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Addressing challenges in Type 1 diabetes:

non-invasive insulin delivery and advanced diagnosis

by

Kelly Noblit Ibsen

ABSTRACT

The treatment of disease is unarguably one of the most important applications of the
emerging field of bioengineering, which seeks to apply engineering principles to biological
challenges. In the field of medicine, bioengineers have played a role in a multitude of areas
including diagnostics, monitoring and therapy, working with scientists and physicians to
develop imaging equipment, biocompatible implants, and targeted cancer therapies. These
advances often used materials that a few decades ago would have been unheard of in healthcare
applications, such as titanium, polymers and nanoparticles. In keeping with this pioneering
spirit, my research sought to use bioengineering applications to address the areas of diagnosis
and treatment of disease. I chose Type 1 diabetes (T1D) as a model disease for this work, as
challenges exist in both areas. For T1D patients taking exogenous insulin, alternatives to
injection therapy could reduce the stress of daily multiple injections, increase adherence to
dosing regimens and lower the incidence of skin infections. In addition, early diagnosis of T1D
can provide earlier intervention, providing an opportunity for the development of therapies to

slow beta cell destruction and prolong endogenous insulin production.

viii



In the first part of this work, we demonstrate the potential of ionic liquids as both
antimicrobials and drug delivery vehicles. Probably best known as “green” solvents in the
chemical industry, ionic liquids are sparking interest in healthcare due to their innate
antimicrobial qualities and excellent drug solvation properties. These characteristics and
properties can be both finely tuned and widely modulated by changes in ion type, ratio and ion
structure, providing an almost unlimited design framework. To demonstrate this, we studied
how the simplest tuning parameter, ion ratio, affects both antibacterial efficacy and transdermal
drug delivery of a variety of proteins including insulin. We also sought to investigate the
breadth of ionic liquids in drug delivery by showing their potential to effect oral delivery of
insulin. Using a combination of in silico, in vitro, ex vivo and in vivo models, we showed that
a choline and geranic acid (CAGE) ionic liquid is a highly effective bactericide as well as an

enhancer of transdermal and intestinal protein delivery.

In the second portion of the work, we investigate the use of bacterial peptide display
libraries and next generation sequencing (NGS) in two ways; to improve epitope mapping and
to search for new humoral biomarkers in T1D. We were able to demonstrate that NGS data can

improve the results from PepSurf, a web-based epitope mapping program.

Finally, by profiling the antibody repertoire of plasma from T1D and non-T1D matched
controls, we discovered several peptide motifs with good (30-50%) sensitivity and 100%
specificity. Challenging these motifs to a larger control population of 238 assumed non-T1D
samples resulted in one motif with moderate (20%) sensitivity and >99% specificity. Further

development and maturation of these motifs could provide new biomarkers for T1D.
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Chapter 1

1. Dissertation Overview

This dissertation is loosely organized around Type | diabetes (T1D) and insulin as a model
disease and therapeutic to showcase the application of bioengineering in the diagnosis and
treatment of disease, specifically the identification of plasma biomarkers for T1D and non-
invasive methods for the delivery of insulin. While T1D, a disease that affects over one million
people in the U.S. currently with an expected 5 million by 2050 (JDRF, 2018), figures
prominently in this work, the results discussed here have the potential for broader impact. The
text is divided into two sections: 1) medical applications of ionic liquids, specifically fighting
infection and drug delivery, and Il) epitope mapping and serum biomarker discovery using
peptide libraries and NGS. Both topics are highly relevant to a goal of improving the health
care industry. Non-invasive drug delivery can improve the lives of many patients living with
chronic diseases, while more sensitive biomarkers can provide earlier intervention and targeted

therapy.

I begin the first part of this dissertation by discussing the development of ionic liquids as
antimicrobials and drug delivery vehicles (Chapters 2-5). In Chapter 2, I introduce ionic liquids
and their properties related to biotechnology. In Chapter 3, in collaboration with Prof. Nangia’s
lab at Syracuse University, we determined the antibacterial properties of CAGE, a choline-
based ionic liquid, and the mechanism by which CAGE attacks E. coli, a Gram-negative
bacterium. In Chapters 4 and 5, | discuss the use of CAGE in transdermal and oral drug
delivery. Non-invasive drug delivery is the holy grail for clinicians and patients alike, with the

potential to provide a simpler, less painful and ultimately higher adherence treatment, but
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increasing transport and bioavailability top the list of challenges in each area. My aim for this
portion of the dissertation is to showcase how broadly applicable ionic liquids can be as part
of therapies for both chronic and acute disease with specific examples of bacterial

neutralization and transdermal and oral insulin delivery.

Part Il begins in Chapter 8 with background information regarding the use of bacterial
peptide display libraries coupled with next-generation sequencing (NGS) in the identification
of antigenic peptides. Chapter 9 presents a new method to use NGS datasets for epitope
mapping while Chapter 10 focuses on using the tools of peptide display and NGS to search for
novel biomarkers for T1D that can serve as diagnostics to identify at-risk populations before
clinical onset of symptoms. Throughout, | provide a summary of the important findings and

potential future research directions for each area.

Permissions and Attributions

1. Some content in Chapter 3 was previously published in ACS Biomaterials Science and
Engineering, and the material is adapted with permission from the American Chemical
Society.

2. Some content in Chapter 4 was previously published in Advanced Healthcare Materials,
and the material is adapted with permission from Wiley.

3. Some content in Chapter 5 was previously published in Proceedings of the National
Academy of Science, and the material is adapted with permission from the National
Academy of Sciences.

4. Some content in Chapter 9 was previously published in the Journal of Immunological

Methods, and the material is adapted with permission from Elsevier.



Chapter 2
2. Introduction to ionic liquids

2.1 A brief history

The first reported ionic liquid (IL) was discovered in 1914 by Paul Walden, a Latvian chemist,
who is credited with the discovery of ethylammonium nitrate, or EAN (Walden, 1914). Most
simply, ionic liquids are cation/anion pairs with low melting points. Walden synthesized his
“molten salt” by neutralizing ethylamine with concentrated nitric acid. Fast forward to a
century later, and one can shop for ILs at company websites like Solvionic.com - just select
your cation, anion, or even a choose desired property to see which ILs fit your need. Let’s take

a closer look at the development path of this important class of liquids.

EAN was highly reactive (Emel'yanenko, et al., 2014), which likely contributed to the lack
of interest, and ILs’ next appearance wasn’t until 1931, in a patent describing the use of
nitrogen-containing salts such as 1-benzylpyridinium chloride to dissolve cellulose, creating
highly reactive cellulose derivatives (Graenacher, 1931), but this IL also failed to ignite the
hearts of chemists. The discovery of aluminum chloride/ethylpyridinium bromide salts for
aluminum electrodeposition finally convinced electrochemists to rigorously study,
characterize and ultimately expand this group of ILs, adding the imidazolium cation family
(Plechkova & Seddon, 2008). One drawback of the chloroaluminate (I11) ILs was extreme
water reactivity, requiring all work be done in an inert-atmosphere box. In 1992, Wilkes and
Zaworotko reported the preparation and characterization of ILs that contained imidazolium

cations, but with a range of anions ([CHsCOz2], [NOs], [BF4]) that were less corrosive, and
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stable in air and water, allowing much broader use (Wilkes & Zaworotko, 1992). Other classes

of cations based on pyrrolidinium and phosphonium followed.

The realization that over one million ILs could be made by simple combinations of the

available cations and anions (Figure 2.1) (Seddon, 1999) (Stark & Seddon, 2007) gave rise to

Cations
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Figure 2.1 Some common ionic liquid cations and anions.
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the tantalizing idea that ILs could be synthesized for almost any function given an
understanding of how their composition, substitution and pairing affected their properties, and
prompted several chemical companies to file patents outlining the use of ILs as solvents for
organic synthesis (Fields, et al., 1998) (Abdul-Sada, et al., 1995) (Abdul-Sada, et al., 1995).
The greening of the chemistry industry was underway, and due to their negligible volatilities
and superior solvating properties, ILs were considered the front runners to replace volatile,
toxic solvents like benzene and toluene. By 2007, companies like BASF, Eastman Chemical
Company, and Degussa were developing IL-based technologies for a variety of chemical

processes (Plechkova & Seddon, 2008).

Today, ionic liquids are commonly divided into protic (containing hydrogen atoms that
can be donated, such as in a hydroxyl group) and aprotic (no H donors) subclasses. Another
important class of ionic solvents are deep eutectic solvents (DES), which are systems formed
from a eutectic mix of acids and bases with anionic or cationic species (e.g. choline chloride +
urea) (Ashworth, et al., 2016). Both ILs and DESs are typically described by their negligible
vapor pressure, low flammability and defined as having melting points at or below 100 °C (a

number courtesy of Walden that survives today).

2.2 ILs in biotechnology

In 2007, Hough elegantly traced the evolution of ionic liquids, from Generation 1 (ILs with
unique tunable physical properties) to Gen 2 (ILs with targeted chemical properties combined
with chosen properties), finally proposing what was then a nascent Gen 3 — ILs with targeted
biological properties combined with chosen physical and chemical properties to create active

pharmaceutical ingredients (Hough, et al., 2007). Understanding how to harness the inherent
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characteristics of ILs — low melting point, superior solvation, good thermal and chemical
stability and innate antimicrobial activity might make them compelling candidates to address
some of the most pressing challenges in healthcare including drug delivery, development of
robust antimicrobials, and biosensing. There have been several reviews published that outline
the potential role of ILs in biotechnology and specifically medicine; recent ones include
Agatemor (Agatemor, et al., 2017), Egorova (Egorova, et al., 2017) and Adawiyah (Adawiyah,
et al., 2016). The focus of this work was the application of ILs in two important areas: 1) the

development of antimicrobial therapies to treat infection and 2) non-invasive drug delivery.

