing a reproducible trend of increase in CD45+ cells and D-mannose
also causes a slight increase (Fig. 3.14A). Once the leukocytes were identified, various T cell
lineages were analyzed from all CD45+ cells. T cell populations (CD3+)'? increased
significantly in the D-mannose treatment and the LLO-KG |V treatment also causes a trending
increase in total T cell population with a similar change observed in naive T cells (CD4+)'? and
the LLO-lux IV treatment caused a small increase (Fig. 3.14B-C). For cytotoxic T cells
(CD8+)'23, the treatments caused a modest decrease in this T cell population except the LLO-
KG IT treatment (Fig. 3.14D). Dendritic cell (CD11c+/MHCII+)'% populations were marginally
increased by the LLO-KG IV and IT treatments in comparison to the LLO-/ux IV and other
treatments (Fig. 3.14E). Regulatory T cell (CD25+)'?® populations were altered by any of the
treatments (Fig. 3.14F). Lastly, when analyzing the different tumor cells, distinct populations
were observed to have increases in expression of the markers that identify these populations.
All treatments besides LLO-KG IT increased CD45 expression to some extent with the LLO-KG

IV causing the largest increase compared to the untreated tumors (Fig 3.14G). Similarly, all
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treatments increased the expression of the CD8a+ cell populations to similar levels of
significance compared to the untreated tumors (Fig. 3.14G). Overall, the engineered B. subtilis
LLO strains altered the immune cell populations in the tumors while maintaining a similar

concentration of bacteria between the strains and delivery methods in the tumors (Fig. 3.15).
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Figure 3.14. Tumor immunophenotyping revealed alterations in tumor immune cell
populations

Tumor immunophenotyping by flow cytometry after tumor dissociation on tumors that were
untreated (none), treated with mannose, LLO-/ux strain injected intravenously with mannose
(LLO-lux IV +mannose), LLO-KG injected intravenously and intratumorally with mannose (LLO-
KG IV +mannose, LLO-KG IT +mannose). CD45 expression was analyzed on live cells to
identify leukocytes. CD45+ cells were gated for CD11b (myeloid lineage cells) and CD3+ (T
cells). CD3+ cells were analyzed for CD4 (helper) and CD8a (cytotoxic) T cells. Dendritic cell
populations (CD11c+/MHCII+) and regulatory T cells (CD25+) were also quantified. Further
analysis showed changes in marker expression by median fluorescence intensity in the
populations of CD45+ and CD8a+ populations. Data is mean + SD for box and two times + SD
for whiskers (A-F) while the marker expression is mean + SD (G-H) from n=2 tumors from each

treatment; *p<0.05, **p<0.01, ***p<0.001.
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Figure 3.15. Colony forming units demonstrated bacterial persistence in tumors over a
week after last injection

Colony forming units (CFU) were calculated and normalized to tumor weight (g) after second
half of tumor that was not used for tumor immunophenotyping was homogenized then diluted
and plated for bacteria growth. Tumors were untreated (none), LLO-/ux strain injected
intravenously with mannose (LLO-/ux IV +mannose), LLO-KG injected intravenously and
intratumorally with mannose (LLO-KG IV +mannose, LLO-KG IT +mannose). Data is mean +
SD for box and two times + SD for whiskers from n=2 tumors that were plated in duplicate from

each treatment.
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DISCUSSION

For the EES platform to be effective at altering macrophage function and be used in
applications such as cancer treatment, the EES must interact with the host cells intracellularly to
deliver TFs. B. subtilis LLO gained access to the cytoplasm of BMDMs with IPTG induction of
LLO expression (Fig. 3.3) and remained viable to deliver TFs as shown by replication (Fig. 3.4)
with both events required to demonstrate translatability to primary macrophages such as
BMDMs. Even with destruction by LC3 related autophagy mechanisms''-'"4, the bacteria
persisted for several hours which provided time for TF delivery. Furthermore, the natural
removal of the bacteria indicated safety of the EES platform when used as a therapy. Yet, if the
therapy measures required further interaction between the host cell and engineered B. subtilis
LLO strains, proteins such as phospholipases (plc) A and B from L. monocytogenes could be
introduced into the B. subtilis LLO chassis to evade the autophagy mechanisms'' but
replication would need to be considered. After confirmed escape of B. subtilis LLO from
phagosomes with resulting replication but destruction through mechanisms triggered by LC3,
the BMDMSs high viability after these stages of interaction (~95%) displayed promise for altering
BMDM function without losing the host cells (Fig. 3.5). Yet, the uptake rate into BMDMs of
approximately 35% resulted in an important consideration for other in vitro characterization and
when transitioning in vivo (Fig. 3.5). The consideration included whether engineered B. subtilis
LLO strains delivering TFs to 35% of the host cell population would result in functional change
throughout the population and would that result in efficacy in vivo. Accordingly, the results seen
throughout the study indicated that the population function was adjusted by the different

bacterial strains and the pilot in vivo study showed promising trends.

BMDMs marker expression exhibited only minor shifts from the bacterial treatments but

strong responses to the characterized controls for increasing these markers. The engineered B.
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subtilis LLO strains did not increase or decrease CD86 marker expression in comparison to
untreated BMDMs and CD206 was increased by the strains but only at 24 h (Fig. 3.6). These
responses by the BMDMs to the strains were greatly reduced in comparison to the macrophage
cell line response previously'. The lack of CD86 expression in response to the non-pathogenic
B. subtilis LLO from the BMDMs was unexpected because Toll-like receptor 2 (TLR2) triggers
inflammatory responses'?®'2” but a similar lack of CD86 marker expression has been observed
when bacterial TLR agonists were used to stimulate initially resting BMDMs'?8. Unstimulated
BMDMs appeared to produce a large response in cytokines but did not change marker
expression unless pre-activation was performed before addition of the bacterial TLR agonists'?.
The same concept can also be applied to CD206 which had also been observed in the same
previous study'?. Yet, the CD206 expression response was a bit more complex. CD206 is the
mannose binding receptor'?*-'3! which explains the increase seen in the mannose treatment
conditions and acts as a receptor for bacterial surface carbohydrates’? (Fig. 3.6). Even with
these factors, the LLO-KG strain was the one strain that caused a significant increase in CD206
expression compared to the untreated in the treatments without D-mannose. CD206 has been
recently implicated in promoting innate and adaptive antitumor immune responses when
expressed by tumor associated macrophages (TAMs) which suggests translatability for the

LLO-KG strain'?°.

Cytokines and chemokines play essential roles in signaling between various immune cell
populations?652133.134 These proteins have been categorized based on roles in disease
progression and for classifying cells but with further evaluation, these proteins have been shown
to exhibit pleiotropic effects in diseases progression and in cell classification*’:13%-142,
Furthermore, complex stimuli such as live bacteria compounds with the pleiotropic effects to
create unexpected responses from macrophages which makes the macrophage phenotype and

function difficult to classify'344, Yet, unraveling this complexity provides valuable insight into
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outcomes in vivo and understanding therapeutic potential. The engineered B. subtilis LLO
strains stimulated production of many disease especially tumor relevant cytokines and
chemokines from the BMDMs with the TFs causing specific regulations (Fig. 3.7, 3.8). The
bacterial treatments stimulated production of most of the cytokines and chemokines analyzed
indicating the signaling response from the BMDMs to the bacteria. Accordingly, the LLO strain
alone caused significant production of the cytokines and chemokines (Fig. 3.7, 3.8). LLO-SK
and LLO-KG differentially regulated IL-10, MIP-1a, G-CSF and IL-12p40 at 24 h with IL-10, G-
CSF and IL-12p40 occurring in a predicted pattern based on known regulation6.103.105,145-147,
LLO-SK increased certain cytokines such as TNF-a especially at 48 h which could be useful in
altering the TME™#8'4®_ LLO-KG upregulated IL-6 at 24 h which is a predicted result based on
the known activity of KLF4'5° while the increase in MIP-1a is unexpected and little is known
about transcription factor regulation of MIP-1a with only a few identified'®" %2, MCP-1 was
downregulated by LLO-SK which is predicted based on the known regulation by nuclear factor
kappa light chain enhancer of activated B cells (NF-kB) and STAT-1 can compete with these
pathways'531%  Additionally, D-mannose regulated the expression of MCP-1 as all treatments
with D-mannose downregulated MCP-1. D-mannose appeared to have a similar but opposite
effect on MIP-2 as all treatments with D-mannose upregulated this cytokine indicating that D-
mannose is playing a role in macrophage response. Overall, the engineered B. subtilis LLO
strains generated production of beneficial cytokines and chemokines for altering the TME
including TNF-a and IL-12p40'48.149.15% Yet, the pleiotropic effects of some cytokines and
chemokines adds ambiguity to whether others may also be beneficial. Two specific examples
are IL-6 and MCP-1 because both are implicated in promoting immune cells such as T cells to
invade the TME but can also promote tumor angiogenesis when expressed by cancer
cells'™31%, Some cytokines and chemokines such as MIP-1a, MIP-2, G-CSF and IL-10 are
implicated in promoting poor outcomes in tumors when produced by TAMs or other cells so the

downregulation by LLO-SK is beneficial'46:151.157-1% Therefore, the LLO-SK strain appeared to
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be the better strain for altering the TME, but the LLO-KG still produced beneficial cytokines and
chemokines for this application. Nonetheless, the cytokines and chemokines are only one
component in altering the TME so other analyses such as functional metabolism was

necessary.

With the complexities seen in marker and cytokine/chemokine expression, functional
metabolism provides another measure of macrophage phenotype in response to the engineered
B. subtilis LLO strains and if the adjusted phenotypes could be relevant in tumors. In totality, the
bacterial treatments caused increases in metabolism and the Warburg effect®'-*8 similar to that
of the LPS treatment at 12 h (Fig. 3.9). The LLO-KG strain promoted the most significant shift in
metabolism with increased OCR, ECAR and ATP production (Fig. 3.9). The activity of KLF4 and
GATA-3 provides explanations into the observed result. Both TFs are involved in macrophage
metabolism and have been shown be associated with IL-4 cascades and work with STAT-6 to
induce nuclear peroxisome proliferator-activated receptor y (PPARYy) causing mitochondrial
biogenesis which results in increased OCR and ATP production and a major reduction in OCR if
electron transport inhibitors were added'%3117.160-162 Additionally, these pathways that are
classically associated with shifts to oxidative phosphorylation can be combined with
inflammatory stimuli to increase glycolysis simultaneously which is then linked to cytokine and
chemokine production such as IL-10, IL-6 and TNF-a'®°. These complex regulatory networks
explain how the LLO-KG strain significantly increased OCR, ATP production (primarily
contributed by increase in mitoATP production rate; Table 3.1) and glycolysis at 12 h then was
able to diminish a shift from oxidative phosphorylation to glycolysis caused by D-mannose at 24
h after the bacteria had been eliminated. Additionally, the regulatory networks explain why the
LLO-KG strain had the most significant reduction in OCR when Rotenone/AA (complex | and
complex Ill inhibitors'®®) were added. ECAR exhibited a similar pattern of response to the

treatments as OCR at 12 h but had more unique changes specific to different treatments when
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inhibitors were added. ECAR was increased most significantly by the LLO-KG treatments in
comparison to the untreated which is directed by the increase in glycolysis caused by LLO-KG
treatments. When the inhibitors Rotenone/AA were added, differential change in ECAR between
LLO-SK and LLO-KG was observed at 12 h which indicated that STAT-1 and KLF6 promoted
the electron transport chain running in reverse electron flow as seen in classical pro-
inflammatory macrophages because of a positive loss in ECAR'62. This positive loss in ECAR
caused by Rotenone/AA in the LLO-SK treatments occurred because complex | generates
nicotinamide adenine dinucleotide (NADH) when in reverse electron flow for lactate
dehydrogenase to utilize in converting pyruvate to lactate which contributes to ECAR through H*
production®2164_ D-mannose also caused the same positive loss in ECAR after Rotenone/AA
addition at 12 h because D-mannose contributes to lactate production in macrophages''®. The
major reduction in OCR, ECAR and ATP production with a significant shift towards glycolysis
(except in LLO-KG condition) at 24 h in the D-mannose treatments resulted from the
suppression of glucose utilization seen previously in macrophages''® (Fig. 3.10, Table 3.2).
TAMs have been shown to enhance tumor progression through metabolic measures'6°.162.165,
TAMs rely on glycolysis for energy production so therapeutic measures have been proposed to
increase PPARYy induction to cause increased phagocytic activity which the LLO-KG caused in
this study'6%162.165 However, TAM metabolism is understudied, and complex so further studies
are needed to understand the ideal target to adjust TAM metabolism'60.162165 These
observations from the in vitro functional metabolism analyses continued to underscore the
complexity of macrophage response and the coordination between metabolism and
cytokine/chemokine response which is essential for tissue maintenance and further impact on

disease.

