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ABSTRACT

MOLECULAR ANALYSIS OF ENGINEERED NANOMATERIALS IN
BIOMEDICAL AND REGENERATIVE MEDICINE APPLICATIONS

Nuray Giindiiz
Ph.D. in Materials Science and Nanotechnology
Advisor: Caglar Elbiiken
Co-Advisor: Ayse Begiim Tekinay
Co-Advisor: Omer H. Y1lmaz
April, 2019

Molecular mechanisms are inspiration source for effective nanomaterial synthesis
through  minimalist bottom-up approaches. Mimicking functional bio-
physicochemical properties of biomacromolecules can give new insights for design
and synthesis of nanomaterials used in biomedical and regenerative medicine
applications. In this thesis, rationally-designed nanomaterials and their biomedical
applications as oral ketone delivery and biomineralization and long-term potential
toxicities were investigated. In the first chapter, basic concepts of nanomaterial design,
synthesis, characterization, and nano-bio interface were explained. In the second
chapter, a novel long-term nanoparticle accumulation model was developed to
understand active regulation of nanoparticle uptake, nanoparticle accumulation
behavior and the impact of long-term exposure on cellular machineries (e.g. ER stress).
In the third chapter, the role of ketone body betahydroxybutryrate (BOHB) generated
by a metabolic enzyme, hydroxymethylglutaryl CoA synthase 2 (HMGCS2), on
intestinal stem cell maintenance and regeneration after radiation injury was

investigated. Consequences of BOHB depletion in intestine were rectified by oral
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delivery of PLGA-encapsulated and oligomer forms of BOHB. The last chapter, acidic
epitopes of enamel proteins (e.g. amelogenin) were integrated into self-assembling
peptides to remineralize eroded enamel. Overall these studies show potential of nature-
inspired engineered nanomaterials in vast range of biomedical and regenerative medicine

applications.

Keywords: nanoparticle, toxicity, cell-nanomaterial interactions; gold nanoparticles;
nanoparticle accumulation; organoid;, HMGCS2; beta hydroxybutyrate;, small

intestine; oral ketone delivery, mineralization; enamel; self-assembling peptide
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OZET

BiYOMEDIKAL VE YENILEYICi TIP UYGULAMALARINDA
KULLANILAN NANOMALZEMELERIN MOLEKULER SEViYEDE
INCELENMESI

Nuray Giindiiz
Malzeme Bilimi ve Nanoteknoloji, Doktora
Tez Danigmani: Caglar Elbiiken
Tez Es Danismani: Ayse Begiim Tekinay
Tez Es Danismani: Omer H. Yilmaz
Nisan, 2019

Molekiiler mekanizmalar, minimalist yaklasim olan asagidan-yukariya yOntemiyle
etkili nanomalzemelerin sentezi ic¢in ilham kaynagidir. Biyomakromolekiillerin
fonksiyonel biyo-fizikokimyasal 6zelliklerini taklit etmek, biyomedikal ve rejeneratif
tip uygulamalarinda kullanilan nanomalzemelerin tasarimi ve sentezi igin yeni bilgiler
verebilir. Bu tezde, rasyonel tasarimli nanomalzemeler ve bunlarin oral keton iletimi,
biyomeralizasyon gibi biyomedikal uygulamalari ve biyomedikal uygilamalarda
olusabilecek uzun vadeli potansiyel toksisiteleri gibi incelenmistir. Birinci boliimde,
nanomalzemenin tasarimi, sentezi, karakterizasyonu ve nano-biyo araytiizii gibi temel
kavramlar agiklanmustir. Ikinci boliimde, nanopargacik alimmin aktif diizenlenmesini,
hiicrelerdeki nanoparcacik birikim davranisini ve uzun siireli maruz kalmanin hiicresel
makineler iizerindeki etkisini (6rnegin, ER stresi) anlamak i¢in yeni bir uzun vadeli
nanopargacik birikim modeli gelistirilmistir. Tkinci boliimde, metabolik bir enzim,
hidroksimetilgliitaril CoA sentaz 2 (HMGCS2) tarafindan iiretilen keton molekiiliiniin
betahidroksibutriratin (BOHB), bagirsak kok hiicrelerin devamliligi ve radyasyon

hasar1 sonrasinda bagirsak rejenerasyonu tizerindeki rolii arastirildi. Bagirsakta BJOHB



tiikenmesinin sonuglari, BOHB enkapsiile edilmis PLGA nanoparcaciklar ve OHB
oligomer formlarinin oral yoldan verilmesi ile kismen diizeltildi. Son boliim, enamel
proteinlerinin asidik epitoplar1 (6rnegin, amelogenin) kendiliginden birlestirilen
peptitlere entegre edildikten sonra asinmis enamelin biyomineralizasyonunda
kullanildi. Genel olarak, bu caligmalar ¢ok c¢esitli biyomedikal ve rejeneratif tip
uygulamalarinda kullanilan dogadan ilham alan nanomalzemelerin potansiyelini

gostermektedir.

Anahtar kelimeler: nanoparcacik; toksisite; hiicre-nanomalzeme etkilesimi, altin
nanoparg¢actklar, nanopargacik birikmesi; organoid;, HMGCS2; ince bagirsak; beta
hidroksibutirat;, agizdan keton dagitimi; minerallesme; enamel; kendiliginden bir-

araya gelen peptit amfifil
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CHAPTER 1

1 INTRODUCTION

Some parts of this chapter were published as a partial content of the following
publication:
Gunduz, N., Arslan, E., Guler, M. O., Tekinay, A. B. Safety of Nanomaterials:

Therapeutic Nanomaterials, John Wiley & Sons Inc., 271-298, 2016 [1].

1.1 Design, Synthesis and Characterization of Engineered Nanomaterials

Nanotechnology is an interdisciplinary field having intersection with different fields
to develop new materials with new functionalities for various applications. The
nanoscale materials are defined as manufactured materials having at least one
dimension in the range of 1 to 100 nanometers (nm) by the U.S. National
Nanotechnology Initiative (NNI). In addition, there are also nanoscale materials either
naturally occurring as seen in magnetotactic bacteria [2] which might be the focus of
developing non-toxic smart nanomaterials or unintentionally-produced during
industrial process and natural events [3] which are the focus of occupational, health
and safety risk assessments. The intentionally-manufactured nanomaterials are also
called as engineered nanomaterials which are organized into different categories based
on dimension, organic / inorganic or structure. However, general classifications made
based on materials used in synthesis; (i) carbon-based materials (e.g. carbon
nanotubes), (ii) metal-based materials (e.g. nanogold), (iii) dendrimers (branched

nanosized polymers), (iv) composites (two different nanomaterials). The intentionally-



manufactured nanomaterials with controlled chemical, physical, and biological
properties are usually produced by two approaches: top-down and bottom-up. Table
1.1 lists some of the commonly used top-down and bottom-up techniques.

Table 1. 1 Common techniques for synthesis of nanomaterials.

Top-down

Milling (e.g. mechanical)

Etching (e.g. plasma etching)
I. Solid phase techniques: Sputtering

Laser ablation

Lithography (e.g. photolithography)
II. Aerosol-based techniques Electrospraying

III. Liquid-phase techniques Electrospinning

Bottom-up
Deposition techniques (e.g. thermal chemical vapor
IV. Vapor-phase techniques dep0s1't10n) .
Chemical vapor condensation (e.g. molecular beam
epitaxy)

‘ ' Chemical reduction
Solution-phase techniques

Sol-gel
Self-assembly / Self- Self-assembling peptides
organization techniques DNA origami

The top-down approaches tailor bulk materials into smaller materials with specific
shape and size by using high-tech tools like crushing, milling or grinding. Besides
advantages, top-down methods have problems including non-uniform synthesis and
imperfections, which might affect the physical properties and surface chemistry of
nanomaterials.

The bottom-up approaches utilize small molecular building blocks as atoms or

molecules to form more complex and higher-scale nanometer-sized materials via



chemical reactions or self-assembly. Richard Feynman, the father of Nanotechnology,
pointed in his famous speech that nature has been working with materials at the levels
of atoms and molecules for millions of years. Plenty of nanostructures in nature
especially in biological organisms are generated by bottom-up approaches, such as a
typical ribosome (20-30 nm in diameter), collagen fibers of extracellular matrix (1.5
nm in diameter and 300 nm in length). The design and synthesis approach chosen for
engineered nanomaterials may heavily influence their functionality and
biocompatibility. Therefore, engineered nanomaterials with controlled functionalities
can best be manufactured by bottom-up approaches through inspiration from
sophisticated natural synthesis techniques. Self-assembly / self-organization
techniques are superior to chemical reduction / molecular chemistry techniques due to
the structural and dynamic control over material formation. Self-assembly mostly
utilizes supramolecular chemistry where molecular chemistry information directs
noncovalent interactions, such as dispersion forces, hydrogen bonds, and hydrophobic
interactions [4]. In recent years, self-assembly improved functional nanomaterial
synthesis in nanotechnology. DNA origami is a prime example showing promise to
produce three dimensional nanomaterials for a variety of applications (depicted in

Figure 1.1) after a decade of its debut [5, 6].

Observation and characterization are essential for analyses and confirmation of
different and additional properties of nanomaterials after synthesis. Some parameters
including shape, size, aggregation / agglomeration, surface chemistry, surface
modification, and crystal structure are widely used to characterize nanomaterials. In
addition to the synthesis of nanomaterials, nanotechnology also improves invention

and development of sophisticated tools / techniques for nanocharacterizations.
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Figure 1.1 Beyond the fold: DNA origami shapes and emerging biomedical
applications. Origami construction and examples of applications in drug delivery,
enzymes cascades, biosensors, protein arrangement, and molecular analysis. Reprinted

with the permission from John Wiley and Sons [6].

Many methods have been used for characterization, analysis and evaluation of
nanomaterials, including techniques in optical and electron microscopy, scattering,
surface scanning, circular dichroism, mass spectroscopy, X-ray spectroscopy, zeta
potential, thermal techniques, and mechanical and rheological techniques [7]. Some of
these tools and techniques are revised in Table 1.2 (Table was created based reference
[7]) and were used in characterization and analyses of engineered nanomaterials

described in this thesis.



Table 1. 2 Common analytical techniques for characterization of physiochemical
properties of nanomaterials.

Imaging Techniques Characterization parameters
Electron microscopy: Size, shape, structure, morphology and
Scanning electron microscopy (SEM) elemental analysis when coupled with
Transmission electron microscopy Energy dispersive X-ray analysis
(TEM) (EDX)

Scanning probe microscopy:

Scanning tunneling microscope Size, shape, structure, morphology and
(STM) atomic scale resolution

Atomic force microscope (AFM)

Spectroscopy Techniques Characterization parameters
UV-Vis absorption and emission: Detection of chemical bonds

Vibrational Spectroscopies: Fourier
Transform Infrared Spectroscopy
(FTIR)

Raman Spectroscopy

X-ray photoelectron spectroscopy

Chemical composition analysis

Chemical composition

(XPS)

Circular dichroism Secondary structure

Mass spectroscopy techniques:

High-performance liquid Detection, separation, and
chromatography (HPLC) quantification

Inductively coupled plasma mass Elemental analysis

spectroscopy (ICP-MS)

Scattering Techniques Characterization parameters

X-Ray diffraction techniques:

XRD spectra Crystal structure, phase, and average
Small angle X-ray scattering (SAXS) particle size

Small-angle neutron scattering

(SANS)

Dynamic Light Scattering (DLS)

Size distribution analyses in liquid
phase

Surface charge analysis in aqueous
solutions or suspensions

Zeta potential analysis




1.2 The Nano-Bio Interface and Intracellular Activity

The intracellular activity and nano-bio interface are important for biological
applications and toxicity of ENMs. The biological milieu plays an important role
during cell-nanomaterial interactions. Lipids and proteins cover the surfaces of ENMs
immediately after their introduction into biological systems [8] and this effect, in
tandem with other physicochemical properties, affects the entry mechanisms of ENMs
in all cell types. The localization and intracellular fate of ENMs depend on their
internalization pathways, which in turn are affected by the surface chemistry [9], size
[10] and shape [11-13] of ENMs, in addition to the biological milieu [14], cell type
[15, 16] and other factors. Internalization pathways and interactions at the cell-ENM
interface are dependent on the biomolecular corona, which partially blocks the bare
material surface from interacting with the cell membrane and therefore reduces the
surface free energy of ENMs, resulting in a decrease in their cellular uptake [17]. Other
studies have also reported that the thickness of the bio-corona, as directed by changing
serum concentrations, may affect the cellular uptake of the ENMs [14].

After cellular entry, the ENMs are transported within the cell and may concentrate in
various organelles. However, owing to the lack of information regarding the
intracellular transport mechanisms used by the ENMs, there is no uniform consensus
regarding the precise series of events that occur following internalization. Thus, the
intracellular transport of the ENMs cannot be generalized, especially in view of the
structural and biochemical variability of the ENMs themselves [18]. Once inside the
cell, ENMs may interact with cellular compartments such as the cytosol, endosome,

mitochondria, lysosome, nucleus and Golgi apparatus (Figure 1.2).



Figure 1.2 Uptake mechanisms and the intracellular transport of ENMs. Uptake
may occur through micropinocytosis (a), pinocytosis (b), caveolin-mediated
endocytosis (c), clathrin-mediated endocytosis (d), unknown endocytic pathways (e)
or diffusion/penetration (f). After cellular entry, the ENMs may localize into different
organelles and cellular compartments. ENMs that enter into the Golgi apparatus can
cause organelle damage and/or leave the cell via vesicles involved in the regular
secretion system (g). The ENMs remaining in early endosomes move slowly along
cytoskeletal elements, fuse with late endosomes and finally accumulate in the
lysosome (h), nucleus (j), nucleolus (k) and mitochondria (m). In addition to these
possible endpoints, the ENMs can also accumulate in the cytoplasm (1) after escaping
from late endosomes or lysosomes. Ultimately, the ENMs can be excreted from the
cell by transcytosis (i). Reproduced from Safety of Nanomaterials: Therapeutic

Nanomaterials, John Wiley & Sons Inc., 271-298, 2016 [1].
The cytoskeleton is another common target for the cytotoxic ENMs, and plays
significant roles in cellular events such as intracellular transport, cell division and

motility, all of which can be disrupted by nanoparticle activity. It has been reported

that the aggregation state of AuNPs strongly influences their toxicity against human



dermal fibroblast cells: Nanoparticle clusters were four-fold more toxic than their non-
aggregated counterparts, and triggered the disruption of F-actin fibers. In addition, the
aggregation state of these nanoparticles were closely related to their surface chemistry
and the conditions under which the NPs were introduced to the biological milieu [9].
Despite their lack of acute cytotoxicity, single-walled carbon nanotubes (SWCNTs)
were also shown to greatly reduce the proliferation of HeLa cells, which was attributed
to actin-related cell division defects [19]. Similar effects were observed in neuronal
progenitor cells and endothelial cells treated with iron oxide nanoparticles, resulting
in concentration-dependent alterations in cellular physiology. High levels of iron oxide
nanoparticles affected the actin cytoskeleton through the formation and maturation of
focal adhesion complexes (FACs) and resulted in a reduction in cell proliferation [20].
ENMs might also localize in other organelles after escaping from endosomes:
Rhodamine-loaded PLGA (polylactic-co-glycolic acid) NPs, for example, were
reported to localize in various intracellular compartments such as the Golgi apparatus,
cytosol, and endoplasmic reticulum [21].