ILs have innate antiseptic qualities. As early as the 1930s, the broad antimicrobial activity
of quaternary ammonium compounds was recognized and harnessed for use in disinfectants
and antiseptics (Tischer, et al., 2012) (Rajkowska, et al., 2016). Additionally, ecology studies
from the chemistry industry have provided a wealth of information on the effect of ILs on a
variety of species and their environments (Adawiyah, et al., 2016). This aspect of ILs is perhaps
the timeliest, given the urgent need to develop antibiotics to fight an increasing number of
resistant microbial strains. It has been postulated that the mechanism of microbial
neutralization lies in the ability of ILs to disrupt the cell membrane, potentially by alkyl chain
insertion, which is supported by the recognized effect of alkyl chain length. Pernak and others
found that increasing side chain length reduced the minimum bactericidal concentration
(Pernak & Skrzypczak, 1996) (Pernak, et al., 2003) (Docherty & Kulpa Jr, 2005) (Pernak, et
al., 2007) (Yu & Nie, 2011) (Jeong, et al., 2012). Zakrewsky also demonstrated that ILs can
neutralize biofilm-forming pathogens (Zakrewsky, et al., 2016), an important quality for
antimicrobials used to treat infections in chronic wounds such as diabetic foot ulcers (Zhao, et

al., 2013) (Percival, et al., 2014).
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Understanding the toxicity of ILs is important not only to harness it for the treatment of
infectious or invasive organisms, but also to minimize ILs’ effect on healthy organs, tissue and
cells. The toxicity of ILs is primarily determined by its molecular structure including the nature
of the cation, the alkyl chain length, and the functionalization of both ions. Amde (Amde, et

al., 2015) reported the relative toxicity for cationic head groups as:

Choline<piperidinium<pyrrolidinium<pyridinium=imidazolium<ammonium<phosphonium

ILs have also been shown to increase the solubility of drug molecules that are sparingly
soluble in water and most pharmaceutically accepted organic solvents such as DMSO (Kumar,
et al., 2007) (Moniruzzaman, et al., 2010) (Mizuuchi, et al., 2008) (Williams, et al., 2014)
(Azevedo, et al., 2014). The solvation ability of an IL is dependent on its properties, and those
of the anion appear to be most important followed by the cation side chain, owing to the
formation of hydrogen bonds between the IL anions and the drug molecules. Morrison showed
that a urea-choline chloride eutectic increased the solubility of benzoic acid, danazol and
itraconazole by 20-, 16- and 22,000-fold respectively compared to water, and that the
components alone (aqueous choline chloride or urea) did not confer the same solubility
(Morrison, et al., 2009). Additional information on drug solvation and IL composition can be

found in the 2016 review by Adawiyah.

In addition to increasing solubility of proteins, ILs can preserve the catalytic activity of a
variety of enzymes; for example, lipases are reported to have increased selectivity and
operational stability in ILs compared to traditional media (Kragl, et al., 2002) (Rantwijk, et al.,
2003). The thermal stability of 3 mM cytochrome ¢ was increased (up to 110 °C) in ILs using

a dihydrogen phosphate anion with varying cations including choline (Fujita, et al., 2005).
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From the proven effect of ILs on microbial cells, and the likely mechanism of membrane
disruption, it seems plausible to consider ILs as permeation enhancers for transdermal drug
delivery, which requires the disruption of a lipid bilayer in the stratum corneum, similar to that
found in a bacterial cell membrane. There several classes of chemical penetration enhancers
already in use to increase skin permeability, including alcohols, surfactants and fatty acids,
many of which share similar properties to ILs. Monti increased permeability of diltiazem, a
calcium channel blocker for hypertension, in excised rat skin using acyclic octane-based ILs
(Monti, et al., 2017) and Zakrewsky used a variety of ILs including choline and
tetraalkylphosphonium cations paired with carboxylic acid anions to deliver a small molecule
(mannitol) and cefadroxil, an antibiotic, ex vivo in porcine skin (Zakrewsky, et al., 2014). In
addition, fatty acids have been shown to be excellent permeation enhancers for intestinal
absorption of drugs (Brayden, et al., 2014) (Bruno, et al., 2013) (Muheem, et al., 2016). With
their similarity to fatty acids, we hypothesized that ILs with anions of organic acids might also

demonstrate permeation enhancement in the gut.

Combining these three aspects of drug delivery — solubility, stability and permeation —
seems a daunting task to ask a single system to provide. The unique aspect of ILs, their
tuneability, makes them ideal candidates to take up the challenge (Figure 2.2). Adding to ILs’
potential benefits are the availability of cations with low toxicity to human cells. With this

challenge in mind, our lab began investigating the use of ILs for drug delivery.
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Hydrophobicity

lonic liquids are
infinitely tunable to
solvate, stabilize and
deliver proteins,
peptides, and small
molecules

Permeation

Stability

Shape A A A Size

L

Figure 2.1. ILs’ tuneability make them ideal candidates for solving major challenges in drug delivery. Low
solubility in water makes many hydrophobic drugs hard to deliver in efficacious concentrations.
Additionally, peptides and proteins can be denatured or degraded by components in the host system, such
as proteases in the gut. Finally, many molecules of interest are too large to passively transport through
biological barriers in the body. ILs have the potential to address all three areas with low toxicity to human
cells and can be infinitely tuned via ion selection and further functionalization via side chain substitutions.

2.3 Development of CAGE

In 2013, the Mitragotri group undertook a large study of ILs and DESs to identify candidates
suitable for development in medical applications (Zakrewsky, et al., 2014). The study
examined several biologically relevant characteristics of ILs, including viscosity, conductivity,
density and lipophilicity. In addition, they investigated each IL for its ability to transport small
molecules like mannitol across the skin, neutralize pathogens, and show minimal cytotoxic
action against mammalian cell lines. The best candidate was CAGE, a choline and geranic acid
deep eutectic (1:2 choline:geranic acid) that exhibited good skin transport, low cytotoxicity
and high antibacterial activity against Pseudomonas aeruginosa and Salmonella enterica.
Choline is a water-soluble essential nutrient, made in the liver, and present in phospholipids
that are abundant in cell membranes. Geranic acid, commonly used as a flavoring agent, is

naturally occurring in lemongrass, which has reported antimicrobial activity itself (Friedman,
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et al., 2004). CAGE is easily produced via a salt metathesis reaction of choline bicarbonate
and geranic acid, which are both FDA-listed as GRAS (Generally Recognized As Safe),

producing water and CO: as easily removed byproducts:

O CHy CH,4 HaC  CHj
HyC. CH B T \ S O CH; CHj4
e o HO™ # CHs HO™-N® QW
HO~-N® g O | o CHs
I o4 + CH,
CH, OH O CHy CHg
H Ao~ €O, (g) + H;0 (g) O CHs CHs
HO CHg P -
HO CHj

Choline is in the family of quaternary ammonium compounds (QACs) which have long
been utilized as surfactants (Richmond, 1990) (Holland, 1991), disinfectants (Petrocci, 1983),
and preservatives (Cross, 1994). In drug delivery, QACs have potential as penetration
enhancers for transnasal and transbuccal delivery of vaccines (Klinguer, et al., 2001) and as

liposomal materials (Liu & Huang, 2002).

To expand our understanding of how the composition of CAGE affects its properties,
which in turn allows the use of the tunability aspect of ILs and DESs, a panel of CAGE variants
was developed by altering the ion ratios, namely 2:1, 1:1, 1:2 (the initial CAGE formulation)
and 1:4 choline:geranic acid. This panel was utilized in several studies discussed below to help
elucidate the mechanisms of CAGE in both transdermal and intestinal permeation and bacterial
neutralization. Only CAGE 1:1 is a true IL; the others are DESs, but hereafter, for simplicity,

all will be identified as ILs.

2.4 CAGE characterization

All CAGE variants were analyzed via nuclear magnetic resonance spectroscopy, differential
scanning calorimetry and thermos-gravimetric analysis. The density, conductivity and

viscosity of CAGE 1:2, used most widely in the following studies, was also measured.
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2.4.1 Nuclear magnetic resonance (NMR) spectroscopy

'H NMR was consistent with choline:geranic acid ratios, with the expected number of protons
appearing for each variant. For those variants comprised of higher ratios of geranic acid than
choline, both geranic acid and geranate will be present. For the 2:1 variant, the carbon NMR
contained a signal at 146 ppm that was not present in other CAGE variants, indicating the
signature of a carbon attached to a carbonyl group, which corresponds to the residual

bicarbonate present. NMR spectra can be found in section 7.1.
2.4.2 Thermo-gravimetric analysis (TGA)

From thermo-gravimetric analysis, it is seen that the short-term stability of the CAGE variants
decreases in the order CAGE 1:2 > 1:4 > 1:1 > 2:1. (Figure 2.2). The range of decomposition

temperatures is small (< 42 °C), indicating the ion ratio does not significantly change thermal

stability.
100
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-
-
m
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401 ~ Geranic Acid 206.8
= Cage 1:4 205.6
- Cage 1:2 210.4
~Cage 1:1 192.7
201 ~Cage 2:1 168.9
0 : . , :
100 150 200 250 300

Temperature T (°C)
Figure 2.2. Dynamic TGA curves at a heating rate of 10 °C/min for the CAGE variants and pure geranic
acid. The onset temperature (Tqec) Wwas determined for each sample.
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2.4.3 Differential scanning calorimetry (DSC)

The material was heated from either -150 °C or -125 °C to 125 °C and subsequently cooled in
the second part of the cycle. A total of 3 complete heat/cool cycles were performed. All 4
variants exhibit a characteristic step change in heat capacity corresponding to glass transition
between -50 and -150 °C (Figure 2.3). The Tg increase order is CAGE 2:11<1:2<1:4<1:1
and was much lower for CAGE 2:1. The increasing Tg trend follows the order of increasing
geranic acid/geranate content for the three eutectics, while the 1:1 true ionic liquid has the
highest Tg. This trend could provide some insight into how the ions in different CAGE variants
interact; for example, higher T4 has been linked to alkyl chain length on cations (Zheng, et al.,

2011), and more rigid structures due to cyclic aromatics (Cowie, 1991). Two variants, CAGE
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s . \
= | 1 |
S 0.0- \
2 3] ,_ |
® |
@
r 1 A\t _‘i
-0.2 —— T — — B ‘
04]——— CAGE12 -775 T T |
-——— CAGE14 -76.8 — ~
CAGE 2:1 88.9 '
—— CAGE1:1 -71.8
-06 . . .
-200 -150 -100 -50 0 50 100 150
Exo Up Temperature (°C) Universal V4.5A

Figure 2.3. DSC heating and cooling scans at 10 °C/min for CAGE variants. All variants exhibit glass
transition behavior, and the two with free geranic acid, 1:2 and 1:4, have a crystallization event upon
cooling. Tgare listed.