After in-depth characterization of the engineered B. subtilis LLO interaction with and

specific modulation of BMDMs, the translatability of the strains in mobilizing the immune system
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to alter the TME was tested. Initially, the LLO-/ux strain was used to visualize location of
bacterial accumulation temporally. The non-pathogenic LLO-/ux strain was observed to be
cleared from healthy mice within 24 h but persisted in tumor bearing mice specifically within the
tumors for a week post injection IV which established the potential for the engineered B. subtilis
LLO strains to be utilized to alter the TME (Fig. 3.11). In the pilot study, LLO-KG was used to
compared to LLO-/ux and D-mannose alone because of the beneficial signaling proteins that
were produced by the BMDMs and altered metabolism patterns induced after exposure to the
strain. Injection methods of IV and IT were compared because of the efficacy shown in previous
studies from IT injection’>73#7122 byt |V adds an additional measure of translatability to show
that the bacteria will accumulate wherever the TME is located. After injecting the strains and
supplying D-mannose in the drinking water, tumor growth stabilization materialized in the LLO-
KG treatments especially post the second bacterial injection with some indication of tumor
regression in the few days immediately after injection (Fig. 3.12A). However, the LLO-/ux strain
did not produce the same result which signaled strain specificity. Additionally, the D-mannose
treatment appeared to stabilize tumor growth (n=2) which has been observed in previous
studies'® %7 None of the treatments resulted in negative overall health effects on the mice
which indicated the safety of the B. subtilis platform and the transcriptional inducer (Fig. 3.12B).
Yet, the tumor metabolism and immunophenotyping analyses were needed to understand the
effectiveness in the immune modulation goal of the EES platform. The dissociated tumors from
the bacterial treatments all had reduced OCR and accordingly reduced ATP production, max
respiration and spare capacity while the D-mannose treatment sustained or increased these
properties compared to the untreated which may indicate a shift to glycolysis in the
heterogenous TME caused by the bacteria (Fig. 3.13). However, only the LLO-KG |V treatment
potentially increased glycolysis (ECAR increased) while the other bacterial treatments also
reduced ECAR. These results were complex, but the LLO-KG IV result seemed to be most

beneficial. Carcinoma cell metabolism is classically discussed as being driven by glycolysis, but

121



this is largely in homogeneous cell culture. In fact, several studies on subtypes of carcinoma
especially breast cancer show a reliance on oxidative phosphorylation'®'7°_ As a result, the
LLO-KG IV could have caused a shift to glycolysis at the population level because immune cells
were stimulated to invade and the immunophenotyping begins to support this hypothesis (Fig.
3.14). Additionally, as the inhibitors and uncoupler were added, the LLO-KG IV treatment
continued to cause an increase in ECAR indicating further reliance on glycolysis but less than
that of the untreated which could be attributed to immune cells or 4T1 cells. The LLO-/ux IV and
LLO-KG IT treatments increased ambiguity as these treatments showed low metabolism overall
indicating potentially lower 4T1 metabolism or low immune cells metabolism. Ultimately, the
metabolism must be paired with the immunophenotyping. The LLO-KG IV also was the most
beneficial treatment based on immunophenotyping as total immune cells increased by 15% and
had higher expression of CD45 which has shown to indicate activated immune cells’'-'73
compared to all other treatments (Fig. 3.14). T cells (CD3+) were a significant portion of these
immune cells with the population being largely naive T cell (CD4+). Yet, a significant portion of
the CD3+ were the beneficial tumor disrupting cytotoxic T cells'’#-'78 that highly expressed
CD8a (Fig. 3.14). Dendritic cells were also increased which would be beneficial for altering the
TME by activating T cells and increase innate and adaptive immune responses'’®'®1. The D-
mannose treatment also increased immune cells especially T cells which provides insight on
how D-mannose alone alters the TME and contributes to tumor regression seen
previously'®1%7 While these markers provide substantial insight into the TME alteration, further
markers are being optimized which include CD19 for B cells'?®, lymphocyte antigen 6 (Ly6) C
and G for monocytic and granulocytic myeloid derived suppressor cells (MDSCs)'82, major
histocompatibility complex Il (MHCII) and CD206 for pro- and anti-inflammatory
macrophages'3183.184 forkhead box P3 (FOXP3) for improved classification of T cells'®'8 and
natural cytotoxicity receptor (NKp46) for natural killer (NK) cells'®. These markers will be paired

with other markers already optimized to appropriately define these subsets of cells. Additionally,
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the 4T1 cells can be classified by CD45- and MHCII+ cells which will be used in future
studies®®. Altogether the engineered B. subtilis LLO strains altered the TME in the pilot study
due to strain specificity as the different strains and delivery method did not impact the number of

bacteria present in the tumors (Fig. 3.15).

The functional assays established that the engineered B. subtilis LLO strains modulated
macrophage function. Yet, on-going RNA-seq analysis will further reinforce changes seen in
functional assays and provide an in-depth characterization of gene expression changes caused
by the TF delivering strains compared to controls. The pilot study provided valuable insight into
the alterations of the TME caused by the engineered B. subtilis LLO strains along with what
conditions should be used and optimized going forward. Yet, a final study will be necessary to
test efficacy from both LLO-SK and LLO-KG on tumor growth stabilization, alteration of TME by
characterizing more immune cell populations by flow cytometry and repeating functional
metabolism analysis. Furthermore, these expansions on EES in vivo studies will be performed
with increased numbers of mice for each treatment and expanding conditions to include all
bacterial treatments without D-mannose to understand the role of the sugar in the TME as seen
in the pilot study especially in tumor growth stabilization. Also, more thorough safety
characterization will be performed by determining if there are negative repercussions on the
liver with all bacteria passing through this organ. Ultimately, the EES technology creates a new
modular approach to altering macrophage function that can be used in human health

applications.
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MATERIALS AND METHODS

B. subtilis LLO constructs

B. subtilis expressing IPTG-inducible LLO was provided by Dr. Daniel Portnoy. B. subtilis
LLO Stat-1KIf6 (LLO-SK) and B. subtilis LLO Klif4Gata-3 (LLO-KG) were constructed and
utilized in our previous work'®. These same strains were utilized in this study and the B. subtilis
LLO luxA-E (LLO-luxA-E) strain was constructed using the same homologous recombination
plasmid (pDR1118, a gift from Dr. Lee Kroos) to insert the /uxA-E operon into the amyE locus
using a natural competence protocol'. The construct was selected by spectinomycin then
confirmed by PCR amplification out of the genome. The luxA-E operon was amplified from a
transposon plasmid used for bioluminescent imaging previously'' then inserted in place of the
lacl gene in the pDR111 plasmid using inverse PCR then Gibson cloning for constitutive
expression from the Phyper-spank promoter. Accordingly, this construct was inserted in the B.

subtilis LLO amyE locus (LLO-/uxA-E or LLO-/ux).

Growth conditions for B. subtilis LLO, LLO-luxA-E and TF strains

B. subtilis strains were grown under the same conditions for all experiments. Each B.
subtilis LLO construct was grown in Luria-Bertani Miller broth (LB) with the appropriate
antibiotic. B. subtilis LLO was grown in LB with chloramphenicol (10 pg/mL) while B. subtilis
LLO SK, KG and luxA-E were grown with spectinomycin (100 ug/mL). The overnight cultures
were grown for 16 h at 37°C and 250 RPM. The B. subtilis LLO SK, KG and luxA-E strains were
added to macrophages in vitro or injected In vivo without antibiotics because constructs were

integrated into the genome.
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B. subtilis LLO, LLO-SK and LLO-KG addition to bone marrow derived macrophages in vitro

The following conditions were utilized to induce B. subtilis LLO, LLO-SK and LLO-KG
delivery, unless otherwise described. BMDMs were sourced from male and female C57BL/6J
mice (Jackson Laboratories) of 3-4 months based on previous established methods'” and
maintained at 37°C and 5% CO; in DMEM (ThermoFisher, MA, USA), supplemented with 10%
fetal bovine serum (FBS), 1% penicillin-streptomycin and 100 U/mL recombinant macrophage
colony-stimulating factor (M-CSF). BMDMs were maintained in these conditions for 7 days
before being seeded at 5x10*into 96-well plates or 7x10°-1x108 in 6-well plates and allowed to
adhere overnight. The engineered B. subtilis LLO were added at an optimized MOI of 50:1 for
all experiments besides the uptake rate experiment (described below), along with IPTG (500
MM) to induce expression of LLO with or without delivery of TFs. The bacterial strains and
BMDMs were then co-incubated at 37°C and 5% CO: for 1 h J774A.1 cells were then washed
three times with PBS and new medium was added containing gentamicin (5 uM) to eliminate
any remaining extracellular bacteria. Co-incubation continued until BMDMs were evaluated by
various analyses at various time points with the BMDMs eliminating intracellular engineered B.
subtilis LLO within 11 additional hours (Fig. 3.2). Further details of TF delivery in specific

experiments are described below.

Live cell imaging

B. subtilis LLO was added to BMDMs as described above, using a 96-well black glass-
bottom plate (50,000 cells/well; Perkin Elmer, cat# 60054 30). B. subtilis LLO was centrifuged
(10,000 x g) for 2 min then resuspended in CellTracker Orange CMRA Dye (CTO, Invitrogen,
C34564, 2 uM) in PBS then incubated at 37°C and 250 RPM for 25 min. Afterwards, B. subtilis
LLO was centrifuged (10,000 x g) and washed three times before adding to BMDMs. Live cell

imaging was performed on a Leica DMi8 Thunder microscope equipped with a DFC9000 GTC
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sCMOS camera and LAS-X software (Leica, Wetzlar, Germany). BMDMs were maintained at
37°C and 5% CO: in Fluorobrite medium during the imaging session. Fluorescent images of
CTO were acquired using a TRITC filter set. Brightfield and fluorescent images were acquired
consecutively, using a 63x oil objective every 1.5 h starting at 3 h post bacterial addition until 9 h
post bacterial addition. Z-stacks were taken at all time points at 0.4 um steps to confirm B.
subtilis LLO presence within cytoplasm. Zoomed in images were created using Fiji (ImageJ)

software.

Confirming B. subtilis LLO phagosomal escape and destruction by LC3 mechanisms

CTO was used to confirm location of B. subtilis LLO as described above. After fixation
with 4% paraformaldehyde (PFA), cells were permeabilized using 0.3% Triton X-100
(ThermoFisher) followed by a blocking step containing 0.3% Triton X-100 and 5% normal goat
serum (ThermoFisher, cat#31872,). Primary antibodies were incubated at 4°C overnight
followed by secondary antibodies incubated at room temperature (RT) for 2 h. Phagosome
formation or destruction was shown by incubating an anti-Lamp-1'%° primary antibody (1:100,
AbCam, MA, USA, cat#ab25245) followed by a goat anti-rat IgG Alexa Fluor 647 secondary
antibody (1:5000, ThermoFisher, cat#A-21247). Autophagy mechanisms triggered by LC3 were
elucidated by incubating an ant-LC3B primary antibody (1:1000, AbCam, MA, USA,
cat#ab192890) followed by a goat anti-rabbit IgG Texas Red secondary antibody (1:2000,
ThermoFisher, cat#T-2767). Nuclei were counterstained by incubating cells with Hoechst 33342
(1 pg/mL) for 10 minutes (min) at RT. Slides were then coverslipped using Fluoromount-D
mounting media (Southern Biotech, AL, USA). Slides were imaged using a Leica DMi8 Thunder
microscope equipped with a DFC9000 GTC sCMOS camera and LAS-X software (Leica,
Wetzlar, Germany). Brightfield and fluorescent images were acquired using a 63x oil objective

with the fluorescent images acquired by the DAPI (Hoechst 33342), TRITC (CTO), Texas Red
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(LC3B) and Cy5 (LAMP-1) filter sets. Overlayed images were created using Fiji (ImageJ)

software.

BMDMs viability and uptake rate of B. subtilis LLO by flow cytometry

Flow cytometry was used to test rate of uptake of B. subtilis LLO and change in BMDM
viability after bacterial delivery. For viability, conditions examined were multiple time points of
interaction between B. subtilis LLO and host cells (4 and 12 h), a 50:1 MOI and with or without
IPTG induction compared to untreated with biological triplicates (n=3) for each time and
condition. For uptake rate, conditions examined were multiple MOls (25:1, 50:1, 100:1)
compared to untreated after 4 h incubation with biological triplicate (n=3) for untreated and 50:1
MOI and one biological replicate (n=1) for 25:1 and 100:1 MOI. Cells were collected, washed
once with 1X PBS and incubated with Zombie NIR viability dye (1:750, Biolegend, San Diego,
CA, USA; cat#423105) in PBS for 20 min, at 4°C in the dark. Cells were washed twice followed
by fixation using 4% PFA and resuspended in 100 pL flow buffer for analysis using the Cytek
Aurora Cytometer (Cytek Biosciences, CA, USA). All samples were assessed for percent live
cells. BMDMs which were incubated with CTO bacteria were assessed for percent CTO positive
cells (BMDMs containing bacteria). Standard one-way ANOVA with Tukey post-hoc test was

used to determine statistically different values.

Engineered B. subtilis LLO strains TF delivery and BMDM protein production modulation

The LLO strain, LLO-SK and LLO-KG were internalized into BMDMs as described above
(B. subtilis LLO, LLO-SK and LLO-KG addition to bone marrow derived macrophages in vitro),
using a 6-well plate (Corning Costar #3516). D-mannose (1% w/v) was added to controls and to
induce TF secretion after the initial 1 h incubation between BMDMs and bacteria. TFs were

delivered throughout the survival of the LLO-SK and LLO-KG strains and trafficked until
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experiments were ended for analysis (12, 24 or 48 h). For flow cytometry, Accutase (Sigma,
cat#A6964) with scraping was used to detach BMDMs for analysis (described below). For
Luminex cytokine/chemokine profiling (Millipore Sigma, MA, USA), the supernatant was
removed at both 24 and 48 h and then analysis was performed to quantify
cytokines/chemokines produced (described below). BMDMs that were untreated were at resting
state. BMDMs were polarized with IFN-y and LPS (M1+) at 50 ng/mL and 100 ng/mL
respectively or IL-4 and IL-13 (M2+) at 20 ng/mL each to be used as positive controls. All
bacterial strains were treated with and without D-mannose as described above. All treatment

conditions were performed in biological triplicates (n=3).

In vitro flow cytometry

After addition of the engineered B. subtilis LLO strains and controls, followed by
incubation for 24 or 48 h, BMDMSs were collected and stained in a 96-well round bottom plate.
All staining steps were performed in 100 uL volume at 4°C in the dark. Samples were first
incubated with Zombie NIR viability dye (1:750, Biolegend) for 20 min. Cells were washed once
with flow buffer, followed by incubation with TruStain FcX™ PLUS (anti-mouse CD16/32)
Antibody (Biolegend, cat#156603; 0.25 pug/sample) for 10 min. Alexa Fluor® 647 anti-mouse
CD86 Antibody (0.125 ug/sample; Biolegend; cat#105020) and FITC anti-mouse CD206 (MMR)
antibody (0.1 ug/sample, Biolegend; cat#141703) were then added and incubated for 20 min.
Cells were washed twice with flow staining buffer and fixed with 4% PFA for 10 min and
resuspended in a final volume of 100 uL for flow cytometry analysis using the Cytek Aurora
spectral flow cytometer (Cytek). Single stained controls and unstained controls for all conditions
were used to assess fluorescent spread and for gating strategies. Flow cytometry data was
analyzed with the software FCSExpress (DeNovo Software, CA, USA). A standard one-way

ANOVA with Tukey’s multiple comparisons test was used to determine statistically different MFI
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values amongst all groups within each time point. The data presented herein were obtained
using instrumentation in the MSU Flow Cytometry Core Facility. The facility is funded in part
through the financial support of Michigan State University’s Office of Research & Innovation,

College of Osteopathic Medicine, and College of Human Medicine.