The mitochondria are another potential endpoint for ENM transport, as the high
membrane potential (approximately -200 mV) of the mitochondria would strongly
attract positively-charged nanoparticles [22]. The inner membrane of the
mitochondrion might be especially suitable for the accumulation of ENMs, due to its
hydrophobic, anionic ~ and  high-membrane  potential  characteristics.
Mitochondriotropic moieties have been developed to exploit this property for
mitochondrial gene therapy and chemotherapy applications. The accumulation or
localization of the ENMs inside the mitochondria can be accomplished through surface

functionalization via triphenylphosphonium (TTP), which is a mitochondriotropic



moiety. The localization of TPP-conjugated ENMs inside the mitochondria has also
been confirmed by experimental reports. It has been demonstrated that polystyrene
(PS) nanoparticles functionalized with both TPP and poly-L-lysine (PLL) localize in
mitochondria due to the hydrophobic properties of the TPP [23]. Doxorubicin-loaded,
TPP-functionalized polyethyleneimine hyperbranched polymer (PEI) nanoparticles
likewise triggered rapid and severe cytotoxicity within a few hours of incubation at
low concentrations, in contrast to free doxorubicin [24]. Another study detailed the
design of a multifunctional envelope-coated nano-carrier system, which consists of
mesoporous silica nanoparticles (MSNs) functionalized with TPP, the antineoplastic
drug topotecan (TPT) and a charge-conversional shielding layer. This system was
shown to target tumor cells and initiate apoptosis through mitochondrial damage [25].
Mitochondrion-mediated apoptotic cell death was also achieved in drug-resistant
breast cancer cells via nanoparticle-directed efficient subcellular localization of
doxorubicin into the mitochondria [26]. The surface chemistry and size of the ENMs
are important parameters for mitochondrial targeting and localization: While
carboxylated PS nanoparticles with 20 nm diameters could be located in the
mitochondria of different hepatocyte cell lines, the mitochondrial uptake and
localizations of 200 nm diameter PS nanoparticles were limited [27].

Lysosomes can also be targeted depending on the functionalization moiety of the
nanoparticles. Glycol chitosan nanoparticles decorated with hydrophobic moieties
have been reported to eventually localize into the lysosome [28]. The intracellular fate
of the AuNPs has also been reported in different studies: Protein coated AuNPs are
generally entrapped in endosomes, but can be directed to several cellular

compartments by the addition of targeting moieties such as TAT cell penetrating



peptides or a liposome coating [29, 30]. The uptake and localization of the ENMs allow
these molecules to interfere with intracellular mechanisms, potentially resulting in
organelle damage, membrane leakage or the production of reactive oxygen species.
These effects may be medically beneficial if the ENMs are designed to specifically
target cancer cells or other diseased cell types. SPIONs covalently coated with the
lysosomal protein marker LAMP1 (LAMP1-SPION), for example, were used to apply
mechanical stress to the lysosomes of rat insulinoma tumor cells. The activation of the
SPIONs was triggered using a dynamic field generator, decreasing the sizes and
numbers of the lysosomes and resulting in a corresponding increase in cellular
apoptosis. The remote control of apoptosis was therefore achieved through the
activation of magnetic ENMs [31].

The excretion and clearance of ENMs have been reported for a variety of materials. It
should be noted that the cells themselves respond to the ENMs by activating their
exocytosis mechanisms, thus extruding or degrading the ENMs at the subcellular level.
The intracellular localization of the ENMs determines whether they can be exocytosed
through the activity of lysosomes or the Golgi apparatus. The exocytosis of phosphate-
modified mesoporous nanoparticles (P-MSNs) showed a good correlation with the
rates of lysosomal exocytosis in different cell lines, which has significant implications
for the development of efficient drug delivery agents [32]. The degradation of the
ENMs is also a big concern for the delivery of biological cargos. Sahay et al. reported
that siRNA-conjugated cationic lipid nanoparticles are eventually degraded in the
lysosome [33], which is a common drawback of biodegradable ENMs utilized for gene
therapy, cancer treatment or drug delivery. In addition to biodegradable ENMs,

exocytosis was observed in AuNPs which are known as inert. Bartczak et al.
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characterized the exocytosis trends of AuNPs functionalized with angiogenesis-
inhibiting (“inhibitor”) or similar but non-inhibitory (“mutant”) peptides and made the
interesting observation that mutant peptides were first exocytosed and subsequently
re-uptaken and re-exocytosed from the cell, while inhibitors were progressively

removed with no re-uptake [35].

1.3 Short- and Long-term Risk Assessments of Engineered Nanomaterials

Advances in nanotechnology culminated new nanomaterials and some of them have
entered in our daily lives as nanomedicine, photocatalyst, food additive / packaging
material, personal care products, cosmetics, textile, adhesives, tissue engineering
matrix, dental restoration materials, antibacterial agents, medical devices and
biosensors. Among all, nanomedicine is a rapidly evolving field and is tightly
regulated by authorities such as the U.S. Food and Drug Administration (FDA) and
European Agency for the Evaluation of Medicinal Products (EMA). Engineered
nanomaterials are designed to provide pharmacokinetic, efficacy, safety, and targeting
benefits to drugs. Since 1995, at least 50 nanodrugs have received FDA-approval and
are available for clinal use. Meanwhile, some of nanodrugs are in different phases of

clinal trials as shown in Figure 1.3 [34, 35].
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Figure 1.3 Trends in the development of nanomedicines. (a) FDA-approved
nanomedicines stratified by category; (b) FDA-approved nanomedicines stratified by
category overall; (¢) clinical trials identified in clinicaltrials.gov from 2001 to 2015
with arrow indicating approximate start date of US law (FDAAA 801) requiring
reporting to FDA database; (d) nanomedicines under clinical trial investigation
stratified by category overall. Reprinted with permission from Springer Nature [34].

The ENMs that are intended for biomedical purposes are almost universally
administered directly into the human body. Examples of such ENM designs include
SPIONs and dendrimers for MRI studies; gold nanoparticles for photothermal therapy,
imaging and drug and gene delivery; mesoporous silica nanoparticles (MSN) for MRI
studies, drug delivery, and topical treatment; and carbon nanotubes for drug delivery,
and tumor detection and treatment. These materials are promising for the development

of efficient and innovative solutions for the major challenges faced by the biomedical

field, especially with regards to the treatment of common disorders such as cancer,
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obesity and neurodegenerative diseases. Nevertheless, as with any material intended
for human use, their safety must first and foremost be investigated in sufficient detail,
through both in vitro experiments and animal studies, before they can be administered
to patients. Despite the widespread production and application of ENMs, there is a lack
of satisfactory information regarding their impact on humans, animals and the
ecosystem. Exposure to the ENMs may directly or indirectly cause detrimental effects
on the human health. ENMs can be introduced to the human body through inhalation,
ingestion, dermal penetration or injection, either unintentionally or through the course
of an ENM-based therapy [41]. As with any foreign material, the ENMs may trigger
adverse effects following their administration. As such, the biocompatibility,
biodistribution, biodegradation, excretion and acute and long-term toxicities of the
ENMs must be carefully assessed before their use in clinical trials through short- and
long-term risk assessments methods.

The high costs and ethical concerns associated with large-scale animal research have
necessitated the development of reliable, high-throughput in vitro screening assays and
the use of computational models in toxicology studies [36, 37]. Although various in
vitro assays have been developed for the toxicity analysis of the ENMs, these methods
are not widely employed and may yield results inconsistent with in vivo studies [38-
40]. This is hardly surprising, as in vivo systems are directed through a complex
multicellular network that connects the actions of cells, tissues and organs, while these
interactions are largely lacking in in vitro models [41].

The evaluation of the short- and long-term effects of the ENMs is commonly
conducted through cell viability and proliferation assays. The ENM toxicity is mainly

quantified by metabolic activity assays (e.g. MTT, XTT, Alamar blue, LDH) and direct
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cell death assays (calcein AM / ethidium homodimer staining). Cytotoxicity screening
of an ENM is often a preliminary step that determines whether the material is suitable
for further testing. As such, comparative assays have been developed for this process.
One particularly stringent example is provided by Kroll et al., who have developed a
matrix-based test system to evaluate the cytotoxic effects of 23 ENMs against a set of
sensitive cell lines and suggest that such a system can be used to predict in vivo
nanostructure behavior, minimizing the number of animals used in toxicity
assessments by pre-selecting against cytotoxic ENMs [42]. The matrix-based, high-
throughput cytotoxicity screening of ENMs is of great importance for the development

standardized cytotoxicity assessments and modelling studies.

1.4 Selected Applications of Engineered Nanomaterials

The unique properties of the ENMs give novel features such as electrical, catalytic,
magnetic, mechanical, thermal or imaging which make the ENMs potential candidates
for applications in commercial, environmental, military and medical fields [43]. Due
to wide range of applications of the ENMs, only oral drug delivery and synthetic
enamel biomineralization application (which are related to chapter 3 and chapter 4)

areas will be briefly explained in the following sections.

1.4.1 Oral Drug Delivery

There are different routes of drug administration to body, and oral administration is
the most convenient and cost effective one. However, various factors such as
physicochemical properties, desired target site, absorption rate, gastrointestinal

digestion and condition of the patient determine the route of drug administration.
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Although some drugs (small molecules) are suitable for oral drug delivery, however
most of the biomolecules (peptide, protein-based drugs) cannot be delivered orally due
to poor stability in the gastrointestinal (GI) tract, low solubility and/or bioavailability
and poor drug penetration and absorption in intestine as a result of mucus barrier.
Despite these limitations, new formulations [44-46] and devices [47] are being
developed that protects fragile biopharmaceuticals from poor stability and improve
controllable delivery and absorption rate as a result of advances in nanotechnology and
nanoscience (Figure 1.4). The efficacy of new formulations and devices are being

tested especially by using in vivo models due lack of complexity of gastrointestinal

systems in in vitro models.
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Figure 1.4 Schematic diagram of oral insulin delivery methods to different site of
body. (A) Poly(lactide-co-glycolide) (PLGA) nanoparticles engineered with cell
penetrating peptides to sequentially overcome mucus and epithelial barrier to deliver
insulin. Reprinted with permission from [48] Copyright (2018) American Chemical
Society. (B) Self-orienting millimeter-scale applicator (SOMA) localizes to the
stomach lining, orients its injection mechanism to the tissue wall, and injects a drug
payload through the mucosa. Reprinted with permission from [47] Copyright (2019)

Science.

In general, rodents are used to understand therapeutic effects or pharmacokinetics of
oral delivery of engineered pharmaceuticals. However, the results obtained from in

vivo studies are discordant in translating to humans [49, 50]. To overcome conflict
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between in vivo models and human clinal trials, there are some critical points which
should be considered during design and synthesis of the ENMs used in pharmaceutical
encapsulations. The ENMs used in drug delivery must overcome numerous limitations
including endogenous enzymes and acidity in gastric environment and the continuous
secretion of protective mucus layer in GI tract. These limitations differ in rodents
compared to humans [51]. Rodents and most of animals have less acidic gastric
environment compared to humans which affects stability of new formulations.
Additionally, frequently used animal models, mice and rats, produce less mucus layers
[52]. In addition to these parameters, physiology, anatomy, biochemistry and bacterial
colonization should be considered to achieve bench-to bedside transition of the ENMs

used in oral delivery [51].

1.4.2 Synthetic Enamel Biomineralization

Biomineralization is a biochemical process by which organisms form minerals.
Biologically controlled mineralization shaped the evolution of living organisms
starting last 3500 Myr. While many organisms from different phyla can form high
number of minerals [53], hydroxyapatite (HA) in mammals is particularly interesting
due to fundamental role in the formation of hard tissues including bone and teeth. The
cells in mineralized tissues (e.g. osteocytes in bone, ameloblast in tooth) regulate
biomineralization through controlling mineral resorption and deposition. Although
both bone and tooth share the same mineral, HA, their mineralization and hierarchical
organization are different as a result of presence or absence of regulating cells in
mature mineralized tissues. Bones are highly dynamic as result of remodeling,

regulation of calcium ion concentration in body and response to applied stress [54]. In
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contrast, tooth is highly static after maturation in terms of new mineral formation.
Understanding of biomineralization process in mineralized tissue is important for
developing advanced materials for their regeneration and repair [55]. Recently,
artificial approaches have been developed to repair demineralized enamel to prevent
deep lesions and tooth loss. These approaches mostly utilize the ENMs including
dendrimer and star polymers [56, 57], microgels [58, 59], peptides [60-62], modified
HA powder [63], and apatite nanoparticles [64, 65] to mimic biologically controlled
mineralization. Among them most promising ENMs are peptide-based materials due
to inspiration or derivation from enamel proteins. Peptide based nanomaterials can
provide hybrid organic-inorganic interactions and help to create a hierarchical

structure similar to developmental process of enamel as depicted in Figure 1.5.
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Figure 1.5 The peptide-guided remineralization in carious enamel lesion. The
amelogenin-derived 15 amino acid long peptide, shADPS5, demonstrated newly formed
crystalline mineral layer on an artificially created lesion on human enamel in the
presence of Ca>* and PO4* ions. Reprinted from permission from American Chemical

Society, Copyright © 2018 [61].
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CHAPTER 2

2 Intracellular Accumulation of Gold Nanoparticles
Leads to Inhibition of Macropinocytosis to Reduce the

Endoplasmic Reticulum Stress

A partial content of this work was published in the following journal publication
[66]. Gunduz, N., Ceylan, H., Guler, M. O., Tekinay, A. B., Intracellular Accumulation
of Gold Nanoparticles Leads to Inhibition of Macropinocytosis to Reduce the
Endoplasmic Reticulum Stress, Scientific Reports DOI: 10.1038/srep40493, 2017 with

permission from Nature Publishing Group.

2.1 The objective

Advances in nanotechnology have resulted in the development of a large variety of
engineered nanomaterials for numerous applications in chemistry, engineering and
biomedical sciences. However, the prospect of ubiquitous use of nanomaterials has
also raised concerns regarding the safety of these materials, so the assessment of their
potential toxicities has emerged as a major research area. The long-term risk
assessment of nanomaterials is typically done using animal models, which assess
systemic toxicity and accumulation in organs rather than the behaviors undertaken by
individual cells to reduce the local concentration of toxic material. In contrast, cell
culture-based toxicity models are generally used for assessment of short-term

exposure, while long-term observation is difficult because the high proliferative
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capacity of cells imposes constraints on maximum culture time. Thus, there is a
detachment between in vitro and in vivo models of toxicity assessment and a strong
need for further research into the cellular processes that are altered during long-term
nanoparticle exposure. In this work, I developed a novel nanoparticle accumulation to
show the impact of slow, long-run intracellular accumulation of AuNPs on the
nanoparticle uptake dynamics and associated intracellular stresses in vitro. Continuous
exposure to AuNPs nanoparticles in low doses provides a reliable window for
dissecting the toxicity stemming from the long-term exposure to nanoparticles, from

acute toxicity resulting from high-dose exposure.