12



Introduction to lonic Liquids

Chapter 2

1:2 and 1:4, exhibited cold crystallization events upon cooling at -41.7 °C and -132.2 °C

respectively. These events could be attributed to the free geranic acid in the 1:2 and 1:4

variants; pure geranic acid crystallizes at -34.5 °C (Figure 2.4).
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Figure 2.4. DSC heating and cooling scans at 10 °C/min for pure geranic acid. Geranic acid freezes at
21.34 °C and exhibits a crystallization event at -34.5 °C.

2.4.4 Density

Density was measured at 1.02 g/mL using an ARES-LS1 rheometer with a 25 mm diameter

parallel plate to calculate the volume of a known weight of CAGE 1:2.

2.4.5 Viscosity

The viscosity of CAGE 1:2 was measured using an ARG2 Rheometer with a 40 mm diameter

aluminum 2° cone over a shear range of 10 to 0.1 1/s. CAGE 1:2 exhibited a viscosity of 729

13
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+ 5 mPa/s over this shear range. For comparison, the viscosity of glycerin is 950 mPa/s

(EngineeringToolbox, 2018).
2.4.6 Conductivity

Conductivity of CAGE 1:2 was measured at 31.6 mS/m with a hand-held conductivity probe
and at 23 mS/m using through-plan dielectric relaxation spectroscopy (Bartels, et al., 2017)

conducted by Dr. Josh Bartels of UCSB on a sample provided by the author.

CAGE variant properties are summarized in Table 2.1. Viscosity, conductivity and
density of the CAGE variants were determined by Dr. Eden Tanner (Tanner, et al., 2018).

These values are within an order of magnitude for those initially determined by the author.

Table 2.1. CAGE variant properties

Variant  Viscosity (mP/s)  Conductivity(mS/m) Density (g/mL) Taec(°C) Ty (°C)
2:1 737 £32 57.55+0.07 1.17 168.9 -88.9
1:1 492 +18 16.28 +0.76 1.23 192.7 -71.8
1:2 | 568 + 19 13.79+0.28 1.23 210.4 -77.5
1:4 | 223+26 5.28+0.07 1.12 206.8 -76.8

There is an opportunity to expand our understanding of CAGE and associated ILs with the
identification and development of additional characterization methods to more fully describe
their thermal and chemical properties. For example, the use of vibrational spectroscopy can
help to better understand intermolecular interactions (Paschoal, et al., 2017) and small/wide
angle X-ray scattering (SAXS/WAXS) can identify structural changes as a result of
temperature (Rengstl, et al., 2014). This data will provide important information to inform
studies in biologically-based applications of CAGE and are currently being developed for

addition to the characterization protocol.
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2.5 Assessment of insulin stability in CAGE

To ensure that CAGE could be used to solvate proteins such as insulin without damage to
either structure or function, two studies were performed. Insulin in neat CAGE was stored at
37, 25 and 4 °C overnight. In all cases, the insulin was dispersed, rather than dissolved in the
CAGE. This observation is similar to what others report, that proteins are usually insoluble or
sparingly soluble in ILs, but instead are in a highly dispersed state (Fujita, et al., 2005).
Following that study, insulin in CAGE was stored at 25 and 4 °C for several months, with
aliquots tested each month to confirm both the presence of the secondary structure and in vivo

activity.
2.5.1 Secondary structure

Circular dichroism (CD) spectrophotometry was performed in order to determine the effect of
CAGE on the structure of insulin. Secondary protein structures (alpha helices, beta sheets and
random coils) give rise to characteristic shapes in a CD spectrum. Since insulin is made up of
alpha helices only, it yields characteristic double negative troughs at 208 nm and 222 nm in a
CD spectrum (Hua, et al., 2002) (Huang, et al., 2004). The alpha helical conformation of insulin
was retained after storing in CAGE overnight at 4, 25 (room temperature) and 37 °C indicating
that insulin remains in its physiologically active conformation when dispersed in CAGE
(Figure 2.5). However, it should be noted that CAGE is a poor solvent for CD, exhibiting low
transparency in the wavelength range of interest; insulin was recovered from CAGE by

repeated washings with phosphate buffered saline (PBS).
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Figure 2.5. Insulin retains structure overnight in CAGE. Human insulin (100 U) was suspended in 1 mL
of CAGE and incubated either under refrigeration (4 °C, blue dash-dot line), room temperature (RT, 25
°C, red dotted line) or physiologically relevant temperature (37 ° C, grey solid line). Circular dichroism
spectra in the far-UV region of each sample compared to a fresh insulin-PBS control (black solid line)
showed no change in insulin secondary structure.

We then undertook an extended study, storing insulin in CAGE for several months at room
temperature and under refrigeration and testing aliquots every 30 days to look for changes in
structure. No difference in the shape or degree of ellipticity was noticed between freshly
prepared insulin solution and insulin stored in CAGE at RT or 4 °C for up to 3 and 4 months
respectively (Figure 2.6), suggesting CAGE helps retain insulin structure for prolonged

periods.
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Figure 2.6. Insulin retains structure after extended storage in CAGE. Human insulin (100 U) was
suspended in 1 ml CAGE and incubated under refrigeration (4 °C, blue dash-dot lines)) or at room
temperature (25 °C, red dashed or dotted lines) for up to 4 months. Circular dichroism spectra in the far-
UV region of each sample compared to a fresh insulin-PBS control (black solid line) showed no change in
insulin secondary structure up to 3 months at RT (red dotted line) and 4 months at 4 °C (blue dash-dot-
dot line).

2.5.2 Invivo activity

To confirm that insulin stored in CAGE for long periods not only remained structurally stable,
but also retained its biological activity, we recovered insulin from CAGE via centrifugation
and washing. Non-diabetic male Wistar rats were dosed via injection with 1 International Unit
(V) per kg of the recovered insulin in saline. Compared to freshly prepared insulin solution,
insulin stored in CAGE for up to 2 months at room temperature and 4 months under

refrigeration showed a similar pattern in blood glucose change (Figure 2.7).
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Figure 2.7. In vivo activity of insulin after long-term storage in CAGE. Insulin was mixed into CAGE and
stored at room temperature (RT) or under refrigeration (4 °C). Aliquots were sampled every month. RT
samples; 1 month (red triangles), 2 months (red circles), 3 months (red squares). Refrigerated samples;
3 months (hashed blue squares), 4 months (blue diamonds). All samples were compared to fresh insulin
in PBS (open black squares). *p<0.05 for insulin at 3 months RT compared to fresh insulin.

Loss of insulin potency can result from aggregation, hydrolysis, or intermolecular
transformations (Brange & Langkjoer, 1993). Protic ionic liquids are reported to stabilize
insulin’s conformation and mitigate its tendency to aggregate (Micaelo & Soares, 2008)
(Kumar, 2013). lonic liquids can also reduce water-protein interactions, thereby increasing
structural stability by reducing hydrolytic activity. CAGE may also play a role in preventing

aggregation, which enables efficacy by maintaining insulin in its monomeric, bioactive form.

2.6 Summary

The physical characterization of ILs is important from two standpoints; first, to provide a

relevant set of descriptors to compare them among each other and with those described in
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literature, and second, to use in quantifying how different environments (water, air, pH) change
the properties of ILs. This second objective becomes a priority when using ILs in applications
like microbial neutralization and protein stability/delivery, which we discuss in the following

chapters.
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Chapter 3
3. CAGE as an antimicrobial agent

3.1 Motivation

The development of robust, broad-spectrum antibiotics that do not trigger microbial resistance
continues to be one of the major challenges facing the healthcare community today. ILs, with
their intrinsic antimicrobial qualities and highly tunable nature, have the potential to address
this need. As described earlier, ILs are a broad class of compounds consisting of ions and most
commonly described by their low melting points (<100 °C) and non-volatility. IL cations (e.g.
imidazolium, pyridinium, quaternary ammonium and phosphonium) can be combined with a
variety of anions to create a diverse set of compounds with properties that can be further tuned
via functionalization of either ion. While the activity of ILs against Gram-negative and Gram-
positive bacteria, mycobacteria and fungi is well documented, the mechanism of action
remains unknown. ILs are structurally analogous, and therefore likely have similar
antimicrobial mechanisms to established cationic biocides and surfactants such as
benzalkonium chloride, a quaternary ammonium compound (Pendleton & Gilmore, 2015). Of
particular interest to this study, several groups have reported on the antibacterial properties of
ILs containing functionalized choline, another quaternary ammonium cation, combined with a
variety of counterions (Pernak, et al., 2007) (Petkovic, et al., 2010) (Zakrewsky, et al., 2014)

(Siopa, et al., 2016) (Zhao, et al., 2015).

The systematic evaluation of several different cation/anion pairings that resulted in the
development of CAGE showed it possessed superior antimicrobial activity and low

cytotoxicity to human cells (Zakrewsky, et al., 2014). The envisioned application for CAGE is
20
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as an antimicrobial agent to treat infections in humans. In earlier work, CAGE was tested for
antimicrobial efficacy against 47 different strains of Gram-negative and Gram-positive
bacteria, fungi and viruses. In all cases, low concentrations of CAGE provided complete
pathogen neutralization, including against E. coli (5% CAGE), methicillin-resistant S. aureus
(<1%), C. albicans (<1%) and Herpes Simplex Virus Type-1 (1%). In addition, the
concentration of CAGE required to kill bacteria (E. coli and S. epidermis) was lower than the

LCso for human keratinocytes (Zakrewsky, et al., 2016).