Luminex cytokine/chemokine profiling assay

Cell culture supernatant was stored at -20°C until ready for use. Supernatant was
analyzed for CCL2 (MCP-1), CCL3 (MIP-1a), CXCL2/MIP-2, G-CSF, GM-CSF IL-18, IL-6, IL-10,
IL-12p40, IL-15, TNF-a and VEGFa cytokine expression. Cytokine and chemokine levels of cell
supernatants were measured using a MCYTOMAG-70K Mouse Cytokine Magnetic Multiplex
Assay (Millipore Sigma) using a Luminex 200 analyzer instrument (Luminex Corp, USA)
according to the manufacturer’s instructions. Standard one-way ANOVA with Tukey post-hoc

test was used to determine statistically different values amongst all treatment groups.

In vitro Seahorse functional metabolism assays

Engineered B. subtilis LLO strains were added to BMDMs in a 96-well plate as described
above (Engineered B. subtilis LLO strains TF delivery and BMDM protein production
modulation). LPS (100 ng/mL) and D-mannose (1% wi/v) served as controls in this experiment.
Basal measurements of oxygen consumption rate (OCR), extracellular acidification rate (ECAR)
and were obtained in real-time using the Seahorse XFe-96 Extracellular Flux Analyzer (Agilent
Technologies) and was normalized to cell number3¥42.192_ Prior to running the assay, cell culture
medium was replaced by the Seahorse XF DMEM medium (pH 7.4) supplemented with 25 mM
D-glucose and 4 mM Glutamine. The Seahorse ATP rate and cell energy phenotype assays
were run according to manufacturer’s instruction and all reagents for the Seahorse assays were

sourced from Agilent Technologies. Wave software (Version 2.6.1) was used to process and
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export Seahorse data. Standard one-way ANOVA with Tukey post-hoc test was used to

determine statistically different values amongst all treatment groups.

RNA-sequencing

Engineered B. subtilis LLO strains were added to BMDMs in a 96-well plate as described
above (Engineered B. subtilis LLO strains TF delivery and BMDM protein production
modulation). The following treatments were used at concentrations described above in
biological triplicate at both 12 and 24 h (n=3): untreated, D-mannose, LPS, LPS and IFN-y
(M1+), IL-4 and IL-13 (M2+), LLO without IPTG (does not escape phagosomes), LLO strain with
and without mannose (LLO -mannose, LLO +mannose), LLO-SK with and without mannose
(LLO-SK -mannose, LLO-SK +mannose) and LLO-KG with and without mannose (LLO-KG -
mannose, LLO-KG +mannose). These conditions and time points totaled 72 samples of mouse
total RNA that was extracted by a Qiagen RNeasy kit (Qiagen, cat#74104) with RNase-free
DNase Set (Qiagen, cat#79254) for NGS library preparation and sequencing. Libraries were
prepared using the lllumina TruSeq Stranded mRNA Library Preparation Kit with IDT for lllumina
TruSeq Unique Dual Index adapters following manufacturer’'s recommendations. Completed
libraries were QC’d and quantified using a combination of Qubit dsDNA HS and Agilent 4200
TapeStation HS DNA1000 assays. The libraries were pooled in equimolar quantities for
multiplexed sequencing. The library pool was loaded onto one lane of a NovaSeq S4 flow cell;
sequencing was performed in a 2x150bp paired end format using a NovaSeq 6000 v1.5 300
cycle reagent cartridge. Base calling was done by lllumina Real Time Analysis (RTA) v3.4.4 and
output of RTA was demultiplexed and converted to FastQ format with lllumina Bcl2fastq v2.20.0.
All samples reached >30 million read counts. RNA-seq data was analyzed using FastQC
(v0.11.7), GNU parallel (20180422), Trimmomatic (0.39) and STAR (2.6.0c). Differentially

expressed genes are still being analyzed and compared between treatment conditions.
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In vivo 4T1-BGL tumor model and tumor growth measurements

Female BALB/c mice (6-8 weeks; Jackson Laboratories USA) were obtained and cared
for in accordance with the standards of Michigan State University Institutional Animal Care and
Use Committee. Mice were anesthetized with isoflurane administered at 2% in oxygen followed
by an injection of 300,000 4T1-BGL cells (n=3 except for D-mannose treatment which was n=2;
>90% viability, measured using the trypan blue exclusion assay) suspended in 50 yL PBS into
the 4% (inguinal) MFP, as previously reported'®. Two weeks post cancer cell implantation (pi)
engineered B. subtilis LLO strains treatment was initiated. Mice were randomly divided into
groups dependent on strain injected and presence of D-mannose/IPTG: 1) no treatment, 2)
+mannose +IPTG, 3) LLO-/ux +mannose intravenous (IV) +IPTG, 4) LLO-KG IV +mannose
+IPTG, 5) LLO-KG intratumoral (IT) +mannose +IPTG. Bacterial treatments were administered
based on treatment as described above and performed under anaesthesia (as above),
containing 1x108 bacteria in 100 uL PBS for IV and 25 uL PBS for IT. After 24 h post bacterial
treatment, groups which were to be given D-mannose and IPTG received an IP injection of each
(2 g/kg D-mannose, 50 mg/kg IPTG) and added to water (20% w/v D-mannose, 40 mM IPTG).
Seven days after the first bacterial treatment, a second bacterial treatment was given, followed
by D-mannose and IPTG 24 hours after. After the initial bacterial injection, animal well-being
was documented every 2-3 days by observing water consumption, grooming and weight
measurements. Tumors were measured using calipers beginning on the first day of the first
treatment and continued every observation day of the second week until end point. Tumor
volume was calculated using the equation: tumor volume= O.5(Iengthxwidth2). A repeated
measures two-way ANOVA with Tukey post-hoc test was used to determine any significance
between treatments and time points. At endpoint, tumors were collected for

immunophenotyping, histology, measurement of metabolism and colony forming units (below).
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Livers were also collected for histology to determine damage to tissue from repeated bacterial

injections.

Imaging and colony forming units of B. subtilis LLO strains in vivo

The engineered B. subtilis LLO strains were washed three times with PBS after
overnight growth before resuspending at 1x108 in 100 100 pL PBS for IV and 25 uL PBS for IT.
The LLO-/ux strain was imaged using the IVIS system (IVIS Spectrum) using auto-exposure
settings (time = 120-300 sec, binning = medium, f/stop = 1, emission filter = open). The LLO-/ux
strain was imaged immediately after injection, 1 h post injection, 24 h post injection, 72 h post
injection and at following regular time points that correlate with caliper measurements and
animal well-being documentation. A final imaging time point was taken before euthanasia then
after the tumors were removed and cut in half to elucidate location of bacteria throughout tumor.
Tumors were then weighed and half of the tumor that was not used for immunophenotyping and
metabolism characterization was used for bacterial CFU. Half of the tumor was homogenized in
1 mL of PBS using a 1.5 mm Zirconium bead tube (Benchmark, cat#D1032-15) by bead beating
in a Benchmark Beadbug 6 Microtube Homogenizer at max speed for 10 min. The homogenized
mixture was diluted 1:100 in 200 pL of PBS then plated on LB+Agar with spectinomycin (100
pg/mL) for all bacterial treatments and untreated control. CFUs were counted and
concentrations in tumors was calculated based on dilutions then normalized to tumor mass.
Standard one-way ANOVA with Tukey post-hoc test was used to determine any statistically

different values amongst the treatment groups.

Tumor immunophenotyping and metabolism characterization

Tumors were collected from each group (n=3) for dissociation and immunophenotyping

using flow cytometry analysis or metabolism characterization using the Seahorse Assay.
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Tumors were minced followed by digestion using a solution containing DMEM, Collagenase Il
(Worthington Biochemical, cat#L.S004182) and DNAse | ((Worthington Biochemical,
cat#L.S002139). Tumors were digested for 90 min at 37°C, 5% CO2 with mixing using a pipette
every 30 min. The solution was passed through a 70 um strainer followed by centrifugation and
resuspension in ACK Lysing Buffer (ThermoFisher, cat#A1049201) for 1 min followed by
addition of HBSS + 10% FBS. Cells were centrifuged, resuspended in PBS and counted using
the Trypan Blue Assay. For immunophenotyping, 1x108 cells were collected per sample and
transferred into a Nunc MicroWell 96-well polypropylene plate (Millipore Sigma, cat#P6866-
1CS) for staining. All staining steps were performed in 100 uL volume at 4°C in the dark.
Samples were first incubated with LIVE/DEAD Fixable Blue Dead Cell Stain (0.75 pL/sample,
ThermoFisher, cat#L23105) for 30 min. Cells were washed once with flow buffer, followed by
incubation with TruStain FcX™ PLUS (anti-mouse CD16/32) Antibody (Biolegend, cat#156603;
0.25 pg/sample) for 10 min. A mixture of the following antibodies was then added to the
samples for 20 min at manufacturer suggested concentrations: CD8a BUV737 (ThermoFisher,
cat#367-0081-80), CD25 SuperBright 780 (ThermoFisher, cat#78-0251-82), CD3 APC/Fire 810
(Biolegend, cat#100267), Ly-6C PE/Cyanine7 (Biolegend, cat#128017), Ly-6G Alexa Fluor 700
(Biolegend, cat#127621), CD4 Brilliant Violet 510 (Biolegend, cat#100449), MHC-II (I-A/I-E)
Spark Blue 550 (Biolegend, cat#107661), FOXP3 AF647 (Biolegend, cat#320014), NKp46
BV605 (Biolegend, cat#137619), CD11C BB700 (BD Bioscience, cat#566505), CD45 BUV395
(BD Bioscience, cat#564279) and CD19 BUV615 (BD Bioscience, cat#751213). Cells were
washed twice with flow staining buffer and fixed with 4% PFA for 10 min and resuspended in a
final volume of 100 uL for flow cytometry analysis using the Cytek Aurora spectral flow
cytometer (Cytek). Single stained controls and unstained controls for all conditions were used to
assess fluorescent spread and for gating strategies. Flow cytometry data was analyzed with the
software FCSExpress (DeNovo Software). For Seahorse analysis, 5x10* cells from one (n=1)

representative heterogenous tumor dissociation was seeded into an appropriate 96-well plate in
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technical replicates of at least four wells (n>4) with methods for setting up the Seahorse assay
described above (In vitro Seahorse functional metabolism assays). The Seahorse Mito Stress
assay was run according to manufacturer’s instruction and all reagents for the Seahorse assays
were sourced from Agilent Technologies. For immunophenotyping, Brown-Forsythe and Welch
ANOVA with Dunnett T3 post-hoc test were used to compare all treatments. For the Seahorse
analysis, a standard one-way ANOVA with Tukey post-hoc test was used to determine

statistically different values amongst all treatment groups.

Statistical analysis

Statistical analyses were performed using Prism software (9.4.0, GraphPad Inc., La
Jolla, CA). Statistical tests are identified for each method. Data are expressed as mean +/-
standard deviation; p<.05 was considered a significant finding. Plotting was performed using R

version 4.0.4 with the following packages: ggplot2, dplyr, reshape2, ggsignif, plotrix and ggpubr.

Availability of data and materials

All raw data, B. subtilis LLO constructs and R scripts will be made available upon
request by the corresponding author. Plasmid used to produce the B. subtilis LLO-luxA-E
constructs will be submitted to Addgene. All R scripts were written with a general format
appropriate for the openly available, established packages mentioned above and can be made

available on request.
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CHAPTER 4

MAGNETOTHERMAL CONTROL OF TEMPERATURE-SENSITIVE REPRESSORS IN

SUPERPARAMAGNETIC IRON NANOPARTICLE-COATED BACILLUS SUBTILIS
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PUBLICATION NOTICE

The following dissertation chapter describes coating B. subtilis engineered with thermally
responsive genetic switches with superparamagnetic iron as a way of non-invasive
transcriptional control of bacteria using alternating magnetic fields. Emily Greeson constructed
new strains of B. subtilis with genetic switches (temperature sensitive repressors) that respond
to thermal energy and characterized the response of these switches to thermal energy. | worked
jointly with Emily Greeson on this chapter and focused on coating B. subtilis with
superparamagnetic iron and testing alternating magnetic field parameters to generate thermal
energy (magnetothermal energy) to regulate transcription in the strains Emily Greeson
constructed. Dr. Ashley Makela supported the characterization of the magnetothermal energy
effect on B. subtilis. Dr. Christopher Contag supervised and aided in the conception and

development of controlling B. subtilis with magnetothermal energy.