2.2 Introduction

Advances in nanotechnology have resulted in the development of a large variety of
engineered nanomaterials for numerous applications in chemistry, engineering and
biomedical sciences [67-70]. Among them, engineered AuNPs attract special attention
because of their rather well-established fabrication methods, low variance in size and
shape, convenient means of surface functionalization, high chemical stability,
inertness, relative biocompatibility, low acute toxicity and wide-range applications
[71]. Although the presence and use of colloidal gold based on ancient times, the most
famous example Lycurgus Cup was manufactured in the 5th to 4th century B.C,
however they gain more attention after Faraday’s investigation on the optical
properties of thin films prepared from colloidal gold solutions in 1857. After that,
various methods based on chemical (bottom-up) and physical (top-down) principles
for the preparation of gold nanoparticles were reported in the 20th century. The well-

known and most popular chemical method is developed by Turkevich et al. for
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preparation of gold nanoparticles ca. 20 nm, in which boiling chloroauric acid
(HAuCly) is reduced with citrate where it acts as both reducing and stabilizing agent
[72]. This method is further refined in 1973 by Frens to obtain AuNPs at certain size
(between 16 and 147 nm), via changing the gold salt-to-citrate ratio [73]. Alkanethiol-
stabilized AuNPs below 5 nm was achieved by Brust and Schriffin in 1994 by biphasic
reduction protocol. Briefly, HAuCls salt is transferred into toluene solution using
tetraoctylammonium bromide (TOAB) as the phase-transfer reagent and reduced by
NaBH; in the presence of dodecanethiol which resulted in low dispersity AuNPs
between 1.5 to 5 nm [74]. Further, modification of the size of AuNPs was shown by
changing reaction conditions as gold-to-thiol ratio, reduction rate, and reduction
temperature [75]. The functionalization of gold nanoparticle surface is generally
achieved by ligand exchange reaction which displace the intermediate stabilizers
(sodium citrate or tetraoctylammonium bromide) with high affinity disulfide groups in
(bio)organic molecules such as antibody, carbohydrates and peptides for biomedical
applications [76]. However, this approach of gold nanoparticle functionalization has
major drawbacks. For example, nanoparticle aggregation occurs as a result of
replacement of highly charged citrate ions with less charged thiols during one-step
ligand exchange reaction. In addition, this reaction may not be a complete reaction
which reduces ligand density on the surface of nanoparticle and therefore decrease the
effectiveness. Moreover, complete elimination of toxic stabilizer after nanoparticle
synthesis is difficult, and their timely desorption from the surface of nanoparticles
induces cell death [77]. To overcome mentioned drawbacks, robust engineered gold
nanoparticle preparation approach is developed with a novel chemical route: one-step

synthesis in which biomolecules act as reduction, nucleation and capping agents.
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Prominent examples are multidomain peptides for single-step, size-controlled
synthesis of biofunctionalized gold nanoparticles [78-80]. Consequently,
functionalized AuNPs are now being used with increasing frequency in photothermal
therapy [81]; targeted drug [82] and gene delivery [83], magnetic resonance imaging
and other biomedical applications, and are also considered therapeutic agents by
themselves (e.g. for rheumatoid arthritis) [84] depicted in Figure 2.1.
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Figure 2.1 Biomedical application of gold nanoparticles after functionalization.
Localized surface plasmon resonance (LSPR), easy chemical modification, inertness
of gold nanoparticles (e.g. nanospheres, nanorods, nanoshells, nanocages, nanostars)
with different variety of biomolecules make them reliable candidates for different

biomedical applications.

Immediately following their entry into biological systems, AuNPs interact with
various local biomacromolecules to assemble a dynamic protein corona on their
surfaces. The formation of this layer has significant effect on the cellular uptake [14,
85, 86], targeting ability [87], accumulation and toxicity of nanoparticles in living
systems, and depends strongly on the composition of the environment encountered by
the material. In addition, studies that do consider long-term cellular exposure tend to
utilize the occupational exposure model [88-92], and more studies are necessary to
understand long-term nanoparticle toxicity upon continuous exposure. Recently,

chronic and chronic AuNPs exposures at low dose induce gene expression changes in
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oxidative stress, cell cycle regulation, inflammation, and unfolded protein response
pathways of human dermal fibroblasts (HDFs). Moreover, shape and surface
chemistry are key players in driving gene expression changes [93]. Here in this study
I developed a novel long-term accumulation model to assess intracellular effect of
AuNPs on cellular uptake and stress mechanism such as ER stress which provides very
practical and informative for the future studies regarding the accumulation of a wide

scope of engineered nanomaterials.

2.3 Experimental Section

2.3.1 Chemicals and Reagents

Gold (III) chloride trihydrate (HAuCls.H20), 3-(4, 5-dimethylazol-2-yl)-2, 5-
diphenyl-tetrazolium bromide (MTT) kit, Nystatin, Amiloride hydrochloride hydrate,
Chlorpromazine hydrochloride, Silver Enhancer Kit SE-100, hydrochloric acid fuming
37%, and Nitric acid > 65% were purchased from Sigma-Aldrich Chemical Co. 5 (6)-
Carboxy-2’, 7’-dichlorofluorescein diacetate (DCF), ethidium homodimer, Calcein
Am, Click-iT EdU assay, TRIzol, Alexa Fluor 488 conjugated Cholera toxin subunit
B (recombinant), Fluorescein conjugated Dextran (10000 MW) and Alexa Fluor 488
conjugated Transferrin from human serum were purchased from Invitrogen (C34775,
D1820, and T13342). All cell culture materials were also purchased from Gibco,
Invitrogen. Sodium citrate tribasic were obtained from Codex, Carlo Erba. Amicon®
Ultracel centrifugal falcons were purchased from Millipore. Ultrapure water (18.2

MQ) was obtained from a Sartorios arium® Lab Water System.

22



2.3.2 Synthesis of Gold Nanoparticles

All glassware was carefully cleaned with aqua regia (3:1 mixture of hydrochloric and
concentrated nitric acids), and rinsed with distilled water several times before use.
AuNPs with 12-nm diameter were synthesized according to the previously published
Turkevich protocol [45]. Briefly, 100 mL of HAuCl4 (1 mM) in water was boiled
under stirring, and 10 mL of sodium citrate trihydrate solution (38.8 mM) was added
rapidly to the chloride solution, which resulted in a change in solution color from pale

yellow to deep red (depicted in Figure 2.1).

Boiling

)

Citrate

HAuCl4 (aq) Colloidal gold

Figure 2.2 Schematic illustration of citrate-stabilized AuNPs synthesis. Colloidal
gold was prepared with HAuCl4 solution under reflux conditions where citrate acts as both

the reducing agent and stabilizing ligand.

2.3.3 UV-Vis Spectroscopy

UV-Vis spectra of AuNP solutions was measured using a SpectraMax M5 Multi-Mode
Microplate Reader. Spectra of freshly prepared AuNPs and water (for baseline
subtraction) were collected using quartz cuvettes with 1 cm optical path lengths and in

a 250-750 nm range with 2 nm increments.
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2.3.4 Transmission Electron Microscopy

Structural characterization of the AuNPs was performed using a FEI Tecnai G2 F30
transmission electron microscope (TEM) at 300 kV. TEM samples were prepared on
a fine mesh Cu grid by incubating a drop of AuNP solution for 5 min, washing with a
drop of distilled water for 2 min and repeating these steps for two more times prior to
drying. Individual particle sizes were measured using ImageJ (NIH) software.

After the characterization of the nanoparticles by TEM and UV-Vis spectroscopy, their
initial concentration was calculated by using previously established theoretical
calculations [46]. The nanoparticles were then concentrated by using Amicon®
Ultracel centrifugal falcons (10 K) at 6000 rpm for 5 min (repeated multiple times for

required concentrations).

2.3.5 Dynamic Light Scattering (DLS) and Zeta Potential Measurements

DLS measurements were carried out using a Malvern NanoZS Zetasizer at room
temperature. Auto-correction was done as the average of three runs of 10 s each

(Malvern Instruments, Southborough, MA, US).

2.3.6 Cell Culture and Maintenance

Immortalized human umbilical cord vein endothelial cells (HUVECs) were donated
by Yeditepe University, Istanbul, Turkey (They indicated source of cells as American
Type Culture Collection, ATCC, but they could not give an exact catalog number).
HUVECs were purified as described and were characterized by staining with CD34,

CD31, and CD90 surface markers. These cells were found to be positive for CD31 and
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CD34 but negative for CD90. HUVECs were cultured in a humidified, 37 °C, 5% CO2
incubator using 75 cm? polystyrene cell culture tissue flasks containing Low Glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% or 10% heat
inactivated fetal bovine serum (FBS, Gibco), 1% penicillin/streptomycin (P/S) and 2
mM L-glutamine. Passaging of cells was performed at cell confluency between 90 to

100% using trypsin/EDTA. Cells were diluted 1:4 for subculturing.

2.3.7 Cell Viability and Proliferation

The toxicity of AuNPs was assessed by a standard colorimetric cellular viability assay,
in which 3-(4,5-dimethylazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) dye is
converted to insoluble purple formazan crystals and metabolic activity is evaluated
through absorbance measurements at 570 nm and a background absorbance of 690 nm
using a SpectraMax microplate reader (Molecular Devices, Sunnyvale, CA). HUVECs
were seeded at a density of 7.5 x 103 cells/well in a 96-well plate. After 4 h of
incubation, media were removed and replaced with either 5% FBS or 10% FBS
DMEM containing AuNPs at concentrations ranging from 0.5 pg/mL to 64 pg/mL,
and cells were incubated for 24 h at 37 °C in a humidified incubator with 5% CO». At
the end of the exposure period, AuNPs containing media were removed and washed
three times with warm medium to remove AuNPs to prevent their contributions to the
result. Then, MTT (reconstituted in phenol-free medium as 5 mg/mL stock
concentration) containing phenol and serum free medium was added in an amount of
equal to 10% of the culture medium volume. After 4 h incubation period, the resulting
formazan crystals were dissolved after adding equal amount of MTT Solubilization

Solution to the culture medium volume by gentle pipetting and shaking in a gyratory
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shaker. All experiments were performed in quadruplicate and with three independent
repeats. For long-term viability assessment via MTT assay, HUVECs from AuNP
accumulated and non-accumulated at day 57 were re-seeded at a density of 7.5 x 10°
cells/glass in a 96-well plate. After 24 h of incubation, same protocol as determined
above in detail was followed. Long-term viability assessment of HUVECs was also
analyzed by live-dead assay. Briefly, HUVECs from AuNP accumulated and non-
accumulated at day 57 were re-seeded at a density of 5 x 10° cells/well in a 96-well
plate. After 24 h of incubation, plate was centrifuged for 5 min at 2500 rpm to keep
dead cells on the surface. Wells were washed with 1x PBS and 2 min centrifugation
was done at each step. 2 uM calcein AM and 4 pM ethidium homodimer reagents were
diluted in PBS respectively. After 30 min incubation, cells were observed under a
fluorescent microscope.

Proliferative cells were determined using Click-iT EdU assay (Molecular Probes).
HUVECs were incubated with a nucleoside analogue of thymine, EAU (5-ethynyl-20-
deoxyuridine), in the culture medium. EdU is incorporated into DNA during the
synthesis phase (S phase) of the cell cycle, and hence enables direct quantification of
proliferation. HUVECs from AuNP accumulated and non-accumulated cultures at day
49 were reseeded on 15 mm cover glasses at a density of 2.5 x 10* cells/glass. After 8
h of incubation, one half of the medium was replaced with 20 uM EdU-containing
fresh media supplemented with 5% FBS. Cells were then post-incubated for 48 h for
the incorporation of the thymine analogue to DNA. Following post-incubation, cells
were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton-X, and treated
with Alexaflour-488 conjugated azide as recommended by the supplier. Proliferative

cells were imaged by fluorescent microscopy. Stained cell nuclei were counted with
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ImageJ (NIH) software. The average counts of stained cell nuclei were used to evaluate
the relative proliferative cell numbers. Both viability and proliferation results were

normalized to non-treated control group.

2.3.8 Imaging of AuNPs within Cells by Silver Staining

HUVECs were seeded on 13 mm cover glasses at a density of 2.5 x 10* cells/glass.
After 4 h of incubation, media were removed and replaced with media containing
AuNPs at concentrations ranging from 0.5 pg/mL to 64 pg/mL, and the cells were
incubated for 24 h. Cells were then washed three times with 1x PBS to remove excess
AuNPs. After washing, cells were fixed with 4% paraformaldehyde for 15 min, and
silver staining was performed using Sigma Silver Enhancer Kit according to the
manufacturer’s instructions. Briefly, silver enhancement solution was prepared by
mixing equal volumes of Silver Enhancement Stain A and Silver Enhancement Stain
B (Sigma Aldrich) freshly. After mixing two solutions, 300 uL volume was added to
each well to allow reaction of solution with AuNPs inside the cells. The staining was
monitored under a light microscope and stopped before seeing background staining
(~up to 10 minutes). After incubation, wells were washed with deionized water at least
three times and cover glasses were mounted with water based mounting media. Bright
field images were taken after staining to visualize the AuNP presence within cells.
Silver staining was also performed at different long-term accumulation time points

with the identical protocol explained above.
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2.3.9 Determination of Cellular Internalization Pathway of AuNPs

Endocytosis inhibitors are often used to determine which endocytosis pathway plays a
central role for the cellular uptake of the NPs [4]. The concentrations and treatment
times of small molecule chemical inhibitors were optimized in a preliminary
experiment to select the maximum non-toxic doses and treatment times. HUVECs
were seeded at 2.5 x 10* cells/well density in 24 well plates. After 4 h of incubation,
cells were treated with chemical inhibitors at final concentrations of 2.5 mM amiloride
(inhibits micropinocytosis), 100 pg/mL nystatin (inhibits caveolin-dependent
pathway) and 2.5 pg/mL chlorpromazine (inhibits clathrin-dependent pathway) to
inhibit specific pathways and to understand the internalization mechanism of the
AuNPs (Table 2.1). After 1 h incubation, the inhibitors were removed, and the cells
were exposed to 8 pg/mL of AuNPs in 5% FBS DMEM. After 4 h incubation with
AuNPs, cells washed three times with 1x PBS to remove excess AuNPs. After
washing, cells were detached from the surfaces with trypsinization and collected with
centrifugation at 2500 rpm for 5 min. The protein isolation was performed according
to instructions of the M-PER® Mammalian Protein Extraction Kit (Thermo
Scientific). After that, protein concentrations of samples were determined with
Pierce™ BCA Protein Assay (Thermo Scientific). ICP-MS measurement was

performed same as mentioned above.
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Table 2. 1 Chemical inhibitors used for the inhibition of the endocytosis pathway

of cells
Inhibitor Amiloride Nystatin Chlorpromazine
Clathrin No No Yes
Caveolin No Yes No
Micropinocytosis  Yes No No

2.3.10 In Vitro Long-term Accumulation Model

Following assessment of the cell viability, a non-toxic dose of 8 pg/mL was chosen
for long-term accumulation experiments. HUVECs were seeded in 6 well plates at a
density of 1 x 10° cells/well, and exposed to AuNPs after their attachment to well
surfaces (~4 h). HUVECs were later subcultured after reaching ca. 90% confluency
and re-seeded again at 1 x 10° cells/well density to 6-well plates for further incubation.
This process was repeated in three-day intervals, as represented in Figure 2.3. In each
passage, the remaining cell pellets were used for RNA isolation, protein isolation,
viability and proliferation analyses, silver staining, and ICP-MS measurements. For
ICP-MS measurements, cells were counted at least three times with trypan blue to

determine the remaining cell amounts for normalization.
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Figure 2.3 Schematic illustration of the long-term AuNP accumulation model.
Endothelial cells (HUVECsS) are cultivated under standard growth conditions in tissue
culture plates. Additionally, their culture media were supplemented with AuNPs at a
constant dose of 8 pg/mL, which is just below the acute lethal level. Based on this
model, cells are expected to uptake AuNPs during the growth phase of the cell cycle,
and then, typically, undergo mitosis and presumably halve their nanoparticle content
into each of the offspring. Nevertheless, the continuous exposure to the nanoparticles
in the medium leads to steady intracellular accumulation over time. In the early term,
i.e., approximately the first two weeks, cells were observed to steadily accumulate
AuNPs until a maximum peak level followed by a steady decrease for the next

following weeks approaching to the ground zero level.