These results are highly encouraging, and to leverage CAGE to its full advantage, we must
fully understand the mechanism it uses to neutralize organisms. In 1996 Pernak and
Skrzypczak reported a correlation between the concentration of an imidazolium chloride IL
and its minimum inhibitory concentration against bacteria (Pernak & Skrzypczak, 1996). Other
studies followed to confirm this relationship and provide a second mechanistic hypothesis,
namely that an IL’s antibacterial activity is correlated with the length of its alkyl chain (Pernak,
et al., 2003) (Docherty & Kulpa Jr, 2005) (Pernak, et al., 2007) (Yu & Nie, 2011) (Jeong, et
al., 2012). Some postulated that aliphatic chains of ILs insert into the bacterial membrane with
a mechanism similar to that used by surfactants or pesticides. Others attributed the
functionality of ILs to the inhibition of acetylcholinesterase because of the cation (Arning, et

al., 2008) (Torrecilla, et al., 2009).

Molecular dynamics (MD) simulations have been used to gain insights into the action of
select imidazolium ILs on model lipid bilayers (Bingham & Ballone, 2012) (Yoo, et al., 2016)
(Klahn & Zacharias, 2013). These simulations showed that imidazolium cations interact with

the polar head groups of the lipids and insert their hydrophobic tails into the membrane. The
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interactions, however, are highly dependent on the charge and structure of the cation, the
counter anion, as well as the complexity of the membrane lipids. Literature studies on ILs have
focused on simple phospholipid bilayer models as surrogates for bacterial membranes due to
the lack of available force fields for the Gram-negative bacterial outer membranes (Bingham
& Ballone, 2012) (Yoo, et al., 2016) (Klahn & Zacharias, 2013). Moreover, the atomistic MD
simulations have been limited to short timescales (hundreds of nanoseconds) that are unable to
provide adsorption kinetics of an IL cation on bacterial membranes. In recent years, there have
been advances in coarse-grained force field libraries for bacterial membranes (Ma, et al., 2015)
(Hsu, etal., 2016) (Van Oosten & Harroun, 2016) (Ma, et al., 2017) (Ma, et al., 2017) that can

aid in elucidating the IL-induced morphological reorganization of the bacterial membranes.

Despite these experimental and computational investigations into the interaction of ILs
with lipid membranes, the exact molecular mechanism remains unknown, including the
secondary effects of membrane disruption on cellular signaling and other cellular functions
(Pendleton & Gilmore, 2015) (Bhattacharya, et al., 2017) (Bhattacharya, et al., 2018). The lack
of a complete mechanistic description hampers the effective development of antimicrobial ILs
for the treatment of infections, especially as it pertains to avoiding imparting resistance.
Combining a full mechanistic knowledge with the fact that IL properties (hydrophilicity,
hydrophobicity, density, viscosity, conductivity, and polarity) can be widely and readily tuned
could provide a wealth of new IL-based antimicrobials with maximum efficacy and minimum

toxicity.
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3.2 Study design

We choose Gram-negative bacteria Escherichia coli (E. coli) as the starting point for our
CAGE mechanistic studies. Using a combination of experimental and simulation techniques,
we investigated the antibacterial activity and mechanism of the panel of CAGE variants on E.
coli cells. Each variant was tested to determine the minimum bactericidal concentration (MBC)
required to kill E. coli, and MD simulations by collaborators at Syracuse University were
performed to compute the interfacial properties of CAGE variants with E. coli, as well as

choline bicarbonate and pure geranic acid.

Using fluorescent flow cytometry, we determined that the loss of cell membrane integrity
was an integral part of the mechanism and qualitatively analyzed the membrane damage with
scanning electron microscopy (SEM). Fourier Transform Infrared spectroscopy (FTIR) was
employed to investigate changes in the membrane lipid profile which provide evidence of
membrane disruption. One variant, CAGE 1:2, was further tested for the potential to impart

antibacterial resistance.

3.3 Antibacterial activity of CAGE against E. coli

The results of MBC testing showed a clear trend in bactericidal activity among the four CAGE
variants, with increasing geranic acid/geranate content resulting in lower minimum bactericidal
concentrations. While the MBCs of the variants were not significantly different from their
nearest neighbors when ordered by geranic acid content, the extremes (1:4 and 2:1) are
significantly different (p<0.05). All variants had significantly lower MBCs than either choline
bicarbonate or geranic acid, suggesting a combination of the two ions is necessary for effective

bacterial inactivation (Figure 3.1). Increasing geranic acid content resulted in a lower MBC.
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Figure 3.1. Determination of MBC of CAGE variants. E. coli cells were incubated in CAGE reactants or
variants for 2 h at 37 °C. The MBC was determined as the lowest concentration with no growth on the
plates. The MBC for the CAGE variants was lower than either of the starting choline bicarbonate or geranic
acid, indicating a synergistic effect. Mean MBCs + S.E. n=5, shown for each variant or reactant. *p<0.05,

*%p<0.01, ***p<0.001, ****p<0.0001.

The kinetics of bactericidal activity were studied in detail using one variant, CAGE 1:2,

at concentrations below the MBC, specifically 13 (50% of a lethal dose) and 6.5 mM (25%),

measuring optical density (ODsoo, where 1 unit of absorbance at 600 nm is equivalent to 8 x

108 colony forming units (CFU) per mL of E. coli) over 14 h. E. coli did not grow in 13 mM

as indicated by an unchanged cell density (Figure 3.2 left) but the culture was positive via

overnight plating, indicating an immediate bacteriostatic effect. Bacteria treated at 6.5 mM

exhibited slight growth at early time points, but the cell count plateaued at a number

significantly lower than untreated cells, between 15 — 22% of the untreated culture.

To further evaluate the difference between bacteriostatic and bactericidal doses, we

stained CAGE-treated E. coli cells with propidium iodide and analyzed the cells using flow

cytometry (Figure 3.2, right). Untreated, live cells showed low PI staining, while heat-killed

cells exhibited the expected high PI fluorescence. Cells treated with a bacteriostatic dose of 8
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Figure 3.2. Lower concentrations of CAGE are bacteriostatic. While 26 mM 1:2 CAGE completely kills
E. coli, lower doses are bacteriostatic. Left: Cells treated with 13 mM (black triangles) inhibit growth
immediately, while those treated with 6.5 mM (red circles) exhibit abnormal growth up compared to
untreated cells (blue squared) up to about 4 h, after which growth is halted. Starting cell loading was
3.4 x 107 CFU/mL and cell viability was confirmed via overnight plating. Right: E. coli cells were
incubated for 2 h at 37 °C at either a lethal (26 mM) or sub-lethal (8 mM) dose. Untreated cells and
heat-killed cells served as negative and positive controls, respectively. Cells were then separated and
washed with buffer followed by staining with propidium iodide (Pl), and flow cytometry was used to
quantify the Pl-stained populations. Population gates were set using unstained samples (not shown).

mM for 2 h showed low PI intensity indicating cell viability, while cells at 26 mM CAGE were
significantly stained by the PI. Cell viability was confirmed via overnight culturing in media.
Flow cytometry results support the kinetic results. A 2 h treatment of 26 mM CAGE resulted
in a Pl intensity (85.68%) similar to heat-killed cells (77.71%), indicating significant cell
membrane disruption. In contrast, a sub-lethal, or bacteriostatic dose of 8 mM for 2 h resulted
in few Pl-positive cells (1.33%) similar to the untreated control (1.65%). This is consistent
with the results of the kinetic study, which showed that cells were viable and able to replicate

for up to 3-4 h in a bacteriostatic dose of 6.5 mM 1:2 CAGE.

There are no previous studies on cholinium-geranic acid salts, however some groups have
investigated other choline-based ILs for their bacterial activity, and our results are generally

consistent with these studies. Petkovic (Petkovic, et al., 2010) synthesized a group of ILs using
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a choline cation paired with a range of linear alkanoate anions ([CnH2n+1CO2]", where n=1-9)
and found that the longer anion chains resulted in lower minimum fungicidal concentrations.
Choline chloride, tested as a proxy for the choline cation alone, showed the lowest toxicity.
Zhao (Zhao, et al., 2015) synthesized a variety of choline-based DESs using choline chloride
and several different types of hydrogen-bond donors including organic acids, amines, alcohols
and sugars; only the organic acid-containing DES showed bacterial inhibition. The CAGE
mechanism of membrane attraction and insertion, while similar to those suggested for cation-
substituted ILs, has a unique feature — the hydrophobic long chain can dissociate from the more
bulky, hydrophilic cation and penetrate deeper into the membrane. This dissociation ability
may prove useful in developing highly effective antimicrobial ILs. It is also interesting to note
that geranic acid is structurally similar to free fatty acids, which have demonstrated
bioactivities related to chain length and degree of saturation (Desbois. & Smith, 2010), but
poor solubility. Combining choline, a hydrophilic molecule, with hydrophobic geranic acid

may improve its ability to contact cells in aqueous environments like wounds.

3.4 MD simulation of CAGE-cell membrane interactions

Molecular Dynamic (MD) simulations were performed by Huilin Ma in Prof. Nangia’s lab at
Syracuse University. The simulations show that the choline geranate pair exhibits a cooperative
profile against the E. coli membrane. The choline cation, with its short side chain is small
enough to penetrate the lipopolysaccharide (LPS) domain and form stable ionic interactions
with the negatively charged membrane. This facilitates the penetration of geranate, which
inserts its long chain, acting like a short chain fatty acid, into the lipid A tails while the charged

head group remains above. As the concentration of geranic acid/geranate increases, the amount
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in the membrane increases (Figure 3.3 b through e). In the case of pure geranic acid (Figure
3.3 f), the penetration is significantly lower than the CAGE variants, suggesting that choline is

necessary.
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Figure 3.3. MD simulation snapshots and contact plots for CAGE interactions with the E. coli cell
membrane. (a) Choline bicarbonate, (b) CAGE 2:1, (c) CAGE 1:1, (d) CAGE 1:2, (e) CAGE 1:4, (f) pure
geranic acid.