This chapter was published as a preprint in “Greeson, E. M., Madsen, C. S., Makela, A.
V & Contag, C. H. Magnetothermal control of temperature-sensitive repressors in
superparamagnetic iron nanoparticle-coated Bacillus subtilis. bioRxiv 2022.06.18.496685
(2022).” and reprint permission is reserved to the authors for use in this dissertation. The
following chapter has been submitted to “Greeson, E. M., Madsen, C. S., Makela, A. V &
Contag, C. H. Magnetothermal control of temperature-sensitive repressors in
superparamagnetic iron nanoparticle-coated Bacillus subtilis. ACS Nano. (2022).” and reprint

permission was granted for use in this dissertation.
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ABSTRACT

Superparamagnetic iron oxide nanoparticles (SPIONs) are used as contrast agents in
magnetic resonance imaging (MRI) and magnetic particle imaging (MPI) and resulting images
can be used to guide magnetothermal heating. Alternating magnetic fields (AMF) cause local
temperature increases in regions with SPIONs, and we investigated the ability of magnetic
hyperthermia to regulate temperature-sensitive repressors (TSRs) of bacterial transcription. The
TSR, TIpA39, was derived from a Gram-negative bacterium, and used here for thermal control
of reporter gene expression in Gram-positive, Bacillus subtilis. In vitro heating of B. subtilis with
TIpA39 controlling bacterial luciferase expression, resulted in a 14.6-fold (12 hour; h) and 1.8-
fold (1 h) increase in reporter transcripts with a 9-fold (12 h) and 11.1-fold (1 h) increase in
bioluminescence. To develop magnetothermal control, B. subtilis cells were coated with three
SPION variations. Electron microscopy coupled with energy dispersive X-ray spectroscopy
revealed an external association with, and retention of, SPIONs on B. subtilis. Furthermore,
using long duration AMF we demonstrated magnetothermal induction of the TSRs in SPION-
coated B. subtilis with a maximum of 4.6-fold increases in bioluminescence. After intramuscular
injections of SPION-coated B. subtilis, histology revealed that SPIONs remained in the same
locations as the bacteria. For in vivo studies, 1 h of AMF is the maximum exposure due to
anesthesia constraints. Both in vitro and in vivo, there was no change in bioluminescence after
1 h of AMF treatment. Pairing TSRs with magnetothermal energy using SPIONs for localized
heating with AMF can lead to transcriptional control that expands options for targeted

bacteriotherapies.
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INTRODUCTION

Magnetic nanoparticles have broad applications in biomedicine including imaging, drug
delivery, theranostics and therapeutic hyperthermia'™>. Nanoparticles have also been used to
study and treat bacterial infections through the coating of bacterial membranes for imaging and
as anti-microbial agents*-'°. Superparamagnetic iron oxide nanoparticles (SPIONs) are useful
imaging contrast agents for magnetic resonance imaging (MRI) and more recently in magnetic
particle imaging (MP1)"'-'6, MPI detects SPIONSs directly, providing a readout of both iron
content and location with high specificity and sensitivity'"'-'®. Further, MPI can guide the
application of electromagnetic energy generated by alternating magnetic fields (AMF) to cause
local temperature increase known as magnetic hyperthermia®®-2?? to precisely heat the iron-

containing area?.

Bacillus subtilis is a model Gram-positive organism?* with numerous synthetic biology
strategies for manipulating gene expression?>%, global metabolic networks?’ and the entire
genome?®-3° making it well-suited for engineering systems for spatial and temporal regulation?.
B. subtilis is a generally recognized as safe organism that is used for industrial protein
production and is highly resistant to environmental stressors such as heat with a heat shock
response at 48°C*'2, High heat resistance and well characterized protein production pathways
may make B. subtilis an ideal chassis organism for thermal energy controlled protein production
that could act as therapeutics®*-3°. B. subtilis also has multiple characterized inducible systems
including several sugar-regulated inducible systems®. B. subtilis has been well studied for a
variety of in vitro industry applications in areas such as pharmaceutical/nutraceutical production,
recombinant protein production and secretion, and production of functional peptides and
oligopeptides®°. However, these inducible systems have limited control for both in vitro and in

vivo applications due to potential host toxicity, cost and carbon-source dependence*'.
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Temperature-sensitive repressors (TSRs) are a class of repressors that bind an
operator-promoter region with temperature dependence, and show promise for in vivo control
with local heating for localized delivery*?. With the addition of thermal energy to the system, a
structural change occurs that releases the repressor from DNA resulting in transcription®. Thus,
TSRs are different from heat shock promoters (HSP) and rely on housekeeping sigma factors
such as A in B. subtilis***5. TSRs offer a greater dynamic range than HSP and do not
necessitate stress conditions for induction*?43, There is precedent for thermal control of B.
subtilis with induction of gene expression at low and high temperatures in both native and
recombinant systems**-%°. Additionally, TSRs have been shown to be controlled previously in
Gram-negative organisms with ultrasound to create localized thermal energy for transcriptional

control?’.

The configuration, size and composition of SPIONs have a large effect on MPI
performance®-%° and magnetothermal heating®. Synomag-D is a commercially available multi-
core “nanoflower” particle®” and has demonstrated improved MPI performance®° as well as
high intrinsic power loss under magnetic hyperthermia®¢!. Pairing TSRs with magnetothermal
energy using SPIONs for localized heating with AMF can lead to regional transcriptional control
as guided by MPI or MRI for new approaches to bacteriotherapy. There are many
bacteriotherapy approaches under investigation, and FDA review, for a variety of human
cancers®2%’, We engineered TSRs*?“3 into the model organism, B subtilis, towards the

development of noninvasive genetic control of a minimally invasive biological therapy (Fig. 4.1).
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Figure 4.1. lllustration of magnetothermal control of B. subtilis
B. subtilis coated with Synomag-D SPIONs can be regulated by thermal energy generated from

the SPIONs upon application of AMF which initiates transcription of JuxA-E operon from Pripase.
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RESULTS

Temperature sensitive repressors control of transcription in B. subtilis

Magnetic nanoparticles have been used for several biomedical applications and can be
further expanded into a measure of control through non-invasive stimuli. Magnetic hyperthermia
has been proposed to be used for tumor microenvironment disruption by combining synthetic
and biological magnetic nanoparticles with AMF but with limitations®'429.21.23 \We investigated
the concept of using magnetothermal energy to control a genetic switch in Gram-positive
bacteria. This would comprise a modular platform as the basis for developing a variety of
potential therapeutics. Directed delivery and targeted activation can improve therapeutic effects
and reduce toxicity of bacteriotherapies while imaging can guide development of novel
bacteriotherapies by assessing delivery, retention and activation within the target tissue®®. Here
we use magnetic hyperthermia and imaging to characterize the use of superparamagnetic
nanoparticle-coated B. subtilis as a new approach for controlling Gram-positive bacterial gene
expression with potential use in bacteriotherapies.

A TSR (TIpA39)*24389 was used to control transcription of the /uxA-E operon such that
luciferase activity (bioluminescence) could be used as a rapid readout for regulation. This
construct demonstrated thermal transcriptional control in B. subtilis in response to continuous
heating. B. subtilis Pripaze luxA-E +tlpa39R (+TIpA39R) and B. subtilis Pripase IUXA-E -tlpa39R (-
TIpA39R) were heated continuously in a thermocycler for 12 h at 25°C, 37°C, 39°C or 42°C to
test induction of Pripase. B. subtilis +TIpA39R showed a 9.0-fold increase (p<0.0001) in luciferase
activity when normalized to ODggo from 25°C to 37°C while B. subtilis -TIpA39R showed a 0.5-
fold increase (p<0.0001; Fig. 4.2A). Bioluminescence did not significantly increase when cells
were induced at temperatures above 37°C while mRNA levels, as measured by real-time

quantitative PCR (RT-gPCR), showed continual increase in Pripase activity up to 42°C in B.
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subtilis +TIpA39R (Fig. 4.2B). The second gene in the JuxA-E operon engineered for expression
in Gram-positive organisms®, luxB, was chosen as the target for RT-gPCR analysis since it
encodes for the B subunit of the alkanal monooxygenase enzyme that provides structure for the
active conformation of the a subunit of the heterodimeric luciferase’. In the +TIpA39R strain
luxB levels increased by 1.9-, 3.6-, and 14.6-fold change at 37°C, 39°C and 42°C, respectively.
The tlpa39R transcript fold change was 1.6, 2.9, and 7.4 at 37°C, 39°C and 42°C, respectively
in B. subtilis +TIpA39R. B. subtilis -TIpA39R showed no significant change in bioluminescence
signal and minimal change in Pripasg activity from mRNA levels as expected from the
unregulated promoter (Fig. 4.2C). In the -TIpA39R strain /uxB levels increased by 2.1-, 1.8-, and
1.6-fold change at 37°C, 39°C and 42°C, respectively. The increase in bioluminescence in the -
TIpA39R strain from 25°C to 37°C can be attributed to increased activity of the Lux enzymes
over those temperatures and more so to a shift in B. subtilis metabolism which is consistent

throughout the study®°7077,
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Figure 4.2. Continuous heating of B. subtilis +TIpA39R and B. subtilis -TIpA39R to induce
expression of LUxA-E from Pripase

Error bars are mean + standard error mean. (A). Transcript levels determined by RT-qPCR for
luxB and tlpa39R from +TIpA39R strain (B) along with /uxB from -TIpA39R strain (C) at induction
temperatures compared to 25°C. RT-qgPCR shown as mean with error bars as 95% confidence
intervals. Statistics were displayed when comparing to 25°C for both +/- TIpA39R strains and

between each increasing temperature in +TIpA39R strain. ****p<0.0001.
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SPION coating of B. subtilis

To test magnetothermal activation, B. subtilis ZB30772 (derivative of B. subtilis strain
168) was coated SPIONSs using plain-dextran, carboxyl or amine-coated Synomag-D5%°?; each
were assessed for coating efficiency, interactions between SPION and bacteria and
magnetothermal heating. Scanning electron microscopy coupled with energy dispersive X-ray
spectroscopy (SEM-EDS) was performed and displayed associations with, and retention of, the
nanoparticles and B. subtilis. All three variations were found surrounding and associating with B.
subtilis as confirmed by Fe signal from EDS, but with varied consistency of coating observed
(Fig. 4.3). The plain-dextran and amine-coated evenly covered and associated with B. subtilis
while the carboxyl-coated appeared to heterogeneously associate with B. subtilis in large
aggregates (Fig. 4.3). Iron signal was absent from a B. subtilis sample without SPIONSs (Fig.
4.4). SPIONs were not found in the cytoplasm of the B. subtilis after coating as shown by
transmission electron microscopy (TEM) cross-sections (Fig. 4.5). To further investigate the
three B. subtilis coatings, inductively coupled plasma mass spectrometry (ICP-MS) was
performed to measure iron content. There was more iron in the carboxyl-coated samples
compared to the plain-dextran and amine-coated, 464.8 and 294.7 times, respectively (Table
4.1). This highlights the disparity between the way the three SPION variations associate with B.

subtilis.
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Figure 4.3. Visualization and elemental analysis of B. subtilis and SPION associations
Plain-dextran SPIONs; mag. = 27,000X (A), carboxyl SPIONS; mag. = 23,000X (B) and amine
SPIONS; mag. = 33,000X (C) show various associations with B. subtilis as observed by
scanning electron microscopy. Elemental analysis was performed on each of the samples (D-F)

in the regions indicated with white borders to show iron (Fe) signal to identify the SPIONs. Scale

bars =1 ym.
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Figure 4.4. Elemental analysis of B. subtilis uncoated control
Sample analyzed with SEM-EDS in two regions (A) showing no iron (Fe) signal from the

extracellular material (B) or from the bacterium (C). Magnification = 12,000X; scale bar = 1 ym.
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Figure 4.5. Transmission electron microscopy of B. subtilis coated with three SPIONs
Embedded and cross-section of each B. subtilis-SPION coating variation: plain-dextran (A, D),
carboxyl (B, E), and amine (C, F) showing nanoparticles located outside of the bacterial cells.
Mag. = 8,000X; scale bars = 1 um (A-C). Mag. = 20,000X; scale bars = 200 nm (D-F).

Table 4.1. Quantification of iron via ICP-MS

Each of the three SPION variations and an untreated control sample were analyzed via ICP-MS.
Values for the three experimental samples were adjusted by subtracting the background iron

present from the untreated sample. n=1 for all samples.

Plain 19.80 0.792
COOH 9203.15 368.126
Amine 31.23 1.249
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B. subtilis viability after coating with SPIONs and AMF application

B. subtilis viability was assessed by flow cytometry after coating with each of the
SPIONSs. Two bacterial concentrations, equal to ODego = 1 or 2, were tested while maintaining
the same concentration of the Synomag-D variations to determine if a high ratio of iron to B.
subtilis would cause toxicity. After 2 h of coating, none of the Synomag-D variations at either B.
subtilis concentrations demonstrated reduction in viability compared to the untreated control and
all treatments were significant when compared to the 98°C control for cell death (Fig. 4.6A, B).
Furthermore, viability was assessed after 12 h of AMF using the plain-dextran particle as it
produced the most reproducible heating response from B. subtilis +TIpA39R at an ODgoo = 2
with a 16.0 mT radio frequency (RF) amplitude (data not shown). The B. subtilis +TIpA39R
strain had slight, but not significant differences in viability compared to the -TIpA39R strain with

or without AMF treatment (Fig. 4.6C).
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Figure 4.6. Flow cytometry determining viability of B. subtilis after coating with the three-
particle variations and AMF application

Viability of B. subtilis was determined after coating with the three SPION variations at two
bacterial concentrations (A, B). B. subtilis +TIpA39R and B. subtilis -TIpA39R were compared in
and outside the AMF after 12 h of heating when coated with the plain-dextran particle (C). Error

bars are mean * standard deviation. ****p<0.0001.
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Magnetothermal induction of B. subtilis transcription

To illustrate transcriptional control of potential bacteriotherapies, magnetic hyperthermia
using the HYPER system, was applied to B. subtilis coated with each of the three variations of
the SPION. The growth temperature of the B. subtilis for the HYPER experiments was 37°C as
opposed to the thermocycler experiments where the growth temperature is 25°C. This was
intended to support in vivo studies as the core body temperature of mice and humans is
approximately 37°C"3. Magnetic hyperthermia increased bioluminescent signals in bacteria
coated with all particle variations with plain-dextran producing the most reproducible and
significant result in the higher bacterial concentration at the max RF amplitude (16.0 mT). The
carboxyl-coated SPION caused the highest fold changes in signal compared to the -AMF
condition but with the most variability between replicates. The plain-dextran coated B. subtilis
+TIpA39R showed only a 0.2-fold change (p=0.0456) at the lower concentration when exposed
to AMF while at the higher bacterial concentration with a 16.0 mT RF amplitude showed a
reproducible 1.4-fold change (p<0.0001; Fig. 4.7A, D). Carboxyl-coated B. subtilis +TIpA39R
showed a 4.6-fold change (p=0.0214) and a 3.4-fold change (p=0.014) in bioluminescence
when exposed to AMF at the lower and higher bacterial concentrations respectively but with
variability (Fig. 4.7B, E). Additionally, the -TIpA39R strain showed a 1.9-fold change (p=0.1689)
and a 1.1-fold change (p=0.014) in bioluminescence when exposed to AMF at the lower and
higher bacterial concentrations respectively and with high variability. Finally, the amine-coating
produced a 0.6-fold increase (p=0.0026) at the lower bacterial concentration in the +TIpA39R
strain but showed a small decrease in signal at the higher bacterial concentration when exposed
to AMF (p=0.0217; Fig. 4.7C, F). Due to the plain-dextran coating producing the most
significant and reproducible result at the higher bacterial concentration, this condition was
chosen for transcript measurements. There was a 1.2-fold increase in luxB levels even with

increasing tipa39R levels (1.7-fold change) in the +TIpA39R strain (Fig. 4.7G) and 1.4-fold
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increase in luxB in the -TIpA39R strain after AMF exposure (Fig. 4.7H). Thermal probes

indicated that only the carboxyl-coated SPION increased the culture medium by +3°C (Fig. 4.8).
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Figure 4.7. Magnetic hyperthermia increasing bioluminescent signal (Avg. Radiance)
using the HYPER Theranostic Hyperthermia System

B. subtilis +TIpA39R and B. subtilis -TIpA39R were compared in and outside the AMF with the
three Synomag-D coating variations at ODeyo = 1 (A-C) or 2 (D-F). Error bars are mean +
standard error mean. RT-qPCR was used to determine transcript levels of the two strains and
compare AMF to -AMF(G-H). RT-gPCR shown as mean with error bars as 95% confidence

intervals. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4.8. Magnetic hyperthermia impact on culture medium temperature with three
Synomag-D variations

Points indicate temperature every 0.5 h over 12 h with 60 temperature reads taken every 1 min

cycle considered as technical replicates. Error bars are mean * standard deviation.