2.3.11 Quantification of AuNPs within Cells by ICP-MS for Accumulation

Analysis

To investigate the protein corona effects on the internalization of the AuNPs, short-
term uptake of AuNPs in 5% FBS DMEM and 10% FBS DMEM was performed in
HUVECs. The cells were seeded in 6 well plates at a density of 1 x 10° cells/well, and
exposed to 8 pg/mL of AuNPs in 5% FBS DMEM and 10% FBS DMEM after their
attachment to well surfaces (~4 h). After 4 h incubation with AuNPs, cells were
washed three times with 1x PBS to remove excess the AuNPs. After washing, cells
were detached from the surfaces with trypsinization and collected with centrifugation
at 2500 rpm for 5 min. The protein isolation was performed according to the

instructions of M-PER® Mammalian Protein Extraction Kit (Thermo Scientific). After
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that protein concentrations of samples were determined with Pierce™ BCA Protein
Assay (Thermo Scientific). Then, samples were digested by aqua regia, and diluted in
2% nitric acid immediately prior to measurement. A five-point calibration curve was
prepared in a gold concentration range of 1.25-20 ng/mL, and the quantification was
performed through linear regression of the measured intensity of the analyte and
internal standard (Bi) versus the concentration of calibration standards. All results
were reported in ppb or ppm of gold per sample. Gold measurements were performed
using a Thermo Scientific X Series 2 ICP-MS.

To investigate the long-term accumulation of AuNPs in HUVECs over time, cells were
counted at least three times with trypan blue after each passage to determine the
remaining cell amounts for normalization. After that, all cell pellets were kept frozen
until analysis, and before analysis they were thawed. The following procedure for ICP-
MS measurement was performed same as mentioned above. The number of AuNPs

per cell was calculated as:
m= pgnr3 m = mass of one AuNP  p =densityof gold r=
radius of one AuNP

To obtain number of AuNP in each sample, total ppb determined by ICP-MS was

divided to the mass of one AuNP. Total AuNP number was divided to cell number.

2.3.12 Quantification of AulNPs in Medium by ICP-MS for Exocytosis Analysis

During long-term accumulation experiment, all media were collected for exocytosis
analysis before AuNPs exposure to the cells. Briefly, HUVECs were seeded in 6 well
plates at a density of 1 x 10° cells/well, and medium was collected for ICP-MS

measurements and replaced with AuNP containing medium after their attachment to
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well surfaces (~4 h). All collected medium samples were kept frozen until analysis,
and the ICP-MS measurements were performed with the same procedure as mentioned

above.

2.3.13 Imaging of HUVEC:s with Fluorescent Molecules for Endocytosis Analysis

At day 23 of long-term accumulation, HUVECs were seeded on 13 mm cover glasses
at a density of 2.5 x 10* cells/glass. After 4 h of incubation, media were removed and
replaced with media containing 5 ng/mL Alexa Fluor 488 conjugated Cholera toxin
subunit B (recombinant), 100 pg/mL fluorescein conjugated dextran (10000 MW) and
25 pg/mL Alexa Fluor 488 conjugated transferrin from human serum and the cells
were incubated additional 4 h. Cells were then washed three times with 1x PBS to
remove excess molecules. After washing, coverslips were closed on glass slides and

immediately imaged with Zeiss LSM 510 Meta before cell death.

2.3.14 Determination of Cellular Stress Levels by qRT-PCR and

Dichlorofluorescein Assay

RT-PCR and qRT-PCR were used to quantify the XBP1 and sXBP1 amounts. Total
RNA was isolated from remaining cell pellets using TRIzol (Invitrogen) according to
the manufacturer’s instructions. Briefly, Nanodrop 2000 (Thermo Scientific) was used
to assess the yield and purity of the extracted RNA. Primer sequences are listed in
Table 2.2. Reaction efficiencies for each primer set were evaluated with standard
curves using 2-fold serial dilutions of total RNA. cDNA synthesis from RNA and RT-
PCR were performed using SuperScript III One-Step RT-PCR Kit (Invitrogen)

according to the manufacturer’s instructions. PCR products of XBP1 were
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electrophoresed on 10% PAGE at 80 V for 5 h. The size difference between spliced
and unspliced XBP1 is 26 nucleotides. sXBP1 gene expression profiles were analyzed
at each time point of accumulation. Reaction conditions were briefly as follows: 55 °C
for 5 min, 95 °C for 5 min, 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 40 °C for
1 min, followed by a melting curve to confirm product specificity. For gene expression
analysis a comparative Ct method was used with the formula of (primer efficiency)
AACtwhere AACt and ACt were explained as:
AACt = ACt(AuNP (Acc)) — ACt(AuNP (Non acc)) and ACt
= Ct(sXBP1) — Ct(GAPDH)

Reactive oxygen species (ROS) formation was analyzed with dichlorofluorescein
(DCF) assay after 57 days of accumulation. First 5 (6)-Carboxy-2’, 7’-
dichlorofluorescein diacetate (DCF) was dissolved in DMSO as 10 mM
concentration. Briefly, HUVECs from AuNP accumulated and non-accumulated
groups at day 57 were passaged and re-seeded at a density of 5 x 10° cells/well in a
96-well plate. After 4 h attachment, 10 uM DCF dye (The optimal working
concentration of DCF dye should be determined separately for HUVEC cells and
AuNP treated and/or accumulated cells) in prewarmed phenol-free DMEM was laid
on cells and incubated for 1 h. After incubation, excess amount of DCF was washed
three times with phenol-free DMEM. The cells were recovered in optimal temperature
and fluorescent intensity was measured with a microplate reader at Ex/Em ~492-495/
517-527 nm wavelengths. 100 uM hydrogen peroxide (H>02) was used as positive
control and unstained cells were chosen as negative control. Concentration of H>O; as
positive control and recovery time after incubation with DCF were optimized for

HUVEC: prior to the main experiment.
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Figure 2.4 Chemical structure and working principle of DCF assay. DCFHDA dye

is taken by cells and non-specific cellular esterases cleave off the lipophilic groups

(acetyl groups), after which the resulting charged compound is trapped inside the cells.

Oxidation of DCFH by ROS converts the molecule to DCF, which is highly

fluorescent.

Basic working principle of DCF dyes is depicted in Figure 2.4. Reduced and acetylated

DCF dyes are non-fluorescent until the acetate groups are cleaved by intracellular

esterases and oxidation by reactive oxygen groups inside the cells. Oxidation of this

probe can be detected by flow cytometer, microplate reader, a fluorescence microscope

at Ex/Em ~492-495/ 517-527 nm wavelengths.

Table 2. 2 Primers used in RT-PCR and qRT-PCR.

Gene

Primer Sequence

(Forward/Reverse)

Product size (bp)

ER-stress Markers

XBP1 [94] TTACGAGAGAAAACTCATGGCC 289 for unspliced
GGGTCCAAGTTGTCCAGAATGC 263 forspliced
sXBP1 [95] TGCTGAGTCCGCAGCAGGTG 263
GCTGGCAGGCTCTGGGGAAG
Reference Gene
GAPDH GTGCCAGCCTCGTCTCATA 186
AACTTGCCGTGGGTAGAGTC
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2.3.15 Statistical Analysis

All experiments were independently repeated at least twice, with at least four replicas
for each experimental and control group in each independent assay. All quantitative
results were expressed as means + s.e.m. Statistical analyses were carried out by one-
way analysis of variance (ANOVA) or Student’s t test, whichever applicable. Degrees
of significance are indicated in graphs when necessary (* p < 0.05; ** p <0.01; *** p

<0.001).

2.4 Results and Discussion

2.4.1 Characterization of AuNPs

Morphology, size and size distribution of citrate-capped AuNPs were confirmed with
TEM which showed spherical nanoparticles that are around ca. 12 nm in diameter
(12.2 £ 1.0 nm by TEM, Figure 2.5A and B). The hydrodynamic size of citrate-capped
AuNPs was found to be 11.8 = 2.3 nm via DLS measurement in water. This result
further confirmed that there was no aggregation in the solution (Figure 2.5C).
Moreover, similarities in size and size distribution histograms between TEM and DLS
further confirmed the monodisperse synthesis of AuNPs via Turkevich method.

The UV-Vis spectrum of citrate-capped AuNPs displayed a distinct surface plasmon
resonance peak (SPR) at 518 nm (in ultrapure water). The location of the SPR signal
is informative about the electronic properties of the surrounding medium and the state
of nanoparticle aggregations that may potentially result from the formation of surface

corona from macromolecular species. A slight red shift in the absorption spectrum of
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the AuNPs when placed in fetal bovine serum suggested the formation of a corona on
the nanoparticle surface that is caused by the displacement of weakly-bound citrate
ions with multivalent macromolecules present in the serum (Figure 2.6A, B, and C).
A concomitant increase in zeta potential (from -30 mV to -10 mV) was also observed,
further suggesting the alteration in the surface chemistry of the nanoparticles following

introduction into the biological environment.
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Figure 2.5 Size and distribution characterizations of AuNPs by TEM and DLS.
TEM image (A), particle size distribution histogram of AuNPs in TEM (B) and DLS
(C). Scale bar is 20 nm.
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A fluctuation in zeta potential was also observed in time-dependent measurements,
which was attributable to the mobile elements of the dynamic corona (Figure 2.6D).
Such alterations on the surface chemistry of the AuNPs suggest a new biological
identity (in addition to its chemical identity determined by its size and surface
characteristics) that could influence its interactions with the cells. The significance of
this biological identity was further observed in the viability experiments in order to

determine the exposure dose of AuNPs for accumulation studies.
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Figure 2.6 Colloidal stability and protein corona analysis via UV-vis and zeta-
potential. Colloidal stability of the AuNPs in media containing different amounts of
FBS (A), UV-vis spectra of the AuNPs in a concentration range of 1-64 pg/mL in 10%
FBS containing media (B), UV-vis spectra of the AuNPs in a concentration range of
1-64 pg/mL in 5% FBS containing media (C), and zeta potential of AuNPs in 5% FBS

containing media (D).
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2.4.2  Cytotoxicity and internalization of AuNPs

Human umbilical vein endothelial cells (HUVECs) were cultured in serially-diluted
concentrations of nanoparticles in 5% or 10% serum-containing media. In 5% serum
containing medium, AuNPs at 8 pg/mL and below concentrations were found to have
no detrimental effect on the cell viability after 24 h (Figure 2.7B). Higher
concentrations, however, resulted in significant decrease in the cell viability because
of increased nanoparticle uptake (Figure 2.7B). In 10% serum containing medium, cell
viability was ca. 80% at 64 pg/mL administered dose of AuNPs, whereas it was found
to be ca. 40% in 5% serum containing medium (Figure 2.7A and B). Interestingly, the
acute lethality of AuNPs was found to be highly dependent on the concentrations of
the biomacromolecules present in the medium, especially at elevated AuNP

concentrations.
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Figure 2.7 Cytotoxicity and protein corona effects analyses. Dose-dependent
cytotoxicity in HUVECs after 24 h of AuNPs exposure in 10% FBS DMEM (A) and
5% FBS DMEM (B) (Error bars show s.e.m., two independent experiments were
repeated with n=4 in 10% FBS DMEM cytotoxicity and n=8 in 5% FBS DMEM
cytotoxicity experiments. One-way ANOVA with Tukey’s Multiple Comparison Test
was used to show statistical significance at *** p < 0.001 and ** p < 0.01.). Relative
uptake of 8 pg/mL AuNPs exposed in 10% FBS DMEM and 5% FBS DMEM in
HUVECs after 4 h of incubation (C) (Error bars show s.e.m, two independent
experiments were repeated with n=3 in each experiment. Student’s t-test was used to

show statistical significance at **p < 0.01.)
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The serum and concentration dependent uptake of the AuNPs in HUVECs were also
visualized with silver staining. 5% serum containing medium showed higher staining
when compared to 10% FBS group (Figure 2.7 and Figure 2.8). Therefore, interactions
at the cell-nanoparticle interface appear to be strongly influenced by the altered
biological identity of the AuNPs. It is well-known that the high surface energy of
AuNPs allow unfolding of coronal proteins, which exposes previously unavailable
domains to the biological environment [4]. The cellular uptake of nanoparticles, a very
initial step towards the cytotoxic response, may then change considerably depending
upon the biological environment and on the concentration of the biomacromolecular
components in which the nanoparticles are presented [5]. Indeed, the number of
nanoparticles taken up by cells is considerably higher when cells were exposed to the
nanoparticles in 5% serum, which is in parallel with the higher cell death caused by
AuNPs in 5% serum (Figure 2.7C). Consequently, the altered uptake and viability are
likely to be caused by the altered characteristics of the protein corona, which is
tremendously influenced by the concentration of the macromolecular species inside

serum even though, both mediums are the same.
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Figure 2.8 Silver enhancement staining of the AuNPs in HUVECs cultured with
10% FBS DMEM. After 24 h of incubation of the cells with increasing concentrations
of AuNPs in 10% FBS DMEM, silver enhancement staining was performed and

bright-field images were taken. Scale bars are 50 um.
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Figure 2.9 Silver enhancement staining of the AuNPs in HUVECs cultured with
5% FBS DMEM. After 24 h of incubation of the cells with increasing concentrations
of AulNPs in 5% FBS DMEM, silver enhancement staining was performed and bright-

field images were taken. Scale bars are 50 pm.