3.5 Visualization of membrane disruption via SEM

To visualize the cell membranes after a lethal (MBC concentration) CAGE treatment, cells
were imaged using SEM. The images show a significant change in morphology in cells
incubated for 2 h in all CAGE variants (Figure 3.4). Cell surfaces had a roughened, flaked
appearance compared to the smooth surface of untreated cells. Only a few cells in each sample
were completely ruptured. The 2:1 CAGE treatment resulted in cells that appeared more

bubbled or swollen compared to other variants.
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Figure 3.4. Investigation of membrane disruption via SEM. E. coli cells were incubated in CAGE
variants for 2h at 37 °C. Cells were fixed, washed and ethanol dehydrated followed by ambient drying
prior to SEM. Images show surface disruption on CAGE-treated cells compared to an untreated

control. Magnification of top row images is 5,000 — 10,000X and bottom row images is 40,000X. From
left to right: untreated cells, CAGE 1:4, 1:2, 1:1 and 2:1 variant.

3.6 Effect of CAGE on the cell membrane lipid profile

FTIR has been shown to be a powerful tool in analyzing biological systems, and of interest for
this study, lipid content in the cell membrane (Zoumpopoulou, et al., 2010) (Papadimitriou, et
al., 2008) (Lin, et al., 2004). To look for alterations in the lipid content of the cell membrane
due to CAGE treatment, we used FTIR with an attenuated total reflection (ATR) crystal to
collect the spectra of cells grown for 2 or 24 h in a sub-lethal dose (13 mM) of the 1:2 CAGE
variant. In a sub-lethal dose, the cells remain viable, but under stress, and sub-cellular
responses, e.g. increased lipid content, can be investigated in addition to the effect of geranic
acid insertion. Both the 2 and 24 h treated samples showed increased lipid peak heights
compared to untreated cells incubated for the same time in medium only (Figure 3.5). While
the 2 h peak increases were modest, the 24 h data showed a significant increase in peak heights
associated with lipid bond vibrations, namely 2,853 (symmetric CH2), 2,874 (anti-symmetric

CHa), 2,924 (anti-symmetric CH2) and 2,959 cm™ (symmetric CHa).

Additionally, the frequency of the symmetric CH2 stretching increased in the 2 and 24 h

challenged cells (2,855 cm™) compared to the untreated cells (2,853 cm™). A slight upward
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Figure 3.5. FTIR-ATR spectra of CAGE-treated E. coli suggest a change in membrane content and order. Cells
incubated in sub-lethal doses of 1:2 CAGE for 2 (dashed red line) or 24 h (solid red line) exhibited both an
increase in peak heights indicative of lipid content compared to an untreated control (solid black line), and
an increase in vibrational frequency of CH; stretching was observed at 2,853 and to a lesser extent at 2,924
cm™. Cell count was kept constant between all samples.

shift was observed in the frequency of anti-symmetrical CH: stretching around 2,924 cm™. The
frequencies of these band shifts are known to correspond to a change in the conformational
order of lipid acyl chain systems, e.g. from an ordered gel to a disordered liquid-crystalline
phase upon melting (Tamm & Tatulian, 1997). The vibrational modes originating from the
terminal methyl groups at 2,959 (anti-symmetric) and 2,874 (symmetric) cm™ are also
conformation sensitive, although to a lesser degree (Mantsch & McElhaney, 1991). No shifts

were observed in the methyl group peak frequencies in this study.

In the FTIR spectra of cells treated with sub-lethal doses of CAGE for 2 and 24 h, there
was a clear and reproducible (seen in all four 24 h samples) increase in the vibrational

frequency of symmetric CHz stretching in the CAGE-treated cells. A shift in the anti-
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symmetric CHz stretching frequency was seen in one out of four 24 h samples. An increase in
the symmetric and anti-symmetric CHz vibrational frequencies is seen upon the transition of a
phospholipid system from an ordered gel to a disordered crystalline phase (Cameron, et al.,
1980) (Cortijo, et al., 1982). The symmetric band is usually monitored because it is freer from
overlap by other vibrational modes and shifts about 2 cm™ as a result of the chain melt process
(Mantsch & McElhaney, 1991). Using model lipid systems, two early studies showed that
incorporation of cholesterol into dipalmitoylphosphatidylcholine (DPPC) bilayers decreased
the conformation order of the lipids and increased symmetric CH: vibrational frequencies by
about 2 cm™ (Cortijo, et al., 1982) (Reis, et al., 1996), while Choi (Choi, et al., 1991) saw an
increase of about 1 cm™ of the anti-symmetric CH: stretching frequency with the addition of
cholesterol to phosphatidylserine bilayers that introduced disorder in the acyl chain packing.
Tsai (Tsai, et al., 1989) applied polar anesthetics to phospholipid membranes and saw a similar
increase in the CH2 anti-symmetric stretching frequency. Hence, the 1.9 cm™ symmetric and
0.8 cm? anti-symmetric frequency shifts seen in this study indicate a change in the

conformational order of the lipid layers in the E. coli membrane.

The FTIR spectra for the CAGE-treated cells also showed increased lipid peak heights for
CHz2and CHs stretching frequencies; the increases at 2,855 (symmetric CH2), 2,874 (symmetric
CHs), 2,924 (anti-symmetric CH2) and 2,959 cm™ (anti-symmetric CHa) are slight in the 2 h
sample but signficant in the 24 h incubation sample. While the MD simulations show the
extraction of lipids from the membrane as a result of CAGE, there may be a cellular response
to stress manifested as changes to the lipid content that is not represented in the simulation.
Corte (Corte, et al., 2015) reported an increase in the height of CH2 symmetric and anti-

symmetric peaks in surfactant-treated E. coli. Other groups have found that low pH
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environments can cause changes in phospholipid fatty acid type in bacterial and fungal
membranes, presumably as a means to maintain membrane integrity and functionality (Brown,
et al., 1997) (Chen & Ganzle, 2015) (Suchodolski, et al., 2017) (Hartmann & Silva Pereira,

2013).

3.7 Resistance challenge

The potential for the E. coli to develop resistance to 1:2 CAGE via vertical evolution (i.e.
mutations passed on to progeny) was investigated using two different techniques: 1) short,
repeated sequential challenges, and 2) with extended one-time challenges. Based on the kinetic
study, we knew that the cells did not undergo many doublings, so the effect would likely be to
exert pressure on the current population to create mutations that would carry to their progeny.
In 6 sequential 2 h challenges, the MBC for 1:2 CAGE did not change from 26 mM (test range
was from 6.5 — 52 mM) (Figure 3.6 left). Here, the cells used in each successive challenge
were taken from the plate with growth from the highest CAGE concentration in the previous
challenge. When cells from the ultimate sequential challenge were cultured in regular media
and analyzed via FTIR, there was no difference in lipid profile from the wild type culture

(Figure 3.6 right).

To test whether growing bacteria for extended periods under selection pressure imparted
resistance, cells were grown in media and then subcultured into 13 mM 1:2 CAGE and
incubated for either 24 or 48 h. The final ODsoo of the 24 and 48 h samples were 1.4 and 1.5,
respectively, from a starting ODsoo of 0.05, indicating at best 5 doublings. Following

incubation, the cultures were plated to confirm viability, and colonies from those plates were
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grown and the MBC determined. Both the 24 and 48 h cultures had viable cells, but those cells

did not exhibit a higher MBC (Figure 3.6 left).
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Figure 3.6. MBC and lipid profile did not change when cells were exposed to sub-lethal doses of 1:2 CAGE.
Left: 2 h sequential challenges: E. coli cells were exposed to varying concentrations of 1:2 CAGE (6.5 — 52
mM ) and then plated overnight. A colony from the highest concentration plate with growth was cultured and
challenged again, for a total of 6 challenges. Light to dark bars represent the first to sixth challenge. 24 and 48
h challenges: Cells were grown in sub-lethal 1:2 CAGE for 24 or 48 h and the MBC was determined. The MBC
did not change as a result of either type of challenge. Right: Cells from the final sequential challenge cultured
in standard media (dashed line) exhibited the same lipid profile as untreated cells (solid line).

It has been suggested that sub-lethal doses of antibiotics lead to multidrug resistance due
to the production of reactive oxygen species leading to an increased mutagenesis rate
(Kohanski, et al., 2010). Allowing subsequent generations to recover in regular media after
growing under selection pressure arguably increases the chance that changes to MBC values
will be due to genomic mutations. We did not see evidence of developing resistance, as
demonstrated by a constant MBC concentration across 6 sequential 2 h challenges and two
longer (24 and 48 h) challenges. In addition, the changes in the lipid profile seen in cells grown
in media spiked with CAGE (Figure 3.5) were not present in CAGE-challenged cells that were
subsequently grown in regular media (Figure 3.6 right), suggesting that the lipid profile

changes were due to environmental pressure rather than genetic alterations. This is not
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surprising, since CAGE’s target is the membrane; mutations to several genes would have to
occur to produce a mutated functional membrane. It should be noted that vertical evolution is
only one means of resistance acquisition. This was recently addressed by Sommer, who argues
that the current methods for testing are overly focused on the in vitro acquisition rate of
spontaneous mutations (via vertical transfer) that confer resistance and undervalue the role of
horizontal gene transfer in resistance acquisition. Sommer also suggests that vertical evolution
testing should include fitness cost evaluation, since some mutations, while imparting good

resistance, may be too costly for the organism (Sommer, et al., 2017).

3.8 Summary

A full understanding of how a candidate antibiotic acts against a pathogen is of upmost
importance to develop antibiotics with high efficacy and low potential to impart resistance.
Since the properties of ILs can be finely tuned, a full mechanistic knowledge of their action of

cell disruption can allow us to the design a wealth of IL-based antimicrobials.

Mechanistic hypotheses for ILs’ antibacterial activity most commonly include cell
membrane disruption as a result of interaction with the ionic species (Zakrewsky, et al., 2014)
(Pernak & Skrzypczak, 1996) (Pernak, et al., 2003) (Hsu, et al., 2016) (Bhattacharya, et al.,
2018). Some studies suggest additional signal interruptions as a result, but what actually causes
cell death remains unknown. The presence of a negatively charged outer leaflet comprised of
LPS makes the bacterial membrane unique compared to phospholipid bilayers and makes it

susceptible to penetration by CAGE (Figure 3.7). In MD simulations, the density profiles and
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Figure 3.7. Structure of the outer wall of a Gram negative bacterial cell. Cross-section of the cell wall of a
Gram negative bacterial cell showing the LPS, which is negatively charged, providing an attractive surface
for positively-charged choline. Image credit: Jeff Dahl.

the contact analysis demonstrate that the negatively charged LPS core forms a barrier for
geranate and geranic acid. In the presence of choline-containing CAGE variants, however, the
LPS negative charge is effectively screened and choline is able to facilitate the geranate and

geranic acid penetration into the membrane.