Reducing thermal energy application to in vivo timeframe

For small animal in vivo applications, anesthesia for times >1 h can cause negative
impacts on animal health” 7. Therefore, reducing AMF application time to around 1 h was
necessary for demonstration of translatability of this approach. Increases in bioluminescent
signals and /luxB levels were seen after 1 h of continuous heating in a thermocycler (Fig. 4.9A,
B). B. subtilis +TIpA39R had a 11.1-fold increase (p<0.0001) in luciferase activity when
normalized to ODggo from 25°C to 37°C while B. subtilis -TIpA39R showed a 1.3-fold increase
(p<0.0001). When increasing the temperature from 37°C to 39°C and from 39°C to 42°C in the
regulated strain (+TIpA39R) there was a 0.5-fold (p<0.0001) and 0.1-fold change (p<0.0001)
between each step up, respectively, whereas the —TIpA39R strain had a negative fold change
when comparing bioluminescent signal between 37°C to 39°C (-0.02-fold;p=0.9061) and 39°C
to 42° (-0.3-fold;p<0.0001). In the +TIpA39R strain luxB transcript levels increased by 0.9-, 0.9-,
and 1.8-fold change at 37°C, 39°C and 42°C, respectively, indicating induction between 39°C

and 42°C. The tlpa39R transcript fold change was 0.8, 0.9, and 0.9 at 37°C, 39°C and 42°C,
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respectively in B. subtilis +TIpA39R showing consistent levels as temperature increased. The B.
subtilis -TIpA39R showed similar changes to +TIpA39R in /uxB levels at 37°C and 39°C (0.9-
and 0.9-fold, respectively), but showed a lesser fold change of 0.4 at 42°C compared to the
regulated strain (Fig. 4.9C). This indicates that there is some temperature dependent induction
of luxB in the +TIpA39R strain after 1 h of continuous heating. However, AMF application for 1 h
only increased bioluminescent signal by 0.02-fold in the +TIpA39R strain and a minimal 1.0-fold
increase (doubling) in luxB transcripts which was similar to the —TIpA39R /uxB mean increase of

1.5 (Fig. 4.9D-F).
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Figure 4.9. One-hour thermal inductions using continuous heating and magnetic
hyperthermia

Reporter gene activity (Avg. Radiance) and transcript levels were measured for continuous and
magnetic hyperthermia (A-C). B. subtilis +TIpA39R and B. subtilis -TIpA39R were compared in
and outside the AMF (D-F). Error bars are mean + standard error mean. RT-qPCR shown as
mean with 95% confidence intervals. Statistics were displayed when comparing to 25°C for both
+/- TIpA39R strains and between each increasing temperature in +TIpA39R strain for

continuous heating.

166



Iron association with B. subtilis and magnetic hyperthermia in vivo

MPI was performed to quantify iron content in each sample, and these values were
compared to those identified by ICP-MS (Table 4.1). Samples containing 1x108 B. subtilis
coated with the three Synomag-D coatings were resuspended in a volume relevant to
intramuscular (IM) injections (25 uL). Only the carboxyl-coated B. subtilis could be detected in
these conditions (Fig. 4.10B), with iron concentration at 384.8 ppm. The plain-dextran could not
be detected when the 25 L samples were imaged using MPI neither in vitro (Fig. 4.10A) nor in
vivo (Fig. 4.11). When the plain-dextran samples were pooled to a total volume of 100 pL, MPI
signals were detected (Fig. 4.10C inset) and iron quantified was 0.5 ppm, or 13.6 ng per 25 pL
sample injected in vivo (Fig. 4.10D). The amine-coated sample was not detectable in a 25 pL
sample volume (Fig. 4.10C) and was not pursued further due to the poor AMF response
observed previously (Fig. 4.7C, F). MPI quantification showed that the carboxyl-coated SPION
sample was 707.3 times that of the plain-dextran SPION (Fig. 4.10D).

A murine model of IM thigh injections was paired with the HYPER system and histology
to assess iron association with the bacteria and potential changes in bioluminescence. Bacteria
coated with SPIONs were prepared and imaged for bioluminescence quantification pre-injection,
immediately post-injection, and 1 h post-treatment (+/-AMF). The bioluminescence levels
decreased 4.1-fold and 8.0-fold from pre-injection to post-injection in +AMF and -AMF
treatments, respectively, but the variance was high between replicates so there was no
significance (p=0.4841; p=0.3446; Fig. 4.12). The change in bioluminescence before and after
treatment was negligible with a 0.43-fold decrease and a 0.56-fold increase in the +AMF and —
AMF conditions, respectively (p=0.4813; p=0.4760; Fig. 4.12). Histology using a modified Gram
stain confirmed presence of B. subtilis within sectioned intramuscular tissue after 1 h
treatments. Further, consecutive staining with a Perls’ Prussian Blue protocol revealed B.

subtilis and iron staining in the same location within the tissue (Fig. 4.10E-G). The white arrows
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(Fig. 4.10F-G) indicate the presence of iron due to the insoluble Prussian blue pigment which is
formed after the potassium ferrocyanide reagent reacts with ferric iron in the sample’’. The use
of the consecutive staining scheme which included multiple counterstains and decolorizing
steps led to an atypical Gram stain result for B. subtilis. A sequential tissue section was stained
using only the modified Gram stain and the standard purple rods of B. subtilis were observed

adjacent to the muscle tissue stained yellow from the alcoholic saffron (Fig. 4.13A-C).
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Figure 4.10. MPI and histological analysis

B. subtilis +TIpA39R coated with the three SPION variations were analyzed via MPI in triplicate.
MPI signals could not be detected in the plain-dextran sample in a 25 pL volume (A). Inset
shows a pooled volume of 100 yL plain-dextran sample, adjusted to visualize MPI signals.
Carboxyl-coated samples showed signal (B) while the amine-coated samples (C) were not
detected in 25 pL volumes. MPI scale bars are individual for each condition and represent the
full dynamic range of the image. Iron content was quantified using MPI data (D). *Quantification
of the plain-dextran sample was performed on a 100 pL pellet and then calculated for a 25 pL
volume. Sectioned tissue stained with a modified Gram stain followed Perls’ Prussian Blue
(PPB); magnification = 100X (E) and zoomed in regions indicated by magenta (F) and purple
(G) boxes with magnification = 400X. White arrows indicate PPB-stained iron. a.u. = arbitrary

units; ND = not detected. Scale bars = 50 um.
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Figure 4.11. MPI of mouse thigh shows no signal from plain-dextran SPION

After injection of plain-dextran coated B. subtilis the -AMF control mouse was imaged via MPI
and no discernible signal above background was found. Because of the injections of SPION-
coated bacteria being below the limit of detection no additional mice were imaged (n=1). a.u. =

arbitrary units.
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Figure 4.12. Magnetic hyperthermia of intramuscular injections
Magnetic hyperthermia did not significantly change bioluminescent signal (Avg. Radiance) when
using the plain-dextran SPION. B. subtilis +TIpA39R was compared in and outside the AMF
after injection and after 1 h of magnetic hyperthermia. Error bars are mean * standard error

mean; n=3; two-way repeated measures ANOVA with Tukey’s post hoc showed no significance

for any comparisons.

171



Figure 4.13. Modified Gram stain and hematoxylin and eosin staining of tissue sections
Mouse thigh muscles were sectioned and subsequently stained with a modified Gram stain
method. Samples were imaged at various magnifications: 100X (A), 400X (B), and 1000X (C)
with scale bars of 50 um, 25 ym, and 10 um, respectively. Muscle tissue is yellow from the
alcoholic saffron counterstain and the purple rods are Gram positive from crystal violet which
supports identification as B. subtilis. Hematoxylin and eosin staining was performed on mouse
thigh controls with no samples injected. Imaging showed pink, eosin-stained longitudinal view of

quadriceps muscle fibers; Magnification = 400X; scale bar = 25 ym (D).
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DISCUSSION

The introduction of the TIpA39 regulatory system into B. subtilis demonstrated that a
temperature-sensitive repressor optimized in a Gram-negative organism can be utilized in a
Gram-positive organism to drive controlled transcription of the luxA-E operon by continuous or
magnetothermal heating. The results indicate that the TIpA39 promoter and regulator system is
functional in B. subtilis and able to regulate an operon with a slight temperature shift from what
was observed in Escherichia coli previously (Fig. 4.2)*. This is further demonstrated by the
increased levels of JuxB transcription at increasing temperatures despite the increased levels of
tlpa39R transcripts indicating more regulator protein available to bind the Pripa3 operator-
promoter region as indicated by RT-qPCR. The TIpA39 promoter and regulator system could be
further optimized in B. subtilis as was done previously in E. coli*? and B. subtilis*®. Further
optimization by directed mutagenesis*?“® or other measures could improve the Pripass genetic

switch to have a more stringent on/off state which would be more ideal for in vivo studies.

After coating the bacteria with three SPION variations (plain-dextran, carboxyl-coated,
amine-coated), SEM-EDS confirmed that the plain-dextran and amine-coated SPIONs covered
the B. subtilis in an even, thin coating compared to the carboxyl-coated particle that formed
large aggregates that heterogeneously associated with B. subtilis (Fig. 4.3). The variations in
association and retention of the three types of SPIONs with B. subtilis are primarily influenced
by electrostatic and dispersive forces between the bacteria and the SPION coatings’®. B. subtilis
has a net negative electrostatic charge and a zeta-potential of — 41 mV when grown at a
physiological pH™®8°. Previous studies have demonstrated that with increasing negative zeta-
potential, the higher the adhesion potential extends from the bacteria®. Additionally, the DLVO
(Derjaguin—Landau—Verwey—Overbeek) theory can be used to explain the potential interaction

between a given nanoparticle and bacteria’®®. The SPIONs used in this study have a net
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electrostatic charge of negative (plain-dextran)®5°, low negative to neutral charge (carboxyl-
coated), or a positive charge (amine-coated) when at physiological pH or pH 6.5 for the amine-
coated (MicroMod). Even though the plain-dextran is negatively charged, the difference in zeta
potential between B. subtilis and the particle was enough to allow for coating similar to previous
coatings of B. subtilis with gold nanoparticles®’. The carboxyl-coated SPION has a high potential
for Van der Waals interactions due to its hydroxyl functional groups which contributes to the
DLVO theory and increases the aggregation and agglomeration of the nanoparticle in
suspension and around B. subtilis®’. The positive charge of the amine-coated SPION at pH 6.5
promoted association with B. subtilis but the pH requirement is a limiting factor for this particle
type. Ultimately, the variations in coating between the promising plain-dextran and carboxyl-
coated SPIONs at physiological pH were more well-suited for downstream applications.

Additionally, none of the SPION variations reduced B. subtilis viability after coating (Fig. 4.6).

The SEM-EDS and TEM (Fig. 4.3, 4.5) provide some explanation for the results seen
following magnetic hyperthermia. The plain-dextran and amine-coated SPIONs evenly coated B.
subtilis while the carboxyl-coated SPIONs formed large aggregates that indicated potentially
more iron around B. subtilis but with differences between bacteria in the sample. Therefore,
AMF could result in greater thermal energy being delivered to B. subtilis through the carboxyl-
coated SPION than with the plain-dextran or amine-coated SPION, but with higher variability
due to less reproducible associations with the bacteria. The HYPER parameters were chosen
based on several preliminary experiments that optimized RF amplitude for each particle at each
bacterial concentration then the best conditions for each particle were performed with maximum
biological replicates that could be placed inside the HYPER system (Fig. 4.7). Thermal probes
measuring the temperature of the culture medium showed that the carboxyl-coated SPION was
the only particle that increased culture medium temperature (+3°C) when exposed to AMF (Fig.