2.4.3  Invitro long-term accumulation of AuNPs

In the next step, the intracellular accumulation pattern of AuNPs in cultured HUVECs
was investigated. Due to the elevated uptake of the AuNPs, from here on, the rest of
the accumulation studies were carried out in 5% serum containing medium. HUVECs
were seeded and exposed to 8 pg/mL AuNPs; after reaching ca. 90% confluency, they
were subcultured and re-seeded again. This process was repeated over time to obtain
the long-term accumulation model (see Figure 2.3 and Experimental section). In order
to dissect the impact of the long-term nanoparticle accumulation from the acute toxic

effects, the AuNPs were introduced to cells below the acute lethal dose, which was
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determined as 8 pg/mL from the viability assay (Figure 2.7B and C, Figure 2.8).
During the first two weeks, the AuNPs rapidly accumulated inside HUVECs (Figure
2.10A). Intracellular accumulation was further evidenced by silver staining, which
enables visualization of the AuNPs under light microscope. Independent repeats of this
experiment showed that this initial accumulation period could extend until 20 days,
with the same pattern in each repeat. Nonetheless, no further accumulation was
observed after this period. Strikingly, the peak accumulation was followed by a steady
decline in the amount of intracellular AuNPs (Figure 2.10B). Furthermore, repeatable
fluctuations were observed in the intracellular AuNP amount even though the overall
trend was down, during the decline period (Figure 2.10A). There are two possible
explanations for the decline in the intracellular AuNP accumulation: a) the uptake of
new AuNPs was inhibited by inhibiting the endocytosis process, or b) AuNPs inside
the cells were actively transported from the cells to the outside environment. There are
few reports on the exocytosis of surface-functionalized AuNPs [96-98] despite the fact

that the inhibition of the uptake process has not been previously reported.
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Figure 2.10 In vitro long-term accumulation of AuNPs in HUVECs. The amount

of the internalized AuNPs in HUVECs quantified from the data measured by ICP-MS
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at each passage and its normalization to cell number. The number of AuNPs is
expressed as AuNPs per cell (A). Silver staining of the cells at different accumulation

time points (day 7, 14, 21, and 28) (B). Scale bars are 20 um.

2.4.4 Endocytosis and exocytosis behavior of AuNP accumulated cells

To understand the endocytosis and exocytosis behavior, first, the AuNP uptake
mechanism in HUVECs was investigated. Although the uptake mechanisms of bare
and surface-functionalized AuNPs in a variety of sizes and shapes have been
characterized in the literature, their internalization is difficult to generalize and may
depend on processes such as micropinocytosis [78], phagocytosis [99, 100], receptor
mediated endocytosis [101] (clathrin- or caveolae-mediated endocytosis) and
transcytosis [102]. Therefore, three of these major pathways (micropinocytosis,
caveolae-mediated endocytosis, and clathrin-mediated endocytosis) were blocked by
inhibitor treatment to observe whether the AuNP uptake depended on any of these
mechanisms (Table 2.1). The uptake of the AuNPs was observed to greatly (ca. 30 %)
diminish following the inhibition of micropinocytosis while this decrease was not as
pronounced after inhibition of the caveolae- or clathrin-mediated endocytosis (Figure
2.8). This result suggests that the AuNPs were predominantly entering into HUVECs
via micropinocytosis. Gulsuner et al, showed that MDP-AuNPs which contains RGD
sequence as targeting moiety enters into breast cancer cells via both clathrin-mediated
endocytosis and micropinocytosis pathways [78]. The cells might use non-specific
entry routes for endocytosis of non-functionalized AuNPs. Therefore, lack of targeting

moiety might activate the micropinocytosis pathway for nanoparticle endocytosis.
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Figure 2.11 Cellular uptake of AuNPs. ICP-MS analysis of HUVECs treated with
chemical inhibitors of endocytosis and incubated with 8 pg/mL of AuNPs. After 4 h
of incubation, total gold atoms (A) and relative uptake (B) in HUVECs were calculated
by normalization to protein amounts and untreated (NT) group. (Error bars show s.e.m,
two independent experiments were repeated with n=3 in each experiment. One-way
ANOVA with Tukey’s Multiple Comparison Test was used to show the statistical
significance at *p < 0.05.) (Amiloride blocks micropinocytosis; chlorpromazine

prevents the formation of clathrin pits and nystatin disrupts caveolae function).

In order to understand if any of these major routes of uptake is impaired during the
accumulation process, the endocytosis competency of cells on day 23, one of the early
days of the decline in the intracellular AuNP amount (Figure 2.10A) was analzyed.
For this purpose, cells were incubated with fluorophore-conjugated molecules that
enter cells through specific endocytosis pathways and then checked if these molecules
are inside the cells. Among these molecules, choleratoxin enters cells through caveola-
mediated endocytosis, transferrin enters via clathrin-mediated endocytosis, and
dextran enters via micropinocytosis. While cholera toxin and transferrin entries were
observed in both Accumulated and Non-accumulated groups, dextran entry was

observed only in the Non-accumulated group, indicating that micropinocytosis, the
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main route of AuNP uptake, ceased altogether (Figure 2.12). Nevertheless, the
complete inhibition of macropinocytosis is far from explaining the drastic decrease in

the intracellular AuNP.

Cholera toxin Dextran Transferrin

Accumulated

Non accumulated

Figure 2.12 Uptake profile of the fluorescent-labeled compounds in the AuNP
accumulated and non-accumulated cells. After 23 days accumulation of the AuNPs
in HUVEC s, cells were passaged and incubated with fluorescent-labeled compounds
which enter through specific endocytosis pathways. Cholera toxin enters through
caveolin-mediated endocytosis, dextran enters through micropinocytosis, and

Transferrin enters through clathrin-mediated endocytosis. Scale bars are 10 pm.

As a result, the potential role for exocytosis for the active transport of AuNPs out of
the cells was explored, however, no evidence that exocytosis plays a significant role
for the removal of AuNPs inside the cells was observed (Figure 2.13). It is likely that
cell division plays a predominant role for the dilution of the AuNPs in the new
offspring cells [103]. Because the micropinocytosis is inhibited, these two effects were

combined to culminate in a gradual decrease of AuNPs inside the cells.
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Figure 2.13 Exocytosis behavior of HUVECs during long-term accumulation of
the AuNPs. ICP-MS analysis of total gold atoms in medium collected before the

AuNP exposure. (Error bars show s.e.m, experiments were performed with n=3.)

2.4.5 Determination of the cellular stress during long-term accumulation

Engineered nanomaterials bound to biomacromolecules can cause conformational
changes [104] in the structure of proteins, which might result in ER stress through the
unfolded protein response (UPR), and trigger oxidative stress [105] through ROS
formation. ER stress is generally considered as an adaptive reaction of cells to external
stress, and serves as a survival mechanism. This complex stress response is mediated
by several molecules, such as PKR-like ER kinase (PERK), activated transcription
factor 6 (ATF6), inositol-requiring enzyme 1 (IRE1), and spliced X box-binding
protein 1 (sXBP1) [94]. IREI is activated in response to the accumulation of unfolded
proteins, and acts as a site-specific endonuclease splicing out a 26-nucleotide intron in
XBP1 mRNA. Spliced XBP1 mRNA is translated to produce the spliced XBP1

protein, which is a transcription factor and one of the key regulators of the protein-
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folding capacity of the cells and ER homeostasis [94]. Therefore, cellular levels of
XBP1 and its spliced form, sXBP1 were monitored through polyacrylamide gel
electrophoresis (PAGE) and qRT-PCR to evaluate the ER stress at different
accumulation time points (Table 2.2). Interestingly, a slight sXBP1 band was observed
at the point of highest accumulation (day 12), which became more pronounced at day
16 in the Accumulated group but not observed in the Non-accumulated group (Figure
2.14A). Moreover, there were also slight bands at day 28 and 30 in the accumulated
group which were not observed in the non-accumulated group. This result was also
confirmed using only the sXBP1 primer in qRT-PCR, where a sharp peak with
significant increase of 201.94 + 6.29 folds of non-accumulated group was seen at day
16. sXBP1 expression was statistically significant to other AuNP accumulated days
(Figure 2.14B). Expression profile of sXBP1 correlates with accumulation of the
AuNPs inside the cells, which suggests that peak accumulation occurs at day 12 due
to slight ER stress, while increased ER stress at day 16 triggers a decline in AuNP
accumulation. A recent study [93] implicated more changes in the expression of
unfolded protein response gene (HSPAJS) in one-shot non chronic AuNP (18 nm citrate
and PAA coated nanospheres and PAA coated nanorods) exposure model compared
to 20 week chronic exposure which contrasts with these findings. The discrepancy
might arise from cell type [15, 16] and nanoparticle size [10], shape [11-13] and
surface chemistry [9] which were previously shown to be important for cellular
response. In addition, another UPR gene ATF6 was not upregulated in both chronic
and non-chronic exposures, which shows that their microarray results might need

further confirmation at protein level.
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Figure 2.14 Cellular stress response to long-term accumulation of AuNPs. RT-
PCR analysis of an ER stress indicator (XBP1) in HUVEC: at different accumulation
time points following 10% polyacrylamide gel electrophoresis (A). qRT-PCR analysis
of spliced XBP1 (sXBP1) in HUVECs at different accumulation time points, where
expression of sXBP1 was normalized to GAPDH and non-accumulated samples (B).
ROS levels were analyzed in AuNP-accumulated and non-accumulated cells after 57
days of accumulation by DCF assay (C) (Error bars show s.e.m, experiment was
performed with n=3. Student t-test was applied for statistical analysis.)
Under prolonged ER stress, cells typically ignite a specific cell death program,
apoptosis [106]. At the end of 57 days of accumulation, both viability and ROS levels
in accumulated and non-accumulated groups were comparable, indicating that long-
term accumulation of AuNPs did not induce cell death and ROS formation (Figure
2.15A and Figure 2.14C). Thus, it is likely that the cells exposed to the AuNPs for
longer periods develop a survival mechanism via short-term on/off of ER stress

followed by inhibition of their micropinocytosis pathway, and thereby control the

intracellular concentration of the AuNPs. A link was previously established between
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ER stress and endocytosis inhibition in the literature [107], and this cooperative
mechanism might possibly serve to control intracellular concentration of engineered
nanomaterials.

On the other hand, the proliferative capacity of cells in accumulated group decreased
slightly, but significantly, when compared to non-accumulated cells (Figure 2.15B).
One week exposure of low dose of citrate-capped AuNPs (~18 nm in diameter) has
previously been reported to trigger a similar decrease in cell proliferation without

compromising cell viability [108].
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Figure 2.15 Cellular response to long-term accumulation of AuNPs. Cytotoxicity
of AuNPs after 57 days was assessed with Live / Dead (calcein Am / ethidium
homodimer staining) and MTT assay. Live cells were stained green and dead cells
were stained red. Student t-test was used for statistical analysis and significance was
not found (A). Proliferation of cells after 49 days of accumulation was assessed with
Click-iT EdU assay. The nuclei of proliferating cells were stained green. Student t-test
shows statistical significance with *p < 0.05 (B). Error bars show s.e.m in all graphics,
experiments were repeated with n=3 in both viability and proliferation experiments.

Scale bars are 200 pm in all image.
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2.5 Conclusion

In this work, the toxic impact of chronic exposure and accumulation of the AuNPs on
endothelial cells was shown. Even though the AuNPs are largely considered “non-
toxic” and “safe” based on the short-term exposure assays, their long-term interaction
with the cellular machinery is highly complex and creates major challenges for cells
to eliminate the stress caused by its accumulation. To elucidate this, a new in vitro
accumulation model, which enables assessment at non-lethal exposure doses over an
extended period of time, was designed. This platform emulates certain aspects of in
vivo exposure conditions as well as utilizes a simple-to-implement cell culture model
that can be used to directly analyze the long-term effects of other types of nanoparticles
accumulated in the cellular environment. The information deduced from the
accumulation experiments demonstrates the strength of the model, thereby, paving the
way of improving risk assessment methods and extending protocols for the
development of alternate cell-based models to better understand the nanomaterial
safety and the associated risks. Nevertheless, there are still important challenges and
questions that remain to be addressed for the optimal evaluation of long-term
nanomaterial toxicity. For example, a more robust method could be developed where
cell division and proliferation are inhibited, so the effect of cell division on diluting
the intracellular nanoparticles is eliminated. However, the challenge here is to keep
cells alive and healthy under the cell cycle arrest conditions for extended periods of
time. Ultimately, this and other complementing in vitro toxicity models are expected
to provide invaluable mechanistic information about cell-nanomaterial interactions at

the molecular level as well as enormous practical flexibility for experimental setup
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design, thereby significantly reducing the need for animal-based models and the

number of animals being sacrificed.
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CHAPTER 3

3 Pro-regenerative effects and application of ketone body
beta-hydroxybutyrate in intestinal stem cell
maintenance and regeneration

This work is a partial content of a publication under preparation with the following

authors:

Cheng C.W. Biton M., Haber A.L., Gunduz N., Eng G., Gaynor L.T., Tripathi S.,

Kocal-Calibasi G., Rickelt S., Gebert N., Butty V., Moreno M., Igbal A.M., Bauer-
Rowe K.E., Mylonas C., Whary M.T., Levine S.S., Hynes, R.O., Kenudson M.O.,
Deshpande V., Boyer L.A., Mihaylova M.M. Ori A., Fox J.G., Regev A. and Yilmaz
O.H. Endogenous ketones instruct intestinal stem cell fate through Notch signaling.

(submitted)

3.1 The objective

After identification of the Lgr5" intestinal adult stem cell (ISCs), diverse signaling
pathways have been shown to balance stem cell self-renewal and differentiation in
response to tissue homeostasis, disease, damage and aging. For example, whether
physiological variations in nutrient levels can alter these signaling pathways to
regulate stem cell function is less clear. Recent studies show that there are
interconnections between physiology, stem cell function and colorectal cancer
initiation. For instance, high fat diet enhances stemness and tumorigenicity of

intestinal progenitors. Understanding the effects of regulatory mechanisms driven by
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dietary nutrients, metabolism, and metabolic intermediates on stem cell function may
help development of safer anti-cancer and anti-aging therapies. A metabolic enzyme,
hydroxymethylglutaryl CoA synthase 2 (HMGCS2), was highly enriched in Lgr5*
ISCs in previous RNA-seq and proteomics results. HMGCS2 along with carnitine
palmitoyltransferase-1 A (CPT1A) determine the metabolic fate of fatty acids in
different physiological states such as starvation, fasting, high fat diet, and ketogenic
diet. Here, the following questions were investigated : 1)What is the function of this
metabolic enzyme in highly cycling Lgr5* ISCs without physiological stimulation? 2)
Does HMGCS2 function in ketogenesis and produce ketone body? 3) What are the
consequences in Lgr5" ISCs and intestine when HMGCS2 is not expressed? 4) Can
ISC function and regeneration capacity of intestine be rescued with exogenous ketone
body BOHB administration? Therefore, here in this study, the role HMGCS2 and its
product B-hydroxybutyrate (BOHB) was interrogated in intestinal tissue via deletion
of Hmgcs2 with a genetically engineered mouse model and compensation capacity of

engineered forms of B-hydroxybutyrate (BOHB) in irradiation injury model.