Among the six compounds simulated, 1:4 CAGE has the highest penetration, which
explains the high toxicity observed in the experiments. Using the CAGE component
penetration as a measure of their efficacy, the simulation results show the following order of
CAGE variants toxicity: 1:4 > 1:2 > 1:1 > 2:1> choline bicarbonate > pure geranic acid. The

order corroborates with the experimentally observed CAGE toxicity (Figure 3.8).

By varying the ion ratios in CAGE, we were able to show that increasing the geranic acid
content increases the biocidal activity. Through MD simulations we identified cell membrane
disruption via choline attraction to the negatively-charged cell membrane and geranic acid

insertion as a disrupting mechanism, and qualitatively showed such disruption via SEM
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Figure 3.8. Increasing geranic acid/geranate content in CAGE results in greater toxicity to E. coli. While
pure geranic acid does not effectively kill bacterial cells, a combination of choline and geranic does. The
mechanism identified requires both ions to interact with and disrupt the membrane via geranic acid
insertion, shown in the MD simulation snapshots for each CAGE molar ratio.

imaging. Overall, this study provides the basic mechanism for choline-based IL activity on the
cell membrane of Gram-negative E. coli. Through kinetic studies and flow cytometry, we
confirmed that low (6.5 -13 mM) concentrations of CAGE are bacteriostatic, and that cells can
propagate for a few hours at delayed growth rates at the lowest concentration, while modestly
higher concentrations (> 26 mM) are bactericidal. FTIR spectra confirm that treatment of E.
coli cells with CAGE resulted in a more disordered membrane lipid organization. Finally,
CAGE exhibited no short-term tendency to impart vertical evolution-based resistance to E.

coli.
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4. CAGE as a transdermal drug delivery agent

4.1 Motivation

With its large area and easy accessibility, skin is an ideal candidate for delivery of therapeutic
molecules. Drugs delivered transdermally are exposed to vasculature in the dermis for systemic
uptake, avoiding first-pass metabolism (Brown, et al., 2006) (Prausnitz, et al., 2004) (Thomas
& Finnin, 2004) and the epidermal layer contains a rich immunological community for vaccine
activation (Kupper & Fuhlbrigge, 2004). While some molecules such as nicotine exhibit
passive transport due to their small size (<500 Da) and lipophilicity and are currently available
as patches, (Kalia, et al., 1998) (Prausnitz & Langer, 2008) (Bos & Meinardi, 2000) (Yano, et
al., 1986) the majority of drugs of interest for dermal delivery, including peptides and proteins
require methods to enhance their transport at efficacious concentrations. This is due to the

extremely efficient barrier created by the highly organized and dense “brick and mortar”

Skin surface

Figure 4.1. Porcine skin structure. Porcine skin structure is remarkably like human skin, making it a good
ex vivo model for transdermal drug delivery. The primary skin layers are, from the top, the stratum
corneum, epidermis and dermis (left). An enlarged section of the SC (black box, left) would look similar in
structure to the cartoon on the right, showing the brick and mortar structure made up of corneocytes
(dead cells) and lipid bilayers. Magnification of left image: 40X.
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structure of the stratum corneum (SC), the topmost layer of skin (Figure 4.1) (Bouwstra &
Ponec, 2006) (Barry, 2004) (Lee, et al., 2009). The SC consists of dead cells called corneocytes
made up of dense keratin fibrils (bricks) about 1 um in width and 25 um long and spaced about
0.05 um apart, with multilaminar lipid layers in between (mortar). The lipid layers are made
up of ceramides, fatty acids and cholesterol. Several physical and chemical penetration
enhancers (CPE) have been developed to disrupt the SC barrier in different ways, improving
permeability of large or hydrophilic molecules (Table 4.1) (Kalia, et al., 2004) (Prausnitz, et
al., 1993) (Mitragotri, et al., 1995) (Mikszta, et al., 2002) (Prausnitz, 2004) (Lee, et al., 2002)

(Karande, et al., 2004) (Williams & Barry, 2004) (Kim, et al., 2012) (Lopes, et al., 2015).

Table 4.1 Permeation enhancers for dermal delivery

Physical (device-based) Chemical (formulation-based)
lontophoresis/electroporation Glycols
Sonophoresis (ultrasound-based) Alcohols
Microneedles Surfactants
Laser ablation Fatty acids

Limitations exist for both types of enhancers; device-based systems can typically only be used
on a small fraction of available skin area, and formulation-based systems can exhibit toxicity.
Both systems can result in chronic disruption of the SC, leaving the body vulnerable to
infection (Karande & Mitragotri, 2009) (Pathan & Setty, 2009) (U.S. Food and Drug
Administration Report, 2016) (Zakrewsky, et al., 2016) (Zakrewsky, et al., 2014). Previous
investigations of CAGE for cytotoxicity suggest it is benign to primary keratinocytes, making

it an ideal permeation enhancer for dermal delivery (Zakrewsky, et al., 2016).
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Dermal delivery of insulin has been studied by several groups. Ling & Chen used
dissolving polymer microneedle patches to deliver insulin to diabetic rats (Ling & Chen, 2013),
while Pettis et al. used a microneedle-based intradermal system to deliver Lispro® insulin,
showing a faster insulin absorption and action than a subcutaneous injection (Pettis, et al.,
2011). Hadebe studied transdermal delivery of insulin by an amidated pectin hydrogel matrix

patch with up to 0.144 U per patch (Hadebe, et al., 2014).

4.2 Study design

Previous studies showed the ability of CAGE to deliver small molecules mannitol and
cefadroxil (Zakrewsky, et al., 2014); this study sought to expand the range of molecules able
to permeate across skin with CAGE to larger molecules, with a wide range of hydrophobicities.
To further determine the ability of CAGE to enhance permeation of macromolecules across
porcine skin ex vivo, we selected three biomolecules of varying size and hydropathicities;
insulin (5.8 kDa, 0.278 GRAVY score), bovine serum albumin (~66 kDa, -0.429) and
ovalbumin (~45 kDa, -0.001) and qualitatively investigated the ability of CAGE 1:2 to enhance
their transport across the SC via confocal imaging. Transport of insulin and BSA were further
quantified by measuring the transport of fluorescein isothiocyanate (FITC)-Insulin or tritium-
labelled (*H-BSA). The efficacy of CAGE 1:2 was compared with two well-known CPEs,
ethanol and diethylene glycol monoethyl ether (DGME) (Karande & Mitragotri, 2009)
(Trommer & Neubert, 2006) (Javadzadeh, et al., 2015) (Mura, et al., 2000). In vivo studies
were conducted to examine the effect of CAGE 1:2 and insulin topically applied to rats on

blood glucose levels.
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The four CAGE variants, along with choline and geranic acid were used to qualitatively
determine the effect of increasing geranic acid content on permeation of insulin to, and the
lipid profile of, porcine skin ex vivo. Confocal imaging revealed an obvious dependence of
permeation with geranic acid content in the variants. FTIR analysis of SC samples was

conducted to determine if a similar trend existed in lipid content after incubation in CAGE.

4.3 Delivery of proteins into porcine skin ex vivo

Using confocal microscopy, penetration of fluorescein isothiocyanate (FITC)-labeled BSA,
OVA and insulin into the epidermis and dermis was evaluated and found to be significantly

higher in the presence of CAGE compared to PBS (Figure 4.2), suggesting CAGE facilitates

BSA-PBS BSA-CAGE | BSA-PBS:DGME | BSA-PBS:EtOH

30pm | 300 pm ! 300 pm

INS-PBS INS-CAGE INS-PBS:DGME | INS-PBS:EtOH

300 pm 300 pm

OVA-PBS OVA-CAGE OVA-PBS:DGME | OVA-PBS:EtOH

A
300 pm

Figure 4.2. Confocal images of skin penetration of fluorescently labeled proteins in PBS, CAGE 1:2, 50:50
v/v PBS:DGME or 50:50 v/v PBS:Ethanol. A) FITC-BSA, B) FITC-Insulin, or C) FITC-OVA. FITC-proteins were
suspended in 1 mL of PBS, CAGE, PBS:DGME or PBS:Ethanol and applied to porcine skin in a Franz diffusion
cell. After 24 h at 37 °C, confocal imaging of 20 um sections at 10X magnification showed FITC-protein
penetration into the dermis layer for the CAGE samples but not in the PBS or CPE controls. Scale bar: 300
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the delivery of large proteins into deep skin layers. The penetration of BSA, OVA and insulin
from CAGE was compared with that from DGME (Transcutol®) and ethanol (EtOH). In all
cases, penetration of BSA, OVA and insulin was significantly higher in the presence of CAGE
than the CPEs, implying that CAGE is more effective in enhancing permeation of proteins

across the skin compared to these widely used CPEs.