4.8). This was supported by the electron microscopy indicating more free iron throughout the
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media in addition to the aggregates associated with the bacteria (Figure 3B, 5E). The plain-
dextran and amine-coated SPIONSs did not increase temperature but still induced Pripasg
indicating potential direct thermal energy transfer to B. subtilis. Classical heat transfer theory
based on Fourier’s law of thermal conduction could explain this phenomenon at the micrometer
scale taken together with coating observed under SEM-EDS but thermal confinement to B.
subtilis is unlikely®2. Explaining the observed thermal energy transfer phenomenon by Fourier’s
law is also supported by the observed differences in heating between the three particle
variations. The carboxyl-coating caused the largest fold change, though variable, and also
increased the culture medium temperature which would be consistent with the law of thermal
conduction®?#, Accordingly, the other two particle variations were diffusing thermal energy that
did not cause a detectable culture medium temperature change but could have still caused the
biological response from B. subtilis especially when comparing the +/- TIpA39R strains. We
chose the plain-dextran SPION for 1 h thermal induction and in vivo studies because of the
reproducibility of heating, even coating of B. subtilis to maximize retention, minimal impact on
viability after AMF treatment and less thermal energy transfer throughout the culture medium
which could translate to less damage to surrounding tissue in vivo. In future studies, the SPION
of choice should be determined based on desired effects as the varied particle characteristics

could have different advantages in other scenarios.

Both thermocycler heating and magnetic hyperthermia by the HYPER system created
significant increase in bioluminescent output over 12 h. Yet, the comparison of 12 h of
continuous heating to AMF (Fig. 4.2, 4.7) demonstrated that magnetic hyperthermia does not
induce the TSRs to the same degree as continuous, direct heating. Accordingly, results
obtained after 1 h of heating indicate that thermocycler heating over this limited time can
significantly increase the output of the reporter, which demonstrates the potential for in vivo use.

However, it is likely that the pulse sequence of magnetic hyperthermia used here would need to
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be improved to maximize potential for in vivo applications. An immediate change to the current
process, that could enhance the magnetic hyperthermia, is increasing the RF amplitude beyond
the limitations of the HYPER system (>16.0 mT). However, as an increase in RF amplitude will
result in an increase in specific absorption rate (SAR)®, this would have to be further studied to
prevent any biological effects. The plain-dextran particle used here to coat B. subtilis is
promising and shows potential for enhanced thermal energy transfer from a stronger AMF.
Alternatively, other SPIONs could be investigated to further enhance magnetic hyperthermia
response in B. subtilis. Various SPIONs have been modified to improve magnetic hyperthermia
properties®28 and these variations should be investigated for efficient coating of B. subtilis and

improved magnetic hyperthermia after exposure to AMF.

The histology suggests there is association and retention of the SPION with the bacteria
after injection in vivo but could not be confirmed with the optical microscopy technique utilized
(Fig. 4.10E-G). Yet, the modified Gram stain further supported the finding of the association of
the B. subtilis and plain-dextran SPION in vivo by showing a typical Gram stain result for B.
subtilis in comparison to the consecutive staining (Fig. 4.10E-G). Hematoxylin and eosin
staining performed on adjacent tissue sections showed eosin-stained (pink), longitudinal

quadriceps muscle fibers (Fig. 4.13D) confirming samples were injected intramuscularly.

Perls’ Prussian Blue staining®® and modified Gram stain® demonstrated the presence of iron
and B. subtilis at the same location, which provides the opportunity to utilize magnetic
hyperthermia to control B. subtilis transcription in vivo. Further tuning of the genetic elements to
the B. subtilis and characterizing the interaction of improved particles for magnetic hyperthermia
with B. subtilis would enhance further in vivo studies. SPIONs can be coated with polymers,
small molecules, lipids and composites to increase stability, water solubility and

biocompatibility®. For example, Fe;Os-oleic acid-Na-oleate nanoparticles®® increased stability in
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a transplanted carcinoma model and polycaprolactone-coated superparamagnetic iron oxide
nanoparticles synthesized with a micellular conformation were used to increase
cytocompatibility and thermosensitivity as a cancer therapy®®. Additionally, increasing RF
amplitude and amount of iron associating with the bacteria could improve heating along with
imaging properties in vivo. Yet, increases in bioluminescence were observed after AMF
treatment with only ~1 ppm of Fe in the plain-dextran coated condition in vitro. This reduced the
amount of Fe that is delivered compared to other magnetic hyperthermia applications, such as
for tumor ablation®!, from 1 mg/cm3to 13.6 ng/cm?3. Accordingly, the bacteria can be used as a
carrying mechanism for and a responsive mechanism to SPIONs where minimal SPIONs are
needed to produce a desired therapeutic outcome through controlling bacteriotherapies.
Alternatively, manganese-doped magnetic nanoclusters have been studied for glioblastoma
therapy as a nanoparticle that has complementary functionalities and can utilize photothermal
and magnetic hyperthermia treatments®’. Additionally, other heating mechanisms could be used

for magnetic hyperthermia such as ultrasound which was been shown previously*252:9,
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MATERIALS AND METHODS

Bacterial growth conditions

B. subtilis constructs were grown in Luria-Bertani Miller broth (LB) with spectinomycin
(100 pg/mL). The overnight cultures were grown for 16 h at 37°C and 250 RPM unless

otherwise specified.

B. subtilis constructs

The thermal response elements originated from pTIpA39-Wasabi (Addgene plasmid #
86116; http://n2t.net/addgene:86116; RRID:Addgene_86116)“2. The TIpA39 promoter and
regulator (driven by the Lacl promoter) were cloned into the pDR111 plasmid to replace the
Phyper-spank promoter and Lacl regulator using Gibson assembly®®. Accordingly, the luxA-E
operon was inserted into in the Nhel restriction site of the pDR111 backbone by the seamless
ligation cloning extract (SLICE) method® to create the new pDR111 Piac tlpa39R Pripase IUXA-E.
coli construct. Three strains were created: empty vector (bDR111 backbone only), experimental
Pripase repressed strain (pDR111 Praci tlpa39R Pripase luxA-E), and Pripa constitutive strain
without the repressor (pDR111 Pripase luxA-E). Constructs were inserted into the genome of B.
subtilis at the amyE locus using a homologous recombination plasmid (pDR111%, a gift from Dr.
Lee Kroos). The pDR111 plasmid was transformed into B. subtilis using a natural competence
protocol and constructs were selected for by spectinomycin then confirmed by PCR
amplification out of the genome®. Three B. subtilis strains were created: containing the empty
vector, the vector with the experimental Pripass repressed strain (Pripase IlUXA-E + tlpa39R), and
the Pripa constitutive strain without the repressor (Pripass IUxA-E - tipa39R). All constructs were
confirmed by PCR, restriction enzyme digestion, functional assays (when applicable), and

Sanger sequencing (Azenta Life Sciences).
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Iron coating of B. subtilis

Synomag-D particles possess a maghemite (y-Fe2O3) core of nanoflower-shaped
nanocrystallites with a dextran shell and a hydrodynamic particle diameter of 50 nm%. We
utilized the plain dextran shell nanoparticle, a variation coated with carboxyl groups (carboxyl-
coated) and a variation coated with amine groups (amine-coated) (MicroMod; #104-00-501,
#103-02-501, #104-01-501). B. subtilis was incubated with plain-dextran or carboxyl-coated
Synomag-D (200 pg/mL) in LB broth (pH = 7) or in LB broth (pH = 6.5) for the amine-coated
Synomag-D (200 pg/mL) for 2 h at 37°C and 250 RPM after being normalized to ODeyo = 1 or 2
in 1 mL. Coated B. subtilis was spun down at 10,000 x g for 2 min and washed with PBS (pH =
7.4) for plain-dextran and carboxyl-coated Synomag-D or with PBS (pH = 6.5) for amine-coated
Synomag-D. The cultures were then resuspended in 100 pL of LB broth with appropriate pH
mentioned above for use in HYPER or 250 pL of PBS (pH appropriate) for MPI and in vivo

experiments.

Scanning electron microscopy and elemental analysis

Five hundred microliters of coated B. subtilis suspended in growth media was mixed with
an equal volume of 4% glutaraldehyde in 0.1M sodium phosphate buffer, pH 7.4. Fixation was
allowed to proceed for 30 min at room temperature. Twelve-millimeter round glass coverslips
were floated on one drop of 1% poly-L-lysine (Sigma Aldrich P1399) each and allowed to stand
for 10 min. The coverslips were removed and gently washed with HPLC-grade water. One drop
of fixed sample was placed on the now coated side of the coverslip and allowed to settle for 10
m. After sample addition the coverslip was gently washed with HPLC-grade water and placed in
a graded ethanol series (25%, 50%, 75%, 95%) for 10m each with three 10m changes in 100%

ethanol®’.
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Coverslips with samples were then critical point dried in a Leica Microsystems model EM
CPD300 critical point dryer (Leica Microsystems, Vienna, Austria) using carbon dioxide as the
transitional fluid. Coverslips were then mounted on aluminum stubs using System Three Quick
Cure 5 epoxy glue (System Three Resins, Inc., Aubur, WA) and carbon conductive paint
(Structure Probe, Inc. 05006-AB) was added in a thin line for grounding. Samples were coated
with iridium (2.7 - 5.5 nm thickness) in a Quorum Technologies/Electron Microscopy Sciences
Q150T turbo pumped sputter coater (Quorum Technologies, Laughton, East Sussex, England

BN8 6BN) purged with argon gas.

Samples were examined in a JEOL 7500F (field emission emitter) scanning electron
microscope (JEOL Ltd., Tokyo, Japan) and energy dispersive X-ray spectroscopy (elemental
analysis) was performed using an Oxford Instruments AZtec system (Oxford Instruments, High
Wycomb, Bucks, England), software version 3.1 using a 150mm? Silicon Drift Detector (JEOL
7500F SEM) and an ultra-thin window. Images were analyzed using Fiji (Imaged, version 2.0.0-

rc-69/1.52i).

Transmission electron microscopy

Transmission Electron Microscopy (TEM; JEM-1400Flash, JEOL, MA USA) was used to
confirm external associations of SPIONs with B. subtilis. Pelleted samples were fixed in 2.5%
EM-grade glutaraldehyde for 5 min, washed with 0.1M phosphate buffer, and post-fixed with 1%
osmium tetroxide in 0.1M phosphate buffer. After fixation, samples were dehydrated in a
gradient series of acetone and infiltrated and embedded in Spurr’s resin. Seventy nanometer
thin sections were obtained with a Power Tome Ultramicrotome (RMC, Boeckeler Instruments.

Tucson, AZ), floated onto 200-mesh, carbon-coated formvar copper grids. Images were taken
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with JEOL 1400-Flash Transmission Electron Microscope (Japan Electron Optics Laboratory,

Japan). Images were analyzed using Fiji (ImageJ, version 2.0.0-rc-69/1.52i).

In vitro imaging

Plain, carboxyl or amine Synomag-D coated B. subtilis were imaged in triplicates (1x108
cells per sample in 25 yL PBS) using the Momentum MPI scanner (Magnetic Insight Inc, CA,
USA). Plain Synomag-D coated B. subtilis were combined to a total of 4x108 cells in 100 pL
PBS for detection. Images were acquired using a 2D projection scan with default (5.7 T/m
gradient) or high sensitivity (3 T/m gradient) settings, rf amplitude (16.5 mT x-channel, 17 mT z-
channel) and 45 kHz excitation with a field of view (FOV) = 12 x 6 cm, 1 average and acquisition

time of ~1 minute.

Bioluminescence was measured on the in vivo imaging system (IVIS, PerkinElmer) with
auto-exposure settings (time = 2-40 sec, binning = medium, f/stop = 1, emission filter = open).
Average radiance (p/sec/cm2/sr) was normalized to bacterial growth using optical density
measured as absorbance at 600 nm (ODsoo) on a plate reader (Spectra Max 3, Molecular
Devices, San Jose, CA, USA). Bioluminescent signals were quantified using the 8x12 grid ROI
for all wells (in vitro thermocycler induction) and ellipse ROIs with standardized area for all tubes
(in vitro) to calculate average radiance (p/sec/cm?/sr) using Living Image software (PerkinElmer,

Version 4.5.2).

Flow cytometry determination of B. subtilis viability

The effects of coating and heating on B. subtilis viability was assessed using flow
cytometry. B. subtilis was coated as described above with all three nanoparticle variations (+/-

AMF). Following treatment cells were resuspended in 100 pL of 150 mM NaCl and stained using
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a viability/cytotoxicity assay kit for live and dead bacteria (Biotium, #30027) according to the
manufacturers protocol. Following staining cells were collected by centrifugation and washed
once with flow buffer (1X PBS, 0.5% bovine serum albumin) followed by fixation with 4%
paraformaldehyde for 10 minutes. Cells were then resuspended in 100 L flow buffer for
analysis using the Cytek Aurora flow cytometer. Unstained dead (heat treated; 98°C), live
(uncoated; untreated) and live (coated; plain, carboxyl, amine) plus single stained DMAO
(live/dead, FITC) and Ethidium Homodimer Il (EthD-Ill; dead, Cy3) were used as controls.
EthD-Ill dead cells were gated on the DMAO+ cell population. Data were analyzed using FCS
express software (De Novo Software, CA, USA; version 7.12.0005). A one-way ANOVA was
used to determine any significance between treatments’ potential impact on viability. The data
presented herein were obtained using instrumentation in the MSU Flow Cytometry Core Facility.
The facility is funded in part through the financial support of Michigan State University’s Office of

Research & Innovation, College of Osteopathic Medicine, and College of Human Medicine.

RNA extraction and RT-gPCR

Technical replicates from thermal inductions were pooled for RNA extractions. B. subtilis
was lysed using LETS buffer (100mM LiCl, 10mM EDTA, 10mM Tris pH 7.8, 1% SDS) and bead
beating (0.1mm zirconium beads, 3 cycles of 60 sec at max speed). Total RNA was extracted
using RNeasy miniprep kit (QIAGEN). Samples were cleaned and made into cDNA with
QuantiTect Reverse Transcription kit (QIAGEN). The resulting cDNA was diluted 1:20 in RNAse
free water for gqPCR. QuantiTect SYBR Green PCR kit (QIAGEN) was used to prepare 20 uL
reactions according to instructions. Primers for luxB, 16s, and tlpa39R were created using NCBI
Primer BLAST and used for all samples. No-template controls of RNase-free water were run in
triplicate for each primer set. Reactions were run in triplicate for each sample. Data was

screened for validity using melting curves and then analyzed for relative quantification using the
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228Ct method®. The expression levels for luxB and tipa39R was calculated relative to the 76s
rRNA housekeeping gene and the experimental groups (37, 39, 42°C). Confidence intervals of
95% were calculated using the mean and standard deviation for all cycle threshold values of a

given sample (n=6) and then converting to fold change using the above 224t method.