3.2 Introduction

Although it starts with a single cell, fertilized egg, our body consists of different
organs, tissues and cell types working in a harmony. Every organ has two main tasks:
utilization of metabolites and protection against tissue damage. Neither of these tasks
are unique to one organ in our body, however intestine has to perform these tasks
continuously while withstanding mechanical forces due to migrating motility
complexes, extreme pH variations for chemical digestion and colonization of more

than 10! bacteria. These insulting tasks require continuous tissue maintenance and
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regeneration to balance tissue protection and efficient nutrient and water absorption.
The intestine which has the largest surface area in our body, adopt two important
features which are linked closely to fulfill tissue maintenance and regeneration: crypt-
villus structure and continuous proliferation. The crypt-villus structure is first
described in dissertation of Jonathan Nathanael Lieberkiihn in 1745. The intestinal
epithelium is covered by millions of crypt-villus units. Later on, in 1893, Bizzozero
noticed mitoses occur in the crypt region and newly formed daughter cells move from
the crypts to the villi to contribute to the maintenance of intestinal epithelium. Another
study in 1947 by Leblond and Stevens showed the self-renewal mechanism and rate of
intestinal epithelium by using a mitosis inhibitor, colchicine. After that, Leblond lab
investigated the crypt stem cell identity and origin of different epithelial cells in
intestine [109]. In agreement with Austrian physician Joseph Paneth, they showed that
the crypt base is not only populated by Paneth cells. There is another cell type
intermingled between granular post-mitotic large Paneth cells which is very small and
narrow and continuously cycling, so-termed as crypt base columnar cells (CBCs).
Although Leblond showed CBCs are clonal origin of different cell types in the
intestinal epithelium as depicted in Figure 3.1, yet due to lack of sophisticated tools to
trace lineage differentiation from a common source, their finding was not the final

proof of CBCs as stem cells [110].
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Figure 3.1 The anatomy of the small intestinal epithelium. The epithelium is shaped
into crypts and villi (left). The lineage scheme (right) depicts the stem cell, the transit-
amplifying cells, and the two differentiated branches. The right branch constitutes the
enterocyte lineage; the left is the secretory lineage. Relative positions along the crypt-
villus axis correspond to the schematic graph of the crypt in the center. Reprinted with

the permission from [111] Copyright (2019) Science.

Substantial progress was done with mutagenesis studies by Winton and Bjerknes to
show clonal origin of cells in the intestinal epithelium [112, 113]. After accelerated
researches about crypts, stem cell zone and cellular compositions, different signaling
pathways control stemness and differentiation in intestinal epithelium [114]. Wnt
pathway is one of them and shown deregulated in colon cancer cell line which confirms
driver role of Wnt in CBCs stemness and crypt proliferation. With the transcriptomics
and proteomics studies showed Wnt-controlled genes and prominent one is Lgr5,
Leucine rich repeat-containing G-protein coupled receptor which later defined as stem

cell marker of intestinal epithelium. Identification of Lgr5 as stem cell marker brought
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new insight into intestinal stem cell biology through coupling Lgr5 locus with
inducible Cre recombinase [115]. In addition to Wnt and Wnt-target genes, BMP,
Notch, Hippo, and EGF/EphB signaling pathways are also major regulators of stem
cell maintenance and differentiation [114]. Deregulations in these signaling cascades
as a result of mutation are the main reasons of cancer and other pathophysiological
states of intestine. In addition to these molecular mechanisms, recent studies
demonstrate the role of dietary nutrients, the physiological state of body and
metabolites in the maintenance of stem cell and homeostasis of tissues [116]. Systemic
dietary regimens such as calorie restriction controls stem cell numbers and functions
through regulating mTORC1 and SIRT1 both in ISCs and Paneth cells [117, 118].
Furthermore, high-fat diet modulated peroxisome proliferator-activated receptor delta
(PPAR-d) program activation augments not only the number and function of Lgr5*
ISCs but also their tumor initiating capacity [119]. High-fat diet also controls ISC
function through phospholipid remodeling, cholesterol biosynthesis, and Notch
signaling [120, 121]. Vitamins are also important in stem cell function and low level
of vitamin D compromises the function of Lgr5* ISCs [122]. Recently, fasting induced
fatty acid oxidation through PPAR/CPT1a was found to augment ISC function in aging
and regeneration [123]. Although the effects of diet on ISC function have also been
demonstrated with these recent studies, the effect of endogenous metabolites is not
well understood. Here, in this study, the role of the ketogenic enzyme HMGCS2 and
its product B-hydroxybutyrate (BOHB) were investigated in intestinal stem cell
maintenance and differentiation via deletion of Hmgcs2 in a genetically engineered
mouse model and compensation capacity of the engineered forms of BOHB in an

irradiation injury mouse model.
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3.3 Experimental methods

3.3.1 Mice and treatments

Mouse strains. Functional validation studies widely utilize genetically engineered
mouse models (GEMMs) to manipulate the genes of interest in mouse genome. For
this purpose, conditional alleles are used to analyze the function of a gene in a
tissue-specific or temporal manner during different development time points. To
validate whether Hmgcs2 expressing cells have ISC function and whether Hmgcs?2
is necessary for ISC function and maintenance, Hmgcs2-lacZ reporter and
conditional loxP mice were generated using a knockout-first strategy depicted in
Figure 3.2 [124]. In contrast to other standard designs, knockout-first strategy has
advantage of combining both a reporter and conditional mutation. Briefly, vector
design was achieved by a gene trapping cassette consisting of mouse En2 splicing
acceptor (SA), reporter (LacZ) and promoter-driven selection (Neomycin,
Kanamycin) genes that were inserted into upstream of a critical exon of a gene
(intron region) between two identical FRT sites. The initial allele (Hmgcs2-Vector,
V) (KOMP: PG00052 Z 4 A06) can be modified in embryonic stem (ES) cells or
crosses to Flp or cre mice. Conditional allele (Hmgcs2-loxP, L) was generated by
flanking FRT sites with Flippase (Flp) recombinase or by crossing vector mice with
Flippase mice (FLPe knockin mice, Jackson Labs #003946). Null allele (Hmgcs2 -
/-, KO) was generated through splicing of the LacZ trapping element and a critical
exon by FLP and/or CRE recombinases. To validate the function of Hmgcs2 in
ISCs and intestine, conditional Hmgcs2 Y'* mice were crossed to Lgr5-eGFP-IRES-

CreERT2 [115] and to Lgr5-CreERT2; tdTomatoLSL [125] reporter mice

59



separately. CRE-mediated excisions in sorted GFP+ cells and in tdTomato+ crypt
cells were both confirmed by PCR. The Lgr5-eGFP-IRES-CreERT2 mice were
previously described [115]. Lgr5-CreERT2; tdTomatoLSL were generated by
crossing Lgr5-IRES-CreERT?2 mice (a gift from Dr. Hans Clevers) to tdTomato™St

mice (Jackson labs #007909).

tmia FRT loxP FRT loxP loxP

Figure 3.2 Schematic of the “knockout-first’” conditional allele which is
generated with gene trapping strategy. The initial allele (tmla) contains a
reporter (LacZ) and selection (Neomycin) cassettes inserted into upstream of a
critical exon of a gene (intron region) to create a null allele of the gene. LacZ tagged
null allele, tmlb, produced by deletion of the critical exon and the Neomycin
cassette using a Cre recombinase that recognizes loxP sites. Conditional allele,
tmlc, is generated by deletion of LacZ and Neomycin cassettes by using a site-
specific Flippase (Flp) recombinase that recognizes identical two FRT sites. Tissue
specific Cre recombinase deletes the critical exon between loxP sites to generate a
frameshift mutation, tm1d. The figure is adapted from Skarnes, W.C., et al. with
the permission of Springer Nature [124].

Tamoxifen treatment. 1% (wt/v) Tamoxifen (Sigma, T5648) was dissolved in 10:90

Ethanol: Sunflower oil (v/v) mixture in room temperature. Intraperitoneal (i.p)
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tamoxifen injections were administered as 2 mg per 25 g of body weight and
indicated in figure legends.

Irradiation experiments. A lethal dose of ionizing irradiation at 7.5 Gray was

administered to mice twice with 6 h intervals by using 137-caesium source
(Gammacell 40E, Theratronics). Mice were monitored every day and intestine
tissues were collected for histology ~4-5 days after ionizing irradiation (XRT).
Lineage tracer, Lgr5-IRES-CreERT2; Rosa26-SL-"dTomato reporter mouse model was
used in irradiation experiments for tracing permanent tdTomato labeling of the
stem cells and their progeny over time upon induction after 24 h with Tamoxifen.
All in vivo experiments were performed with approval from the Committee for
Animal Care at MIT and under supervision of the Department of Comparative

Medicine at MIT.

3.3.2 B-hydroxybutyrate (BOHB) measurements

Intestinal crypts were isolated as described above and aliquoted into two samples.
Samples were pelleted (centrifuged at 300 g for 5 min) and re-suspended in lysis
buffer of BCA assay (Thermofisher, 23225) for measuring total proteins and for
BOHB measurements (Cayman, #700190). Level of crypts BOHB was normalized

to total proteins of each sample.

3.3.3 Crypt isolation and culturing

Crypt isolation was performed as previously reported [119, 126]. Briefly, small
intestines were removed, flushed with cold PBS, opened longitudinally and the

mucous layer was scraped with fingers gently. Then, small intestines were chopped
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into big pieces and incubated on ice with PBS—/— EDTA (10 mM) for 30-45 min.
Incubated tissues were washed with cold PBS to remove EDTA and crypts were
mechanically separated from the connective tissue by shaking or scraping with
glass, and then filtered with a 70 um mesh into a 50 mL conical tube to remove
villus material and tissue fragments. After centrifugation at 300g for 5 min, crypts

were dissociated in crypt culture media and embedded in Matrigel™

(Corning
356231, growth factor reduced) at 5-10 crypts per uL and 50 pL or 20 pL Matrigel
™ / crypt droplets were placed onto flat bottom of 24- or 48- well plates (Corning
3548). Then, Matrigel ™ crypt culture was placed into 37 °C incubator for
polymerization for around 20-30 minutes. 600 or 300 pL of crypt culture medium
was then overlaid onto the Matrigel™ drops, changed every three days, and
maintained at 37 °C in fully humidified chambers containing 5% CO». Unless
otherwise noted, crypt culture media was prepared as following based on previous
studies [119, 126, 127]. Advanced DMEM (Gibco) was supplemented with EGF
40 ng ml™! (R&D), Noggin 200 ng ml™! (Peprotech), R-spondin 500 ng ml™! (R&D,
Sino Bioscience or [128]), N-acetyl-L-cysteine 1 uM (Sigma-Aldrich), N2 1X (Life
Technologies), B27 1X (Life Technologies), CHIR99021 3 uM (LC laboratories),
and Y-27632 dihydrochloride monohydrate 10 pM (Sigma-Aldrich). Colony-
forming efficiency was calculated by dividing healthy organoid number to crypt
number per well at specified time points of culture (~3-7 days).

Crypts were also used for isolation of ISCs, progenitor and Paneth cells. Isolated
ISCs and Paneth cells were used for organoid initiation assay. Briefly, after
isolating crypts from Lgr5-eGFP-IRES-CreERT2 knockin mice [115], crypts were

dissociated with 1X TrypLE™ Express Enzyme (Gibco 12604013, no phenol red)
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at 32°C incubator for 1 min and gently quenched with S-MEM (Gibco, 11380037,
without calcium and L-glutamine) and then centrifuged at 300 g for 5 min, 4 °C.
The pellet was resuspended in cell labeling antibody cocktail (Table 3.1) and
incubated on ice for 20 min. After washing with S-MEM, the individual cell pellet
was resuspended in the S-MEM containing the viability dye 7-AAD (Life
Technologies) and filtered twice with 40 um mesh. ISCs were isolated as Lgr5-
EGFPMEpcam'CD24°%~CD31 Ter119-CD45 7-AAD ™. EGFP'®Y progenitors were
isolated as EGFPYEpcam*CD24'°"~CD31 Ter119 CD45 7-AAD", and Paneth
cells from small intestine were isolated as CD24"MSSChLgr5-
EGFP—Epcam"CD31 Ter119"CD45 7-AAD™ with a BD FACS Aria cell sorter into

supplemented crypt culture medium for culture.

Table 3. 1 Cell labeling antibody cocktail for sorting ISCs and Paneth cells from

crypts.

Antibody Brand Dilution / Purpose

CD45-PE eBioscience, 30-F11 1:500 / Lymphocyte common antigen
(myeloid cells)

CD31-PE Biolegend, Mec 13.3  1:500 / Endothelial cells in blood vessels

Ter119-PE Biolegend, Ter119 1:500 / Red blood cells

CD24-PacBlue Biolegend M1/69 1:300 / Paneth and endocrine cells

CD117-APC/Cy7 Biolegend 2BS 1:300 / Paneth and endocrine cells

EPCAM-APC eBioscience, G8.8 1:300 / Epithelial cells

7-AAD Life Technologies 1:500 / Dead cells

Lgr5-GFPM ISCs and CD24+c-Kit+ Paneth cells were sorted into separate tubes

and centrifuged at 300 g for 5 min and mixed in a 1:1 ratio and re-suspended in the
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appropriate volume of crypt culture medium seeded onto 20-25 uL Matrigel™
(Corning 356231 growth factor reduced) containing 1 pM JAG-1 protein (AnaSpec,
AS-61298) in a flat bottom 48-well plate (Corning 3548). After polymerization of
the Matrigel™ and cells at 37 °C in incubator for 30 min, 300 uL of crypt culture
medium was added on top of each well. The crypt media was changed every third

day.

3.3.4 Immunohistochemistry, Imnmunofluorescence and in situ Hybridization

Tissue preparation for paraffin embedding: As previously described [117, 119],

small intestines were first flushed with 1X PBS and then 10% formalin. Tissues
were placed in cassettes after spiral-rolling and fixed in 10% formalin ON (~18 h).
Next day, tissue cassettes were placed in 70% ethanol and dehydrated ON (~18 h).
After paraffin embedding, tissues were sectioned for haematoxylin-and-eosin-
staining (H&E), Alcian Blue Periodic Acid Schiff staining (AB/PAS),
immunohistochemistry (IHC), immunofluorescence (IF) and in situ hybridization
(ISH).