The ability of CAGE to enhance macromolecule skin penetration was quantitatively
assessed using tritium (®H) labeled BSA (Figure 4.3) and FITC-labeled insulin (Figure 4.4).
CAGE significantly enhanced *H-BSA penetration into and through the deep layers of porcine
skin (measured as 3H-BSA in the acceptor fluid of the Franz diffusion cell). Specifically, 3H-
BSA content in the epidermis (2.84 + 0.59 pg/cm?) and dermis (1.61 + 0.09ug/cm?) was
significant after 12 h compared to PBS controls (epidermis: 0.080 + 0.01 pg/cm? and dermis:
0.04 £ 0.04 pg/cm?). The *H-BSA content in 24 h in the dermis of CAGE-BSA treated skin
was similar to earlier time points at 1.178 + 0.01 pg/cm? but was significantly higher in
acceptor compartment (3.497 + 0.36 ug/cm?). After 48 h, 3H-BSA content in the dermis (1.72
+ 0.17 pg/em?) and acceptor was increased (6.02 + 1.04 pg/cm?), indicating that CAGE-
mediated transport through the dermis may be time dependent (Figure 4.3A). Total amounts
of 3H-BSA transported into the skin after 6 and 12 h were distributed approximately evenly
between the SC and epidermis/dermis/acceptor (E/D/A) (6 h: 45% in SC, 55% in
epidermis/dermis/acceptor, 12 h: 51% in SC, 49% in epidermis/dermis/acceptor). At 24 and
48 h, the distribution was significantly skewed towards the deeper skin layers, with at least
80% present in the epidermis, dermis or acceptor fluid (Figure 4.3B). The transport rate of

BSA was found to be 0.19 pg/cm?/h with a total transport of 9.34 pg/cm? after 48 h. Skin
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penetration of 3H-BSA in PBS was negligible at all time points; testing was suspended after

24 h (Figure 4.3C). Compared to CPEs such as ethanol and DGME at 50% concentrations,
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Figure 4.3. CAGE improves skin penetration of high molecular weight BSA. (A) CAGE enhances BSA
penetration compared to PBS control into and across the dermis. Bars represent 6, 12, 24 and 48 h
penetration. *p < 0.04, **p < 0.005. (B) Total penetration amount of BSA into skin after CAGE treatment.
White and black bars represent the total of SC1-10 and combination of the epidermis, dermis and acceptor,
respectively. (C) BSA penetration into individual layers of porcine skin ex vivo is negligible in PBS control.
Skin depth increases from left to right where sample SC 1 is the first tape-stripped layer of the SC, SC 2-5 is
the combination of the next four layers, and SC 6-10 is the deepest layers. (D) Enhancement of BSA
penetration into and across porcine dermis is significantly improved with CAGE compared to 50:50 v/v
PBS:Ethanol (p < 0.05 for dermis, p < 0.02 for acceptor) or PBS:DGME (p < 0.001 for dermis, p < 0.01 for
acceptor) after 24 h. Data represented as mean + S.E. (n=3).

neat CAGE exhibited significantly higher penetration of BSA into and across the dermis

(Figure 4.3D).

CAGE also significantly enhanced FITC-insulin penetration into porcine skin, with

significant concentrations in the dermis at 24 h: 5.46 + 0.04 ug/cm? (Figure 4.4A) and 48 h:
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17.22 + 1.43 pg/em? (Figure 4.4B). A larger portion of the insulin fraction delivered was
present in the epidermis/dermis/acceptor fluid for insulin compared to BSA (93% at 24 and
96% at 48 h). The difference in molecular weights between BSA and insulin may have
contributed to this effect (Figure 4.4C). For insulin, the rate after 48h was 0.57 pg/cm?/h with

a total transport of 28.35 pg/cm?.

4.4 Transdermal delivery and increasing geranic acid content
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Figure 4.4. CAGE improves skin penetration of insulin. CAGE significantly enhances insulin penetration to
the dermis compared to PBS control. (A) 24 h (**p<0.005); (B) 48 h (*p < 0.04); and (C) Total penetration
amount of insulin into skin after CAGE treatment. White and black bars represent the total of SC 1-10 and
combination of the epidermis, dermis and acceptor, respectively. Data represented as mean + S.E. (n=3).

To identify the role of geranic acid in enhancing the permeation effect of CAGE, all 4 CAGE

variants plus their constituents, choline bicarbonate and geranic acid, were applied to porcine
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skin ex vivo in Franz diffusion cells. The CAGE 1:1 and 2:1 samples showed no transport
across the SC (Figure 4.5 a and b), while the 1:2 and 1:4 samples showed FITC-insulin
permeating into the dermis after 24 h (Figure 4.5 ¢ and d). Samples containing geranic acid
or choline bicarbonate and FITC-insulin (Figure 4.5 f and g) showed that neither alone is
responsible for the enhancement of insulin delivery seen using the 1:2 and 1:4 CAGE
formulations. It is notable that there is less fluorescence in the geranic acid sample then either
the buffer (Figure 4.5 e) or choline bicarbonate sample, suggesting that insulin may be less

soluble in highly hydrophobic geranic acid than buffer or hydrophilic choline bicarbonate.
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Figure 4.5. Confocal microscopy images of FITC-Insulin in porcine skin solvated in CAGE variants.
FITC-insulin in CAGE 2:1 (a) and 1:1 (b) did not exhibit permeation across porcine SC while CAGE 1:2 (c)
and 1:4 (d) did show transport of FITC-Insulin into the dermis. FITC-insulin in buffer (e), geranic acid (f)
and choline (g) did not permeate into the skin.

4.5 SC permeabilization by CAGE

The four CAGE variants were evaluated for SC disruption in correlation with geranic acid
content. SC samples were incubated in CAGE 2:1, 1:1, 1:4, 2.26M choline or neat geranic acid
and the FTIR spectra recorded for each sample before and after incubation. FTIR spectra of
SC samples incubated in CAGE variants showed a trend of reduced peak height at 2,850 cm™

(symmetric CH2 bond stretching) and 2,920 cm™ (asymmetric CH2 bond stretching) with
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Figure 4.6. CAGE variants appear to reduce lipid content in SC. FT-IR spectra of the lipid region for SC
samples before (solid line) and after (dashed line) 24h incubation in geranic acid, 2.26M choline or
CAGE variants. Peak heights at 2850 cm™ (white columns) and 2920 cm™ (black columns) after CAGE
treatment as % of untreated (starting) SC peak height). Comparison of peak height at 2,850 cm™ (left
axis, blue circles) with the calculated CAGE variant partition coefficient (right axis, orange diamonds).

increasing geranate/geranic acid content (Figure 4.6), suggesting lipid extraction may be part

of the mechanism by which CAGE increases penetration of molecules into the skin.

FTIR studies were also performed to more fully evaluate the effect of CAGE 1:2 on the

SC structure when combined with proteins (Figure 4.7). It was observed that neat CAGE,

BSA-CAGE and INS-CAGE reduced the area of the 2,850 and 2,920 cm™ peaks which are

indicators of the SC lipid content (Tsal, et al., 2004), while PBS, BSA-PBS and INS-PBS did

not. A decrease in the peaks of CH2 symmetric stretching at 2,850 cm™ or asymmetric
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stretching at 2,920 cm™ are indicative of lipid extraction (Kaushik & Michniak-Kohn, 2010)
(Kuma, et al., 2015). This suggests that CAGE acts as a lipid extractor to improve permeability
of drugs across the skin. All spectra were deconvoluted into individual peaks (Figure 4.8) to
facilitate comparison of the pre- and post- incubation spectrum. In the SC sample, before
application of protein-CAGE, two to four peaks are observed to contribute to the 2,850 and
2,920 cm™ absorbance peaks, respectively. Post-incubation, all peaks’ absorbance was
significantly reduced. Inspection of FTIR spectra of the individual proteins or neat CAGE
show that they contain few peaks in the region of 2,800 to 3,000 cm, however neither of the
proteins (BSA or insulin), nor CAGE contain peaks at 2,850 or 2,920 cm™. A more detailed
assignment of peaks is beyond the scope of this study, but it appears that a CAGE peak around
2,930 cm™ may contribute to both post-application SC spectra. While absorbance spectra of
residual protein or CAGE in the SC sample may contribute to the post-application SC spectra,

overall there was a significant reduction in peak areas at 2,850 and 2,920 cm™.
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Figure 4.7. FTIR spectra corresponding to lipid content of the SC. Measured as by peak area of the CH,
symmetric (2,850 cm™) and asymmetric (2,920 cm™) stretching bands. SC before (solid black line) and
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4.6 Transdermal delivery of insulin via CAGE in vivo

In an in vivo study performed by A. Banerjee with CAGE-insulin supplied by the author, the
efficacy of CAGE 1:2 in delivering macromolecules across the skin was evaluated. Rats were
treated with a topical application of 25 U/kg CAGE-insulin and their blood glucose levels
(BGL) were measured over a 12 h period (Figure 4.9). The efficacy of the formulation was
compared to a subcutaneously injected dose of 1 U/kg insulin in saline and also to controls for
formulation (CAGE alone) and passive permeation (insulin in PBS). Neither topically-applied
CAGE or PBS-insulin resulted in a significant drop over the course of the study. The group
that received the CAGE-insulin application experienced a 25% drop in BGL at 2 h, which
continued to decrease until 4 h, culminating in a 40% reduction. After 4 h, BGL climbed
slightly and remained at about 70% of initial BGL throughout the remainder of the study. There
was a significant difference in efficacy for the CAGE-insulin topical treatment compared to

the PBS-insulin control, indicating the CAGE improved permeation of insulin into the dermis.

In contrast, the group which received a subcutaneous injection experienced a rapid drop
in BGL, 45% at 1.5 h followed by a recovery to initial BGL at 4 h. Following 4 h, BGL in the
injected group dropped slowly due to the fasted state of the animals; this trend was seen in the
other control groups. The quick response and subsequent recovery seen here is emblematic of
a typical response in T1D patients to injected insulin. Known as the “valley and peak”
phenomena (Bolli, 2002), patients can experience hypoglycemic symptoms as a result of an
injection (the valley), which they tend to overtreat with glucose, which leads to high BGL (the
peak). This can become a frustrating cycle of treatment which is stressful and time-consuming.

It is notable, therefore, that the CAGE-insulin application resulted in a slower and sustained
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Figure 4.9. In vivo efficacy evaluation of CAGE as a transdermal insulin delivery vehicle. Change in blood
glucose levels (BGL) were measured over time after administering different test treatments to non-diabetic rats.
Topical application of CAGE alone (0 U/kg insulin, red squares), insulin in buffer (25 U/kg insulin, grey triangles),
insulin in CAGE (25 U/kg, orange diamonds) or subcutaneous insulin in saline (1 U/kg, blue circles) were delivered
and blood glucose levels were measured from the tail vein at least every 2 h for 12 h. BGL after CAGE-Insulin
application were significantly different than PBS-Insulin (*p<0.01, **p<0.001). BGL are plotted as percent change
compared to the initial (before treatment, time 0 h) value. Data represented as mean * S.E. (n=6 for transdermal
applications, n=3 for subcutaneous injection).

lowering of BGL compared to injection; this could be an important aspect of this formulation
in helping to improve not only BG control in diabetes, but spike effects from other injected

therapies.