In vitro thermocycler inductions

Cultures of B. subtilis were grown in LB for 36 h at 25°C and 250 RPM under
spectinomycin (100 ug/mL) selection. These cultures were then diluted to optical density of 0.1
at 600 nm (ODego) in LB with appropriate antibiotic and grown until they reached ODggo 0f 0.25.
Twenty-five microliters of the samples were aliquoted into 96-well PCR plates and sealed.
Thermal inductions were carried out in Biorad C-100 thermocyclers at 25, 37, 39, and 42°C for
either 12 h or 1 h. After thermal induction, the samples were diluted 1:4 in LB and 90 pL was
transferred to a 96-well, black Costar plate. The ODsgo and bioluminescence output was
measured. Controls for the measurements were: growth media only, empty vector strain, Pripase
constitutive strain without the repressor, and experimental Pripasg repressed strain. After
bioluminescent imaging and optical density measurements (method above), a one-way ANOVA
with Tukey’s post-hoc was used to determine any significance between temperatures within a

strain.

HYPER Theranostic Hyperthermia System

Magnetic hyperthermia was performed using the HYPER Theranostic Hyperthermia
System (Magnetic Insight). Magnetothermal heating is localized using a Field Free Point (FFP)
to direct radiofrequency (RF) energy. HYPER was programmed to apply AMF to the coated B.
subtilis strains by using a 0.66 T/m magnetic field gradient strength, a RF amplitude of 14.5 or

16.0 mT, 350 kHz excitation and a RF amplitude application time of 60 seconds with a 1 second
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cool down time. This programmed AMF cycle would be repeated such that the AMF was applied
for the desired total run time of either 1 or 12 h. Optimal parameters for each particle were
determined when bacteria were normalized to ODsgo = 1 or 2. For each run the following strains
and replicates were included: B. subtilis Pripass IuxA-E +TIpA39R coated with one of the three
variations of Synomag-D were divided into PCR tubes in two 50 pL aliquots where one aliquot
would be placed in the AMF (+AMF) and outside the AMF (-AMF) in biological replicates (n=7).
The same process was repeated for the B. subtilis Pripase luxA-E -TIpA39R strain (n=3) to be run
in same conditions with +TIpA39R strain. Optimal HYPER parameters for each variation of
particle mentioned above with bacteria normalized to ODsgo = 2 were utilized to determine
temperature increase in LB during the heating of B. subtilis with the three variations of coating.
Fiber-optic temperature probes (Weidmann-Optocon, standard TS2 probes) were placed into
the LB throughout the 12 h of heating to track temperature through the HYPER software.
Temperature readings were recorded every AMF application cycle (60 readings per cycle were
treated as technical replicates) with reads at each 30 min time point plotted for visualization.
Unpaired Student or Welch’s t-test was used to determine statistical significance between

samples with and without AMF treatment.

In vivo magnetothermal heating and imaging

Female BALB/c mice (6-8 weeks; Jackson Laboratories USA) were obtained and cared
for in accordance with the standards of Michigan State University Institutional Animal Care and
Use Committee. B. subtilis were coated with plain Synomag-D as described above. Mice (n=6)
were anesthetized with isoflurane administered at 2% in oxygen followed by hair removal on
each thigh using a depilatory. An intramuscular (IM) injection of 1x108iron-coated bacteria in 25
uL PBS was performed into the left thigh followed by BLI (IVIS Spectrum; post-injection

timepoint) using auto-exposure settings (time = 30-120 sec, binning = medium, f/stop = 1,
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emission filter = open). One mouse was imaged using MPI using the default setting, as
described above. No signal was detected and no further mice were imaged by MPI. Following
imaging, mice were either placed into the HYPER system for magnetothermal heating (+AMF;
16 mT for 1 h, n=3) or maintained at room temperature in cage (-AMF, n=3). BLI was performed
as above, after AMF application, or 1 h for mice which were not subjected to AMF (post-
treatment timepoint). After the final imaging time point mice were sacrificed and thigh muscle
from the IM injected side and the contralateral not injected side were excised followed by
sectioning for histological staining and microscopy (see below for detailed methods). Two-way
repeated measures ANOVA and Tukey’s post-hoc was used to determine statistical significance

between AMF treatments and timepoints for bioluminescence.

Histological analysis

Thigh muscle samples were fixed in 4% paraformaldehyde for 24 h followed by
cryopreservation through serial submersion in graded sucrose solutions (10%, 20% and 30%).
Samples were then frozen in optimal cutting temperature compound (Fisher HealthCare, USA).
Tissues were sectioned using a cryostat (6 um sections). Sections were stained with a modified
Gram stain as described by Becerra et al., 2016%, followed by Perls’ Prussian Blue (PPB)® on
the same sections for detection of bacteria and detection of ferric iron. CitriSolv (Decon Labs,
Inc., King of Prussia, PA, USA; Cat.#1601) was used as a safe alternative for xylene in the final
step of the modified Gram stain. Eosin was used as a counterstain in the Perls’ Prussian Blue
protocol. Sequential sections of the tissue were stained with the modified Gram stain only and
hematoxylin and eosin staining only to verify Gram status of the B. subtilis and confirm
intramuscular injections, respectively. Microscopy was performed on the sections using a Nikon
Eclipse Ci microscope equipped with a Nikon DS-Fi3 camera (Nikon, Tokyo, Japan)) for color

image acquisition and NIS elements BR 5.21.02 software (Nikon). Microscopy images were
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prepared using the auto-white feature on NIS elements and Fiji (ImageJ, version 2.0.0-rc-

69/1.52i).

Image analysis

Living Image software (PerkinElmer, Version 4.5.2) was used to quantify bioluminescent
signals. An 8x12 grid region of interest (ROI) was used for 96-well plates (in vitro thermocycler
induction) or ellipse ROIs with standardized area for all tubes (in vitro) or on the injection site of

the mouse thigh (in vivo) to calculate average radiance (p/sec/cm2/sr).

MPI data sets were visualized and analyzed utilizing Horos imaging software (Horos is a
free and open-source code software program that is distributed free of charge under the LGPL
license at Horosproject.org and sponsored by Nimble Co LLC d/b/a Purview in Annapolis, MD
USA). Fixed ROls were used to identify all samples and total MPI signal was determined (area x
mean signal). Calibration standard curves were created by imaging different amounts of iron
and plotting signal (y) versus iron content (x) with the y-intercept (b) set to zero. The slope (m)
of the data was found using a simple linear regression and quantification of iron content was
calculated using the trendline equation (y=mx+b). Standard curves were created using matched

imaging parameters (default or high sensitivity) dependent on the data set being analyzed.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)

After B. subtilis + TIpA39R was coated with the three SPION variations at ODeggo = 2 then
the cells were pelleted (centrifugation at 10,000xg) and resuspended in phosphate buffered
saline (PBS; pH 7.4). Three technical replicates of the coating procedure were pooled in a final
volume of 750 uL PBS. One sample of untreated B. subtilis + TIpA39R (ODsgo = 2) from the
coating process (no SPION control) was also prepared and resuspended in 250 uL PBS. The

cells were digested in concentrated nitric acid (J.T. Baker, USA; 69-70%) overnight, and diluted
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25-fold with a solution containing 0.5% EDTA and Triton X-100, 1% ammonium hydroxide, 2%
butanol, 5 ppb of scandium, and 7.5 ppb of rhodium, indium, and bismuth as internal standards
(Inorganic Ventures, VA, USA). The samples were analyzed on an Agilent 7900 ICP mass
spectrometer (Agilent, CA, USA). Elemental concentrations were calibrated using a 5-point
linear curve of the analyte-internal standard response ratio. Bovine liver (National Institute of

Standards and Technology, MD, USA) was used as a control.

Statistical analysis and visualization

Statistical analyses were performed using Prism software (9.2.0, GraphPad Inc., La
Jolla, CA). Statistical tests are identified for each method. Significance was considered as p<.05
Plotting was performed using R version 4.0.4 with the following packages: ggplot2, dplyr,

reshape2, ggsignif, ggpubr and plotrix.
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The development of the EES platform required the appropriate model chassis organism
and host organism for testing and optimizing the strategy of this new technology. B. subtilis LLO
proved to be an appropriate chassis organism in delivering proteins to the nuclei of host cells.
Additionally, because B. subtilis is a model organism and many synthetic biology tools exist for
the organism, the construction of the EES was streamline and modular which could be altered
for other uses. The safety of B. subtilis also provides advantages over other bacteria that have
been considered and initially tested in approaches for manipulating mammalian cell fate. B.
subtilis fulfilled the need for the appropriate chassis organism but choosing the appropriate type
of host cell to modulate was also necessary. To demonstrate both cytoplasmic persistence of
the EES and host cell fate alteration, phagocytic immune cells', specifically macrophages,
provided a useful model. Because phagocytic immune cells readily internalize bacteria and
demonstrate altered cell fate that is the result of specific TFs, these cells represented a testable
system for EES function®. Initially, the J774A.1 cells were used because B. subtilis LLO was
tested in these cells previously?® and the cell line expedited characterization of the B. subtilis
LLO uptake and delivery of the TFs. After uptake, the LLO strain escaped phagosome
destruction when LLO expression was induced and replicated inside the J774A.1 cells.
Additionally, efficient uptake and persistence was observed as the J774A.1 cells contained an
average of 11 bacteria per cell with 99% of cells containing bacteria. Yet, the replication of the
LLO strain did affect the host cell viability as 10-12% of J774A.1 cells were lost by 4 h post
bacterial addition and the cultures were treated with a high concentration of gentamicin (25
Mg/mL) to prevent further loss of host cells when the bacteria delivered protein to the nucleus.
The replication of the LLO strain within the J774A.1 cells indicated that replication may need to
be controlled to optimize the EES interaction with macrophages. However, when BMDMs were
used as the host cells to demonstrate translatability to primary macrophages, the replication of
the LLO strain was regulated by the BMDMs and minimally impacted BMDM viability (~95%

viable). Notwithstanding, B. subtilis LLO still gained access to the cytoplasm of BMDMs with
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IPTG induction of LLO expression and remained viable to deliver TFs as shown by replication
that occurred before destruction. Even with destruction by LC3 related autophagy mechanisms*
7, the bacteria persisted for several hours which provided time for TF delivery. Furthermore, the
natural removal of the bacteria indicated safety of the EES platform. However, if further
interaction between the host cell and engineered B. subtilis LLO strains is necessary for an
application, proteins such as phospholipases (plc) A and B from L. monocytogenes could be
introduced into the B. subtilis LLO chassis to evade the autophagy mechanisms’ but replication
would need to be considered. The uptake rate into BMDMs was substantially less than the
J774A.1 cells as only 35% of BMDMs were positive for the bacteria compared to 99% of
J774A.1 cells. Nonetheless, the results from the interaction between the TF strains and the
BMDMs indicated that the population function was adjusted by the TF strains and the pilot in

vivo work showed promising trends.

The TFs were produced and delivered by B. subtilis TF strains even within 4 h of
incubation with the host cells which resulted in higher levels of these TFs in the nuclei than
levels produced by the known signal cascade inducers (IFN-y and LPS®""; IL-4 and IL-13'2"3),
Accordingly, this result demonstrated the potential of the TF strains to impact host cell function
within the 3 h timeframe of interaction between the bacteria and host cells. As a result, cell
surface marker expression of J774A.1 cells and BMDMs was measured because marker
expression is commonly used to differentiate macrophage phenotype'*'°. Cell surface
expression levels in J774A.1 cells of CD86 and CD206 were altered by the LLO-SK and LLO-
KG strains and CD206 expression was regulated as expected based on the known activity of
the expressed TFs even though CD206 has been shown to recognize the surface
carbohydrates of pathogens and be triggered by proteases produced by B. subtilis'®'”. CD86
response was more complex as it is expected to be upregulated as a general response to

bacteria but by 48 h the LLO-SK strain had increased expression significantly compared to the
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LLO strain which indicated TF specificity. On the contrary, BMDMs marker expression exhibited
only minor shifts from the bacterial treatments but especially strong responses to the
characterized controls for increasing these markers. The TF strains did not increase or
decrease CD86 marker expression in comparison to untreated BMDMs and CD206 was
increased by the strains but only at 24 h. The lack of CD86 expression in response to the non-
pathogenic B. subtilis LLO from the BMDMs was unexpected because Toll-like receptor 2
(TLR2) triggers inflammatory responses'®'® but a similar lack of CD86 and CD206 marker
expression has been observed when bacterial TLR agonists were used to stimulate initially
resting BMDMs?. Yet, the CD206 expression response was a bit more complex. CD206 is the
mannose binding receptor?'-2® which explains the increase seen in the mannose treatment
conditions and acts as a receptor for bacterial surface carbohydrates'. Even with the
complexity in the surface marker response, the TF strains differentially regulated CD86 and
CD206 expression in J774A.1 cells and LLO-KG was the one strain that caused a significant
increase in CD206 expression compared to the untreated in the treatments without D-mannose
in BMDMs. CD206 has been recently implicated in promoting innate and adaptive antitumor
immune responses when expressed by TAMs which suggests translatability for the LLO-KG

strain?'.