Organoid preparation for paraffin embedding: Cultured and treated organoids

were harvested by dissolving Matrigel™ with cold PBS and centrifuged at 300 g
for 5 min at 4 °C. Supernatant was removed and pelleted organoids were carefully
resuspended in a small amount of pre-heated (60 °C) HistoGel (Thermo Scientific)
and droplets were placed on a pre-cooled weighing boot and incubated on ice or -
20 °C for rapid polymerization. Then, solid HistoGel droplets were carefully placed
in tissue cassettes and fixed in 10% formalin ON (~18 h). Next day, tissue cassettes

were placed in 70% ethanol and dehydrated ON (~18 h).
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For IHC and IF staining: Briefly, for IHC and IF, antigen retrieval was performed

with Borg Decloaker RTU solution (Biocare Medical) in a pressurized Decloaking
Chamber (Biocare Medical) for 3 min. Antibodies used for IHC were: rabbit anti-
Hmgcs2 (1:500, Abcam ab137043), rabbit monoclonal OLFM4 (1:10,000, gift
from CST, clone PP7), rabbit polyclonal lysozyme (1:250, Thermo RB-372-A1),
and rabbit polyclonal anti-RFP (1:500, Rockland 600-401-379). Biotin-conjugated
secondary donkey anti-rabbit antibodies were used from Jackson ImmunoResearch.
The Vectastain Elite ABC immunoperoxidase detection kit (Vector Labs PK-6101)
followed by Dako Liquid DAB+ Substrate (Dako) was used for visualization.
Antibodies used for IF were: goat anti-GFP (1:500, gift from Abcam), and rabbit
anti-Hmgcs2 (1:500, Abcam ab137043). TSA™ Alexa Fluor 488 tyramide signal
amplification kit (Life Technologies, T20948) was used for signal amplification
for HMGCS2 and 568 secondary antibody (Invitrogen) for GFP. Slides were
stained with DAPI (2 pg/mL) for 1 min and covered with Prolong Gold (Life
Technologies) mounting media. All antibody incubations involving tissue or sorted
cells were performed with Common Antibody Diluent (Biogenex).

Organoids were fixed with 4% PFA, permeabilized with 0.5% TritonX-100/PBS,
rinsed with 100 mM glycine/PBS, blocked with 10% Donkey serum/PBS,
incubated overnight with primary antibody at 4 °C, rinsed and incubated with Alexa
Fluor 568 secondary antibody (Invitrogen), and mounted with Prolong Gold (Life
Technologies) mounting media.

For IHC and ISH co-staining: Single molecule ISH was performed using Advanced

Cell Diagnostics RNAscope 2.0 HD Detection Kit (Fast Red dye) for the following

probe: Mm-Lgr5. For IHC and ISH co-staining, after signal detection of Lgr5 ISH,
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slides were dried and proceeded with regular IHC for HMGCS?2 staining.

3.3.5 B-hydroxybutyrate encapsulated PLGA nanoparticle synthesis

BOHB encapsulated poly (lactic-co-glycolic acid) (PLGA) nanoparticles were
synthesized via double emulsion technique [129] as depicted in Figure 2. Briefly,
0.5 g of PLGA (LG 50:50 Mn 5,000-10,000 Da acid endcap) was dissolved in 2.5
mL of dichloromethane (DCM), and 1 mL BOHB solution (500 mg/mL) was added
to the solution and sonicated for 30 sec (Hanchen Instrument, 300 w 3 mm probe).
The emulsion was then transferred to 50 mL of cold soy lecithin (Alfa Aesar) (10
mg / mL in PBS) and was sonicated for 30 s twice, with a 30 sec wait interval. The
DCM was then removed from the solution via stirring for 12 h at 4 °C. The particles
were isolated and washed via centrifugation (5000 g for 30 min x 3 times) and

frozen for long term storage.

3.3.6 B-hydroxybutyrate oligomer synthesis

Poly(B-hydroxybutyrate) (PHB) is polymerized form of PB-hydroxybutyrate and
produced and stored by a large number of bacteria as an energy source similar to lipid
storage in mammals. Despite monomer form of f-OHB, PHB is water-insoluble and
resistant to degradation. PHB can serve as biodegradable polymers for biomedical
applications and thermos plastic [130]. PHB has 3 different subtypes based on different
numbers of f~-OHB monomer units: (i) high molecular weight PHB (storage PHB) with
over >10000 monomers (ii) low molecular weight PHB (oligo-PHB) with 100-300
monomers (iii) short-chain PHB (cPHB) with low numbers of monomers < 30 [131].

With the inspiration from nature, oligomer form of B-OHB (oligo-OHB) between 5-
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7 monomer residues was synthesized as depicted in Figure 3.3. Anhydrous solvents
were saturated with argon and purified with two alumina-activated columns. Schlenk
techniques were used for air sensitive reactions and compounds.

First, R configuration of B-OHB, (R)-3-hydroxybutanoic acid was synthesized. NaOH
(3.52 g, 88 mmol) in water (20 mL) was slowly added to a solution of methyl (R)-3-
hydroxybutyrate (9.45 g, 80 mmol) in MeOH (10 mL). The mixture was stirred at RT
for 24 h. Later, the reaction mixture was acidified to pH = 1 (pH paper) by using 4 M
HCI. The acidified mixture was concentrated under vacuum to about 30 mL. NaCl was
then added to this solution until saturation. The mixture was extracted with EtOAc (40
mL X 5). The combined organic phase was dried over MgSOs. The solvent was
removed under vacuum to give a colorless liquid (6.86 g, 82% yield). The material
was stored at —80 °C until used in the next step.

Second, the pentolide, hexolide, and heptolide of (R)-3-hydroxybutyric acid were
synthesized according to a procedure reported by Seebach and co-workers [132]. EtsN
(1.26 g, 1.73 mL, 12.4 mmol) was added to (R)-3-hydroxybutanoic acid (1.00 g, 9.6
mmol) in anhydrous THF (1.6 mL) which resulted with a large amount of precipitate
formation. Then 2,4,6-trichlorobenzoyl chloride (2.34 g, 1.50 mL, 9.6 mmol) was
added to precipitate at 0 °C. The reaction was stirred at 0 °C for 30 min and gradually
warmed to RT over a period of 1.5 h. The thick white slurry was diluted with toluene
(10 mL) and suction-filtered. The solid was then washed with another portion of
toluene (10 mL). The filtrate (20 mL) was then added by a syringe pump to a solution
of DMAP (122 mg, 1.0 mmol) in anhydrous toluene (400 mL) over 4 h. The reaction
mixture was diluted with Et,O (200 mL) and washed with HCI (1 M, 100 mLA~ 2).

The organic phase was then washed with saturated NaHCO3 aq. (100 mL) and brine
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(100 mL). The organic phase was dried over MgSQO4. The solvents were removed
under vacuum to give a slightly yellow mixture of oil and white crystalline solid. The
crude product was purified by column chromatography (silica gel, Et2O:hexanes =7:3).

The product was visualized on TLC using KMnOy stain.
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Figure 3.3 Oligo-pOHB synthesis steps. Step 1 depicts synthesis of (R)-3
hydroxybutanoic acid and Step 2 depicts synthesis of pentolide, hexolide and heptolide
of R)-3 hydroxybutanoic acid.
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3.4 Results and Discussion

3.4.1 Ketogenic enzyme HMGCS?2 is enriched in intestinal stem cells

Specific pathways are enriched in stem cells and their definition improves
understanding of the molecular mechanisms that control stem cell self-renewal and
differentiation. Precision and sensitivity of molecular analysis are increasing with
developing technologies / techniques in science. One of these techniques is RNA-seq
which is widely used to reveal expression patterns of genes in a biological sample. To
identify enriched genes in ISCs, previously published RNA-seq data [119, 123] from
populations of flow sorted Lgr5-GFP" ISCs, Lgr5-GFP"Y progenitors [133], and
CD24" c-Kit" Paneth cells [134] from Lgr5-eGFP-IRES-CreERT2 knock-in mice was
analyzed [115]. The focus of analysis was the genes that were differentially expressed
between ISCs and progenitors (filtered by two group comparison p/pmax=>5e-4;
p<0.14, q<0.28). Paneth cells were excluded from analysis because Paneth cells are a
highly specialized cell type of crypt and display different molecular programs. From
population-based RNA-seq results 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2
(Hmgcs2) showed a different expression pattern (p=0.002; q=0.046) between Lgr5*
ISCs (GFP" cells) and progenitors (GFP'% cells) (Figure 3.4B). HMGCS2 is a
metabolic enzyme that resides in mitochondria and regulates ketogenesis (Figure
3.4A). Although previously published data did not show expression of HMGCS?2 in
intestine, they did not explain which part of the intestine was used for immunoblotting
[135]. This result exhibits excellent agreement with the published data about definitive
Lgr5* 1SC signatures [136] where differential expression of HMGCS2 in ISCs

confirmed both transcriptomic and proteomic techniques. The enrichment of Hmgcs?2
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expression in Lgr5" ISCs was verified with co-staining procedures at both the mRNA
level and protein levels. Dual ISH / IHC and THC / IHC confirmed that HMGCS2
expression is restricted to crypt base cells and overlap with Lgr5™ cells (Figure 3.4D
and 3.4E). On the other hand, ketogenesis mostly occurs in hepatic tissue and its
products, ketone bodies, are exported to extra-hepatic tissues in specific physiological
states such as fasting, ketogenic diet, and starvation. Therefore, expression of
metabolic genes often fluctuates depending on physiological states and dietary
regimens. To validate whether expressed HMGCS?2 is metabolically functional or not,
BOHB levels were measured in sorted cells. BOHB levels were highest in Lgr5-GFP"
ISCs followed by Lgr5-GFP"Y progenitors and then Paneth cells (Figure 3.4C).
However high BOHB levels in ISCs and progenitors dropped below the level of Paneth
cells after Hmgcs2 loss (dotted line Figure 3.4C). Up to now, enrichment of Hmgcs?2
in Lgr5" ISCs is shown at only transcriptomic and proteomics levels, however,
expression of Hmgcs2 was previously shown in colon of mice [135] and this
expression is regulated through short-chain fatty acid (SCFA) in germ-free and
conventional rats [137]. Based on these results Hmgcs2 might play an important role
in the maintenance of Lgr5" ISCs in intestine. To investigate the role of Hmgcs?2,
heterozygous Hmgcs2-lacZ (i.e. Hmges2"") reporter mice were engineered to sort
Hmgcs2-lacZ" cells from crypts for organoid assay. Crypts were dissociated to single
cells and stained with EpCAM, a fluorescein di-fB-D-galactopyranoside (FDQG)
substrate of lacZ and 7AAD. Live crypt cells (JAAD'EpCAM") were sorted into two
populations as FDG" or FDG" cells and cultured in Matrigel. FDG" cells are capable

of organoid forming while FDG" cells could not generate organoids (Figure 3.5A and
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B). These results along with population RNA-seq and co-expression of HMGCS2 in

Lgr5* ISCs confirm that HMGCS2* cells have functional stem cell feature.
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Figure 3.4 HMGCS?2 is enriched in Lgr5* intestinal stem cells. A, Schematic
representation of mitochondrial ketogenesis and enzymes * indicates the rate-limiting
step. B, Principal component analysis (PCA) for genes differentially expressed in
Lgr5-GFP'"" progenitors versus Lgr5-GFPM ISCs. Variance filtered by (p/pmax)=5¢-4;
p=0.14, q=0.28; plot/total: 253/45578 variables. Axin2, axin-like protein 2; Hmgcs?2,
3-Hydroxy-3-Methylglutaryl-CoA Synthase 2; Lgr5, Leucine-rich repeat-containing
G-protein coupled receptor 5; Olfm4, Olfactomedin 4; n=4 mice. C, Relative [-
hydroxybutyrate (BOHB) levels in flow-sorted Lgr5-GFPM ISCs, Lgr5-GFPlY
progenitors and Paneth cells. 250,000 cells of each cell population were directly sorted
into the assay buffer and immediately processed for FJOHB measurement. Dashed line
indicated the detection limit of the colorimetric assay. n=8 samples per population
from 4 mice. The data was expressed as box-and-whisker 10 to 90 percentiles.
*p<0.05, **p<0.01, ***p<0.005, n=5 mice. D, HMGCS2 protein expression by
immunohistochemistry (IHC, brown) and Lgr5 expression by ISH (red). White-dashed
line defines the intestinal crypt and black arrows indicate HMGCS2* cells. The image
represents one of the 3 biological replicates. Scale bar, 50 pm. E, HMGCS?2 protein
expression by immunohistochemistry (IHC, brown) and Lgr5-GFP expression by IHC

(green). The white-dashed line defines the intestinal crypt and black arrows indicate
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HMGCS2* cells. The image represents one of the 3 biological replicates. Scale bar is

50 pm.
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Figure 3.5 Organoid-forming potential of flow-sorted Hmgcs2-lacZ- and
Hmgcs2-lacZ+ crypt epithelial cells. A, Bright-field images of organoids at day 5.
After staining crypt epithelial cells with fluorescein di-B-D-galactopyranoside (FDG),
FDG/EpCAM'/7AAD™ and FDG"/EpCAM*/7AAD" 5,000 cells from each population

was sorted into Matrigel™

with crypt culture media. B, Quantification of organoids
formed from plated cells at 5 days in culture. Data represents mean +/- s.e.m.