Cytokines and chemokines play essential roles in signaling between various immune cell
populations?*?7. These proteins have been categorized based on roles in disease progression
and for classifying macrophages'1>2® but with further evaluation, these proteins have been
shown to exhibit pleiotropic effects in diseases progression and in cell classification?®-%".
Furthermore, complex stimuli such as live bacteria compounds with the pleiotropic effects to
create unexpected responses from macrophages which makes the macrophage phenotype and
function difficult to classify?®38. Yet, unraveling this complexity provides valuable insight into

outcomes in vivo and understanding therapeutic potential. The TF strains stimulated production
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of many disease especially tumor relevant cytokines and chemokines from the macrophages
with the TFs causing specific regulations. The bacterial treatments stimulated production of
most of the cytokines and chemokines analyzed and generated a higher protein production than
the positive controls, conversely of the surface markers?6-3%40  indicating the signaling response
from the macrophages to the bacteria*'#?. The TF strains impacted the J774A.1 cells and
BMDMs cytokine and chemokine expression in predictable and unexpected ways based on
activity of the TFs. For example, the upregulation of IL-10 by LLO-KG and down regulation by
LLO-SK was an expected result along with G-CSF being downregulated by LLO-SK which
occurred in both the J774A.1 cells and BMDMs?® 24344 Additionally, other predicted results
which occurred in the BMDM characterization include when LLO-KG upregulated IL-6 at 24 h
which is a predicted result based on the known activity of KLF4*% and MCP-1 was
downregulated by LLO-SK which is predicted based on the known regulation by NF-kB and
STAT-1 can compete with these pathways*®#”. However, in some cases there were results that
were not anticipated, and the pleiotropic effects of each selected TF need to be considered. The
change in IL-12p40 levels was an example of an unexpected result but after further searching it
has been shown that the IL-12p40 promoter has a canonical GATA binding site which could
explain the increase measured in the LLO-KG treatments in both J774A.1 cells and BMDMs*.
Some unexpected results were shown to be host cell specific. LLO-SK downregulated TNF-a in
the J774A.1 cells which was unexpected but could be explained by TNF-a being regulated by
NF-kB*%-%1 but upregulated the cytokine in BMDMs which was expected and could be useful in
altering the TME®2%3, This result epitomized that most of the unexpected results occurred in the
J774A.1 cells compared to the BMDMs which had reproducibly predictable results. This
emphasized the importance of transitioning from the cell line to the primary cells especially
when determining potential impact on the TME. D-mannose did regulate some of the cytokines
and chemokines independently of the bacterial treatments as demonstrated in IL-138%*% in

J774A.1 cells and MCP-1/MIP-2 in BMDMs which indicated that metabolism should be studied.
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Overall, the engineered B. subtilis LLO strains generated production of beneficial cytokines and
chemokines for altering the TME including TNF-a and IL-12p40°2°3%, Yet, the pleiotropic effects
of some cytokines and chemokines adds ambiguity to whether others may also be beneficial.
Two specific examples are IL-6 and MCP-1 because both are implicated in promoting immune
cells such as T cells to invade the TME but can also promote tumor angiogenesis when
expressed by cancer cells*®%”. Some cytokines and chemokines such as MIP-1a, MIP-2, G-CSF
and IL-10 are implicated in promoting poor outcomes in tumors when produced by TAMs or
other cells so the downregulation by LLO-SK is beneficial**®3-81, Therefore, the LLO-SK strain
appeared to be the better strain for altering the TME, but the LLO-KG still produced beneficial
cytokines and chemokines for this application. Nonetheless, D-mannose indicated the important
role of metabolism as mentioned above and the cytokines and chemokines are only one
component in altering the TME so other analyses such as functional metabolism was

necessary.

With the complexities seen in marker and cytokine/chemokine expression and impact
from D-mannose, functional metabolism provides another measure of macrophage phenotype in
response to the TF strains and D-mannose that is relevant in vivo. In totality, the bacterial
treatments caused increases in metabolism and the Warburg effect®?-%° similar to that of the
LPS treatment at 12 h post bacterial treatment. The LLO-KG strain promoted the most
significant shift in metabolism with increased OCR, ECAR and ATP production because both
TFs are associated with IL-4 cascades and work with STAT-6 to induce PPARYy causing
mitochondrial biogenesis. This results in increased OCR and ATP production and a major
reduction in OCR if electron transport inhibitors were added'>"%-"3. Accordingly, the LLO-KG
strain had the most significant reduction in OCR when Rotenone/AA (complex | and complex I
inhibitors’™) were added. ECAR was increased most significantly by the LLO-KG treatments in

comparison to the untreated which is directed by the increase in glycolysis that is synergistic
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with mitochondrial biogenesis as a response to the bacteria’. When the inhibitors Rotenone/AA
were added, differential change in ECAR between LLO-SK and LLO-KG was observed at 12 h
which indicated that STAT-1 and KLF6 promoted the electron transport chain running in reverse
electron flow as seen in classical pro-inflammatory macrophages because of a positive loss in
ECAR"75, D-mannose also caused the same positive loss in ECAR after Rotenone/AA addition
at 12 h because D-mannose contributes to lactate production in macrophages®® and significantly
reduced OCR, ECAR and ATP production with a significant shift towards glycolysis (except in
LLO-KG condition) at 24 h which demonstrated the potency of D-mannose in altering
macrophage function. TAMs have been shown to enhance tumor progression through metabolic
measures’®"376 and therapeutic measures have been proposed to increase PPARYy induction to
cause increased phagocytic activity of TAMs which the LLO-KG strain directed’®"3¢, However,
TAM metabolism is understudied, and complex so further studies are needed to understand the
ideal target to adjust TAM metabolism’ 7376, These observations from the in vitro functional
metabolism analyses continued to underscore the complexity of macrophage response.
Nonetheless, the functional assays established that the engineered B. subtilis LLO strains
modulated macrophage function. Yet, on-going RNA-seq analysis will further reinforce changes
seen in functional assays and provide an in-depth characterization of gene expression changes

caused by the TF delivering strains compared to controls.

After in-depth characterization of the engineered B. subtilis LLO strains interaction with
and specific modulation of BMDMs, the translatability of the strains in mobilizing the immune
system to alter the TME was tested. The non-pathogenic LLO-/ux strain was observed to be
cleared from healthy mice within 24 h but persisted in tumor bearing mice specifically within the
tumors for a week post injection IV which established the potential for the engineered B. subtilis
LLO strains to be utilized to alter the TME. Injection methods of IV and IT were compared

because of the efficacy shown in previous studies from IT injection’’%° but IV added an
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additional measure of translatability by showing B. subtilis accumulates wherever the TME is
located. Tumor growth stabilization materialized in the LLO-KG treatments especially post the
second bacterial injection with some indication of tumor regression in the few days immediately
after injection without any negative effects on overall health, but the LLO-/ux strain did not
produce the same result which signaled strain specificity. Additionally, the D-mannose treatment
appeared to stabilize tumor growth (n=2) which has been observed in previous studies®:®2. The
dissociated tumors from the bacterial treatments exhibited shifts in tumor metabolism and
immunophenotyping. The bacterial treatments reduced OCR and accordingly reduced ATP
production, max respiration and spare capacity while the D-mannose treatment sustained or
increased these properties compared to the untreated which may indicate a shift to glycolysis in
the heterogenous TME caused by the bacteria. However, the LLO-KG IV treatment was the only
treatment that potentially increased glycolysis (ECAR increased) while the other bacterial
treatments also reduced ECAR. Carcinoma cell metabolism is classically discussed as being
driven by glycolysis, but this is largely in homogeneous cell culture. In fact, several studies on
subtypes of carcinoma especially breast cancer show a reliance on oxidative phosphorylation®-
8 As a result, the LLO-KG IV could have caused a shift to glycolysis at the population level
because immune cells were stimulated to invade and the immunophenotyping begins to support
this hypothesis. The LLO-KG IV also was the most beneficial treatment based on
immunophenotyping as total immune cells increased by 15% and had higher expression of
CD45 which has shown to indicate activated immune cells®-88 compared to all other treatments.
T cells (CD3+) were a significant portion of these immune cells with the population being largely
naive T cell (CD4+) but a significant portion of the CD3+ were also beneficial tumor disrupting
cytotoxic T cells®®-% that highly expressed CD8a. The LLO-KG IV treatment also increased
dendritic cells which would be beneficial for altering the TME by activating T cells and increasing
innate and adaptive immune responses®-%. The D-mannose treatment also increased immune

cells especially T cells which provides insight on how D-mannose alone alters the TME and
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contributes to tumor regression seen previously®'#2, While these markers provide substantial
insight into the TME alteration, further markers are being optimized to provide further insights
into immune cell invasion and ratio of immune cells to 4T1 cells present in the TME. Altogether
the engineered B. subtilis LLO strains altered the TME in the pilot study due to strain specificity
as the different strains and delivery method did not impact the number of bacteria present in the
tumors. Yet, a final study will be necessary to test efficacy from both LLO-SK and LLO-KG on
tumor growth stabilization, alteration of TME by characterizing more immune cell populations by
flow cytometry and repeating functional metabolism analysis. Furthermore, these expansions on
EES in vivo studies will be performed with increased numbers of mice for each treatment and
expanding conditions to include all bacterial treatments without D-mannose to understand the
role of the sugar in the TME as seen in the pilot study especially in tumor growth stabilization.
Also, more thorough safety characterization will be performed by determining if there are

negative repercussions on the liver with all bacteria passing through this organ.

Improved transcriptional control of the EES is necessary for advancement of the platform
especially when used for in vivo applications. The increased complexity caused by using D-
mannose as a transcriptional inducer was accounted for by controls and appeared to be
potentially beneficial for altering TME as shown previously?'#2, Yet, using a transcriptional
inducer that increased complexity and diffused throughout the entire mouse is not sustainable
for further translation of the EES. Using thermal energy that can be localized to specific regions
and be limited in impact on host cells provides several advantages. The magnetothermal control
demonstrated by using the TIpA39 regulatory system in B. subtilis to respond to thermal energy
generated when an AMF was applied to SPION coated B. subtilis took the first step towards a
method of controlling the EES non-invasively and in a localized region in vivo. The TIpA39
promoter and regulator system was functional in B. subtilis and able to regulate an operon with

a slight temperature shift from what was observed in Escherichia coli previously®” which was

206



demonstrated by increased bioluminescence and transcript levels when heated in a
thermocycler. Though, the TIpA39 promoter and regulator system could be further optimized in
B. subtilis as was done previously in E. coli®” and B. subtilis®. Further optimization by directed
mutagenesis®% or other measures could improve the Pripase genetic switch to have a more

stringent on/off state which would improve responses during magnetothermal heating studies.

When transitioning to magnetothermal heating, an approach was needed to facilitate
thermal energy release when an AMF was applied. Accordingly, the SPION coatings provided
the solution which was confirmed by SEM-EDS. The variations coated B. subtilis in different
ways, but these observations were explainable by the DLVO (Derjaguin—-Landau-Verwey—
Overbeek) theory which has been shown to predict the potential interaction between a given
nanoparticle and bacteria®: %, Culminating the observed coating of the variations with the
response of the bacteria to magnetothermal heating and heating of the culture medium, the
plain-dextran SPION showed the most promise for reproducible localized heating that could be
used in vivo. Magnetothermal energy over 12 h showed significant increase in reporter output
but this change is still substantially less than that of the continuous heating in a thermocycler
and this result is even more clear after only 1 h of heating. Therefore, the thermal energy
diffusion from the SPIONs to B. subtilis needs to be improved because the 1 h of continuous
heating demonstrated that the TSRs can produce a significant amount of transcription leading to
a change in bioluminescence signal even within the constraints for small animal
anesthesia'®'%2, An immediate change that could enhance the magnetic hyperthermia is
increasing the RF amplitude beyond the limitations of the HYPER system (>16.0 mT). However,
an increase in RF amplitude will result in an increase in specific absorption rate (SAR)'%, this
would have to be further studied to prevent any biological effects. Another option is considering

more variations of SPIONs that have been modified to improve magnetic hyperthermia
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properties'®-1%7 Accordingly, these variations should be investigated for efficient coating of B.

subtilis and improved magnetic hyperthermia after exposure to AMF.

The Perls’ Prussian Blue staining’®® and modified Gram stain'®® demonstrated the
presence of iron and B. subtilis at the same location, which provides the opportunity to utilize
magnetic hyperthermia to control B. subtilis transcription in vivo. As mentioned above, further
tuning of the genetic elements and characterizing the interaction of improved particles for
magnetic hyperthermia with B. subtilis would enhance further in vivo studies. Other coatings of
SPIONSs such as with polymers, small molecules, lipids and composites can increase stability,
water solubility and biocompatibility'®. For example, FesOs-oleic acid-Na-oleate nanoparticles'’
increased stability in a transplanted carcinoma model and polycaprolactone-coated
superparamagnetic iron oxide nanoparticles synthesized with a micellular conformation were
used to increase cytocompatibility and thermosensitivity as a cancer therapy'%. Additionally,
increasing RF amplitude in accordance with SAR requirements'® and amount of iron
associating with the bacteria could improve heating along with imaging properties in vivo. Yet,
increases in bioluminescence were observed after AMF treatment with only ~1 ppm of Fe in the
plain-dextran coated condition in vitro. This reduced the amount of Fe that is delivered
compared to other typical magnetic hyperthermia applications, such as for tumor ablation°,
from 1 mg/cm3to 13.6 ng/cm3. Accordingly, the bacteria act as a carrying mechanism for and a
responsive mechanism to SPIONs where minimal SPIONs are needed to produce a desired
therapeutic outcome through controlling bacteriotherapies. Alternatively, other heating
mechanisms could be used for magnetic hyperthermia such as ultrasound which was been
shown previously®”'""112 that could be paired with the SPION coated B. subtilis strategy.
Overall, the demonstration of magnetothermal control of B. subtilis transcription advances the
translatability of the EES platform by increasing control of bacteria through a non-invasive

measure during in vivo applications.
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The EES platform and further advancements on transcriptional control creates a new
approach for intracellular communication with mammalian host cells to articulate function
towards therapeutic outcomes. Even with the complexities in regulation of macrophage
phenotype which were encountered, the TF strains produced predictable outcomes based on
characterized activity of the TFs but also demonstrated that there are limitations in
understanding regulatory networks within macrophages. More TF pairings should be
constructed to optimize response of the macrophages for targeted applications such as cancer
treatment and to further fundamental understanding of macrophage function and regulation.
Alternatively, the EES could also be designed as a delivery method for CRISPR-Cas9''3114
which could improve the modulation of cell fates. Yet, the demonstration of predictable
outcomes and generating rapid, potent responses from the macrophages, which has been
characterized by low efficacy and lack of innate control previously''®, shows advantages over
current methods''6. Ultimately, the EES technology creates a new modular approach to altering

macrophage function that can be used in human health applications.
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