**p<(.01. n=6 samples from 3 mice. Scale bar is 100 pm.
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3.4.2 Loss of Hmgcs2 attenuates ISC number and function

Cre-lox recombination system is widely used to manipulate and study a gene of interest
in vivo with tissue specific promoters. Validation studies showed that Hmgcs2 marks
Lgr5* ISCs. To investigate the role Hmgcs2 and its loss on stem cell maintenance, a
conditional knockout mouse model was used. However up to now, intestinal deletion
of Hmgcs2 was not shown in literature. For this purpose, two separate tamoxifen-
inducible conditional alleles were designed (for detail, see Materials and Methods,
section 3.3.1 Mouse strains): The first model is the Hmgcs2'o?°%; Lor5-EGFP-IRES-
CreER™ reporter mouse, where the Lgr5 knock-in allele has mosaic expression in the
intestine [115] and permits isolation of Lgr5-GFP" ISCs by flow cytometry [133] and
the deletion of Hmgcs2 in the GFP" subset of ISCs upon induction with. This model
is widely used in intestinal stem cell biology field to quantify GFP" ISCs and GFP'¥
progenitors and isolate ISCs for organoid culture [117, 119, 123]. Complete deletion
of Hmgces2 in ISCs is not possible with this model due to mosaic expression of Cre
recombinase in Lgr5* ISCs. Although there are other CreER mouse strains such as
Villin-CreER™, Olfm4-CreER™ to manipulate genes for functional analysis in
intestinal development, physiology, aging, and disease. Analysis of the function of
gene in ISCs specifically requires deletion in ISCs. Therefore, a second model,
Hmgcs2"o1ov - [ or5-IRES-CreER™; Rosa26MSL-dTomate reporter mouse (lineage tracer
mouse model) (kind gift of Hans Clevers ) was used in which Cre recombinase deletes
Hmgcs2 upon tamoxifen administration in nearly all Lgr5* ISCs and labels Hmgcs2-
null stem cells and their progeny over time with tdtTomato [125]. 3 weeks ablation of
Hmgces2 in Lgr5-GFP reporter mice (Figure 3.7A) caused a 50% decrease in the

frequencies of Lgr5-GFP" 1SCs and Lgr3-GFP" progenitors (Figures 3.6B and
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3.6C). When flow sorted Hmgcs2-null ISCs were co-cultured with WT Paneth cells,
they showed 42.9% fewer and 34.6% smaller organoids compared to WT ISCs, which
indicates that loss Hmgcs2 in ISCs impairs organoid initiating capacity (Figures 3.6D
and 3.6E). Moreover, after tamoxifen administration in the Lgr5-tdTomato lineage
tracer mice, intestine tissues were collected at different time points and the number of
stem cells were analyzed with Olfactomedin 4 (OLFM4) staining, a marker co-
expressed by Lgr5™ ISCs and early progenitors. Hmgcs2 loss caused a gradual
reduction in the number of OLFM4 positive cells, which was 37% fewer compared to

the controls at the end of 17 days of tamoxifen induction (Figure 3.7).
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Figure 3.6 Loss of Hmgcs2 compromises ISC self-renewal and organoid-forming
capacity. A, Schematic of the mouse model including the timeline for tamoxifen
(TAM) injections and tissue collection. 1 day after last TAM injection (Day 21%),
intestinal crypts were isolated from mice and the WT and Hmges2-KO ISCs were
analyzed and sorted using flow cytometry. B, Flow plot and C, Frequency of 7AAD"
/EpCAM*/CD24/Lgr5-GFP" ISCs and Lgr5-GFP!®™ progenitors in crypt epithelial
cells from WT and Hmgcs2-KO mice by flow cytometry. n>10 mice per group. D,
Representative images and E, Quantification of organoid-forming assay for sorted WT
and Hmgcs2-KO ISCs co-cultured with WT Paneth cells at day 5 and quantification.
n>10 mice per group. For box-and-whisker plot, the data was expressed as 10 to 90
percentiles. For dot plot, the data was expressed as mean +/-s.e.m. *p<(0.035, **p<0.01,

*EXp<0.005, ****p<(.001. Scale bar is 100 pm.
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Figure 3.7 Loss of Hmgcs2 compromises ISC self-renewal. A, Schematic of the mouse model including the timeline for TAM injection
and tissue collection. 7, 12 and 17 days after a single TAM injection, small intestine tissues were collected for histology. B, Quantification
and C, representative images of OLFM4" cells in proximal jejunal crypts by IHC. n>25 crypts per measurement, n>3 measurements per
mouse and n>5 mice per group. The data was expressed as mean +/-s.e.m. *p<0.05, **p<0.01, ***p<0.005, ****p<(0.001. Scale bar is 100

pum.
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3.4.3 Loss of Hmgcs2 impairs intestinal regeneration after irradiation damage

Proliferative and self-renewing organs are very sensitive to DNA damaging agents
such as ionizing radiation and chemotherapy which are widely used in clinics. Skin,
hematopoietic system and intestinal epithelium have high self-renewing capacity.
Although high doses of radiation (~10-12 Gy in mice) cause complete hematopoietic
system failure, the intestinal epithelium can recover from this dose. Lgr5* ISCs with
higher mitotic index drive intestinal maintenance in homeostasis and regeneration in
response to injury such as from radiation-induced damage [138]. To compare
regenerative capacity of HMGCS2-KO to control group, radiation induced injury
model with a tracer mouse to tract stem cell driven progeny was used. Briefly,
Hmgcs 20?1050 - [ gr5-IRES-creERT2, Rosa26-SL-1Tomato - mijce  were induced with
tamoxifen one day prior to radiation administration to investigate whether HMGCS2
loss affects the regenerative capacity of Lgr5* ISCs in vivo (Figure 3.8A). Intestine
tissue was collected after 5 days from irradiation and stained with tdTom. The number
of tdTomato" clonal progeny was quantified to assess regeneration efficiency of the
Lgr5* 1SCs. Hmgces2-null 1SCs generated 5-fold fewer labeled tdTomato® crypts
(Figure 3.8B and 3.8C) compared to controls. These data demonstrate that Hmgcs?2 is

critical in Lgr5* ISC-mediated repair in vivo after injury.
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Figure 3.8 Loss of Hmgcs2 impairs intestinal regeneration after irradiation
damage. A, Schematic of the mouse model including the timeline of TAM injection,
irradiation challenge (XRT, two doses of 7.5 Gy with 6 h interval) and tissue
collection. B, Representative images and C, Quantification of tdTomato+ Lgr5* ISC-
derived lineage (cell progeny) by tdTomato IHC. The data was expressed as mean +/-
s.e.m. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001. n>25 crypts per measurement,

n>3 measurements per mouse and n>5 mice per group. Scale bar is 100 pm.

3.4.4 Loss of Hmgcs2 skews ISC differentiation towards secretory lineage

In contrast to decrease in the numbers of OLFM4* cells post 17 days of tamoxifen
induction in intestine of Hmges2-KO mice (Figure 3.9A), the number of Lysozyme 1
(LYZ1)" Paneth cells increased 70% compared to controls (Figure 3.9B). Similarly,
the number of Alcian Blue (AB) / periodic acid-Schiff (PAS)" goblet cells increased
40% compared to controls (Figure 3.10C). Recently a study showed that differentiation
markers such as CDX2, Villin, p21 were significantly decreased by knockdown of
HMGCS?2 in Caco-2 cells. In addition to that, overexpression of HMGCS?2 increased
differentiation markers. Although these results do not agree with our results, Caco-2
cells are not stem cells and their differentiation process is spontaneous as indicated in

the study [139]. In contrariety, two loss-of-function mouse models (i.e. the LacZ and
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loxp models) were utilized to investigate the expression and function of HMGCS2

both in vitro and in vivo.
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Figure 3.9 Loss of Hmgcs2 skews ISC differentiation towards secretory lineage.
A, Schematic of the mouse model, TAM injection and tissue collection time. 17 days
after a single TAM injection, small intestine tissues were collected for histology. B,
Representative LYSOZYME (LYZ) IHC images of proximal jejunal crypts and
quantification of numbers of LYSOZYME" (LYZ") Paneth cells. C, Representative of
Alcian Blue (AB) and Periodic Acid Schiff's (PAS) staining images of proximal
jejunal crypts and quantification of Mucin® goblet cells. n>25 crypts per measurement,
n>3 measurements per mouse and n>5 mice per group. The data are expressed as mean
+/-s.e.m. *p<0.05, **p<0.01, ***p<0.005, ****p<0.00I. AB/PAS stains

glycoproteins, mucins, and carbohydrates.

3.4.5 Exogenous POHB rescues loss of Hmgcs2

After deciphering the critical role of Hmgcs2-loss on stemness through observing

decrease in the frequencies of Lgr5-GFP" ISCs and Lgr5-GFP'*" progenitors, organoid
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forming capacity in Hmges2-null ISCs, and regeneration in Hmgcs2-KO after
irradiation injury and secretory lineage decision through analyses of the frequencies of
the Paneth and Goblet cells, we investigated whether providing exogenous fOHB
rescues stem cell maintenance and secretory differentiation phenotype both in
Hmgcs2-null organoids and Hmges2-KO mice. To address this question, crypts were
isolated from control and Hmgcs2/?"o¥; [ gr5-tdTomato lineage tracer mice after 24
h of tamoxifen administration (Figure 3.11A). Crypts with Hmgcs2-null ISCs were
then cultured in standard media, with 10 uM and 50 uM of or without POHB.
Organoids were cultured between 5-7 days and organoid per crypt ratio was analyzed
to show organoid forming capacity. Crypts from Hmgcs2-KO mice were 34.4% less
capable of forming organoids compared to control. In addition to a decrease in
organoid forming capacity, Hmgcs2-null organoids also showed a 64.3% decline in
generation of tdTomato" clones per organoid. However, 50 uM of exogenous fOHB
treatment rescued functional deficiency of Hmgcs2-null crypts (Figure 3.10B, Figure
3.10E and F). Lineage bias and effect of exogenous BOHB treatment on goblet cell
number were analyzed. After encapsulation of organoids into Histogel, they were
embedded into paraffin for sectioning and Alcian blue staining. Hmgcs2-null
organoids showed a 40.5% increase in goblet cells compared to control and 50 uM
exogenous BOHB treatment rectified the number of goblet cells (Figure 3.10C and D).
These results agree with the in vivo results (Figure 3.7 and Figure 3.8) which indicate
that Hmgcs2-null ISCs in vitro are less functional and are biased towards secretory
differentiation. A recent study by Wang et al., [139] showed that BOHB treatment with
increasing concentration in immortal colon cancer cells (HT29) increases the

expression of secretory cell markers, MUC2 and LYZ. However, HT29 cells are an
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immortal cell line and the concentrations of OHB (between 2.5 mM and 10 mM)
were very high compared to our dose of 50 uM. In addition to cellular energy source,
ketone bodies have signaling functions through inhibiting histone deacetylases
(HDACSs) [140]. Similar to small molecule HDAC inhibitors, the concentration of

BOHB might be important for HDAC inhibition [127].
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Figure 3.10 BOHB rectifies Hmgcs2-loss in organoids. A, Schematic of the mouse model of Hmgcs2 loss. After tamoxifen (TAM) injection,
intestinal tissues were harvested and intestinal crypts were isolated for organoid-forming assay to assess the effect of BOHB treatment. B,
Organoid-forming assay and number of organoids per intestinal crypts. C, Representative Alcian Blue (AB) images of cultured organoids.
D, Quantification of Alcian blue” goblet cells (black arrows) in organoids. E, Fluorescence images of organoids. Red represents tdTomato™
cells and blue represent nucleus stained with DAPI. F, Percentage of tdTomato+ area per organoid from WT and Hmgcs2-KO (-/-) ISCs, +

BOHB treatments are +, 10 uM and ++ 50 uM. Representative images were taken from day-5-to-7 organoids. Scale bar is 50 pm. n=5 mice
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After observing the rescue effect of exogenous BOHB in Hmgcs2-null organoids, we
investigated whether BOHB can also compensate the loss of intestinal HMGCS2
activity in vivo. For this purpose, radiation challenge experiment was repeated with
modified forms of BOHB to deliver gastrointestinal tract of Hmgcs2-KO mice (Figure
3.11A). Modified forms of BOHB was used due to two important issues: First issue
was technical limitations encountered with fasting or ketogenic diet rescue models in
which deletion of Hmgcs2 was not successful. 24 h fasting and 4-6 weeks ketogenic
diet are widely used to increase ketogenesis and blood ketone levels. However, they
also elevate expression of Hmgcs2 which led non-efficient deletion of the gene after
tamoxifen injection. Second issue is BOHB is water soluble and is easily absorbed by
the gastrointestinal tract and elevate blood ketone levels. Ketone esters or salts are
widely used to model a ketogenic diet or fasting and elevates BOHB levels in vivo in
one week [141]. However, the serum BOHB levels increase rapidly and cause renal
elimination, which make them non-ideal fasting or ketogenic diet mimicking models
for gastrointestinal tract. For the rectifying effect, a more stable form of BOHB is
required to increase the retention time and have slow-release properties in intestine.
Poly(lactide-co-glycolide) (PLGA) is widely used in FDA-approved drug products to
reduce dosing frequency and potential drug toxicity [142]. Encapsulation of different
compounds in PLGA polymer nanoparticles and their successful delivery into
gastrointestinal system was shown [48]. Poly-B-hydroxybutyrate (PHB) is a linear
polymer of BOHB with three types, and its different functions were first discovered in
prokaryotes. However, recent studies showed the presence of PHB in mammalian cells
and their important physiological roles with proteins and inorganic polyphosphate.

PHB is an ideal candidate of oral delivery of BOHB into gut as a result of its
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insolubility in water and easy degradation to monomers by esterase [131]. Previously,
dietary PHB altered the composition and diversity of gut microbiota in Litopenaeus
vanname. Dietary PHB increased the abundance of beneficial bacteria such as
Bacillus, Lactobacillus and activate mTOR pathway [143]. Therefore, two modified
forms of BOHB, PLGA encapsulated and oligomer were used to investigate the
compensatory effect of exogenous BOHB on intestinal regeneration of Hmgcs2-KO
mice challenged with irradiation. Oral administration of POHB encapsulated
poly(lactic-co-glycolic acid) (PLGA) nanoparticles or BOHB oligomers partially
restored intestinal regeneration after irradiation-induced damage, which otherwise was
severely impaired in Hmgcs2-KO mice (Figure 3.11B and C). Serum BOHB levels in
irradiated mice was not measured due to critical body conditions of the mice which
might barely stand invasive approaches after irradiation. Youm et al., utilized from
both ketone diesters and engineered nanomaterials complex of BOHB to elevate the
blood levels in mice via oral and intraperitoneal injection routes. Nano-lipogels helped
to reduce the clearance of BOHB and increase its retention time and bioavailability in

body without toxicity [141].
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Figure 3.11 Oral administration of BOHB improved the regeneration capacity of Hmgcs2-KO mice intestine after irradiation

challenge. A, Schematic of the mouse model including the timeline of tamoxifen (TAM) injection, oral administration of nanoparticle fJOHB
encapsulated PLGA or BOHB oligomers, irradiation (XRT, two doses of 7.5 Gy with 6 h interval) and tissue collection. B, Quantification
and C, representative images of tdTomato” Lgr5* ISC-derived lineage (cell progenies) by ITHC. n>25 crypts per measurement, n>5

measurements per mouse and n>3 mice per group. The data was expressed as mean +/-s.e.m. *p<0.05, **p<0.01, ***p<0.005, ****p<0.001.

Scale bar is 100 um.
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3.5 Conclusions

Intestinal tissue is the most rapidly self-renewing tissue driven by crypt base residing
stem cells. Understanding the biology of intestinal epithelium and regulatory
mechanisms may provide a therapeutic benefit for the pathophysiological conditions
in intestine. A large number of recent studies uncovered signaling pathways which
control stem cells. Wnt and Notch are principal controller of stem cell maintenance
and differentiation of the intestinal epithelium. Although the principal signaling
pathways are well defined , the role of the metabolism on intestinal epithelium
homeostasis is not clear yet. Here in this study, enrichment and co-expression of a
metabolic gene 3-Hydroxy-3-Methylglutaryl-CoA Synthase 2 (Hmgcs2) were
observed Lgr5* intestinal stem cells (ISCs). HMGCS?2 is a rate-limiting enzyme in
ketogenesis and controls the synthesis of ketone bodies such as BOHB and acetoacetate
(AcAc). A robust genetically engineered mouse model with knockout-first technology
was generated to interrogate the function of this metabolic gene in ISCs and intestinal
epithelium. HMGCS2" cells have capa