4.7 Summary

Transdermal delivery of therapeutic proteins and peptides is challenging due to very low
permeability of these macromolecules across the skin. Traditionally, various physical
enhancement techniques have been used to address the delivery challenge. This study

demonstrated the effectiveness of CAGE 1:2, a deep eutectic solvent as a potential transdermal
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delivery vehicle for therapeutic proteins and peptides. CAGE was found to enhance
permeability of large macromolecule drugs through the skin both ex vivo and in vivo, in part
by appearing to extract lipids from the stratum corneum. In addition, topical administration of
25 U/kg insulin in CAGE demonstrated similar peak efficacy as 1 U/kg subcutaneous
administration and efficacy was sustained for a prolonged period. The formulation is easy to
prepare and can be stored at room temperature for several weeks without compromising protein
secondary structure. Additional studies further investigating CAGE’s mechanism of action,
toxicity upon chronic use and investigation of insulin-CAGE efficacy in diabetic rats are
required before consideration for further development. In conclusion, the study suggests that
CAGE can be used as a transdermal alternative to injectable protein formulations that could
significantly improve the quality of life for people currently using injections to treat chronic

diseases.

It is to be noted that chemical enhancers have successfully been used mostly for small
molecule delivery, as they do not provide similar degrees of penetration enhancement as
physical enhancement methods (Paudel, et al., 2010). This notion was corroborated in our
study where no improvement in penetration of FITC-BSA, FITC-OVA or FITC-insulin across
the skin was observed in the presence of CPEs such as ethanol or DGME, while a significant
enhancement in delivery of these proteins was noted in the presence of CAGE. Further
quantitation of 3H-BSA in different layers of the skin after 24 h treatment with different
materials also demonstrated significantly higher accumulation of BSA in the dermis and
acceptor chamber when the protein was delivered using CAGE compared to PBS or the CPEs.
This accumulation of *H-BSA using CAGE was noted to be a time-dependent process with

more accumulation in the stratum corneum up to 12 h, followed by higher accumulation in the
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epidermis, dermis and acceptor chambers at longer time points (24 and 48 h). Additionally,
dermis concentrations after 24 and 48 h were significantly higher for FITC-insulin delivered

using CAGE compared to PBS.

For effective transdermal delivery, it is incumbent that proteins are not significantly
modified to compromise bioactivity and permeation enhancers do not denature proteins or
cause skin irritation. This study shows that CAGE 1:2 is a safe and effective transdermal
delivery vehicle that retains protein secondary conformation and significantly improves insulin
delivery in rats compared to formulation controls. Previous histopathological and toxicity
studies in rats and mice showed no observable skin irritation or toxicity upon CAGE
application (Zakrewsky, et al., 2016). Based on the FTIR studies we postulate that CAGE
improves permeability through SC lipid extraction, a quintessential chemical enhancer
mechanism of action as seen for DMSO, alcohols, azones and fatty acids (Karande &
Mitragotri, 2009) (Karande, et al., 2005) (Benson, 2005). However, additional studies using
small and wide-angle X-ray diffraction and other techniques are required to understand the

exact mechanism of action of CAGE on skin components (Moghadam, et al., 2013).

Finally, this study showed that differing the amount of geranic acid affected permeation
enhancement of insulin and lipid removal; the 1:4 variant resulted in a lipid peak reduction
similar to geranic acid, but geranic acid alone did not show permeation of insulin. This suggests
that choline with geranic acid is necessary to facilitate the transport. Quantitative studies are

needed to confirm the relationship between geranic acid content and permeation of proteins.
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5. CAGE as an oral drug delivery agent

5.1 Motivation

Oral delivery of drugs is preferred over injections for several reasons, including ease of
administration, lower manufacturing costs, and reduced risk of infection. For some patients,
oral dosing also results in higher adherence to the therapy regime. However, many drugs are
currently not suitable for delivery via the oral route, either due to a narrow therapeutic window

or their susceptibility to degradation in the gastric system.

Insulin, a peptide used by all Type 1 and some Type 2 diabetics to control blood glucose
due to lack of endogenous insulin production, suffers from both issues, but the significant
benefits of oral dosing over subcutaneous injection still makes it an attractive target. Insulin,
while highly effective in managing hyperglycemia to mitigate associated health risks including
retinopathy and neuropathy, is only commercially available in injected form, and as many as
60% of patients intentionally miss injections due to pain or inconvenience (Fonte, et al., 2013)
(Peyrot, et al., 2010), which can result in short-term complications requiring hospitalization
and increased morbidity (Peyrot, et al., 2010). Another benefit of oral insulin delivery is the
difference in glucose homeostasis. Injected insulin goes directly into systemic circulation, and
only a small portion (20%) ends up in the portal vein. Endogenously produced insulin from the
pancreas is first transported to the liver via the portal vein, where a large portion (80%) is
retained. The lower insulin concentration in the portal vein from injection results in
unsuppressed levels of glucagon, a hormone that promotes the liver to release glucose, which

causes hyperglycemia (Arbit & Kidron, 2017) (Fonte, et al., 2016) (Sonaje, et al., 2010). The
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rising prevalence and morbidity of diabetes worldwide highlights the need for a cheaper and
easier to administer form of insulin. Diabetes incidence has increased in every country with
low and middle-income countries experiencing the most rapid growth (Kharroubi & Darwish,
2015) (Olokoba, et al., 2012) (World Health Organization, 2016). In 2012, the World Health
Organization reported 1.5 million deaths directly attributable to diabetes and another 3.2
million due to disease caused by chronic elevated blood glucose levels. (World Health

Organization, 2016).

The barriers to oral delivery of drugs are many; the primary in vivo ones facing developers
of biologics destined for the gastrointestinal tract are shown in Figure 5.1 (Araujo, et al., 2017).
In the stomach, the low pH environment is designed to digest proteins; those that do make it
through the stomach intact encounter proteolytic enzymes in the intestine, whose job is to

reduce proteins to small, easily absorbed amino acids that can traverse the mucus layer adjacent

Stomach - Low pH

Viscous mucus layer—— | =

&9
Tightly arranged ®
epithelial cells

Intestine - proteolytic enzymes ) @
775 == 0

Oral delivery system criteria:

* Protect drug from food interactions

* Protectdrug from pH and enzymatic degradation
* Aid in diffusion across mucus layer

* Enhance drug penetration across the epithelium

Figure 5.1. Barriers to oral delivery of biopharmaceuticals and requirement for a delivery system to
overcome them. The digestive system (left) is designed to break proteins into easily absorbed amino acids
using a multi-stage process catalyzed by acids in the stomach and enzymes in the intestine. To ensure that
only desired molecules are absorbed, the intestinal wall (right) provides additional barriers in the form of
a mucus layer and a tightly arranged epithelium. Image credit: OpenStax College.
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to the intestinal wall and pass through the intestinal epithelium. Larger molecules encounter
significant resistance to passage through this tight cell structure, designed in large part to keep
microbes that commensally inhabit the gut from accessing tissue and circulatory pathways
where they can cause illness. Finally, a high level of variability is exhibited across human
subjects in terms of gastric emptying and intestinal transit time and the effect of food or water
on these parameters (Soares, et al., 2017) (Steingoetter, et al., 2006) (Kwiatek, et al., 2009)
(Karsdal, et al., 2008) (Tanko, et al., 2004). All of these factors contribute to extremely low

oral bioavailabilites (<1%) for orally-dosed proteins (Shaji & Patole, 2008).

Strategies to improve drug bioavailability typically include encapsulation or coating to
protect from stomach acids, use of protease inhibitors, protein modification, or addition of
absorption enhancers to increase uptake. Capsules are commonly coated with Eudragit® to
ensure their survival past the stomach. Once in the intestine, the use of soybean trypsin
inhibitor or other enzyme inhibitors can protect from degradation. Absorption enhancers such
as fatty acids, bile salts or surfactants act on the epithelial cell wall to increase transport, either
by modulating the cell membrane to increase transcellular transport, or opening the tight
junctions in between cells to enhance paracellular transport (Wong, et al., 2016). Hydrophobic
molecules are thought to affect the transcellular route, while hydrophilic ones work on tight

junction integrity.

Using a variety of these methods, reserachers have worked to improve oral insulin
bioavailablities. Using liposomes with bile salts to encapsulate insulin, Niu et al reported an
oral bioavailability of 8.5% with sodium glycocholate-liposomes in non-diabetic rats,

attributed to reduced enzymatic degradation (Niu, et al., 2012). Sheng et al achieved an oral
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bioavailability of 18% in rats by conjugating insulin with low molecular weight protamine, a
cell penetrating peptide, and loading it into mucoadhesive nanoparticles (Sheng, et al., 2016).
Sonaje et al achieved a 15% oral bioavailability in rats with a pH-responsive nanoparticle
composed of chitosan and poly (gamma-glutamic acid) as the insulin carrier (Sonaje, et al.,
2010). Insulin-loaded dextran sulfate/chitosan mucoadhesive, negatively charged
nanoparticles orally delivered to rats resulted in a 5.25% bioavailability (Sarmento, et al.,

2007).

CAGE has the potential to address many of these hurdles including cargo
biocompatibility, protection from proteolytic enzymes and circumventing the intestinal
epithelium barrier properties. We have to date demonstrated CAGE’s biocompatibility with
mammalian cells, its ability to protect cargo (insulin) from thermal degradation, and to increase
permeation into another barrier, the stratum corneum in skin. Additionally, CAGE has the
potential for intermolecular association with the cargo due to both hydrophilic and

hydrophobic segments, which may further aid stability and transport of cargo.

5.2 Study design

Having seen the superior permeation enhancing ability of CAGE 1:2 in skin, we wanted to
investigate the potential of CAGE to increase permeation of insulin across the intestinal wall.
In addition, knowing that insulin in CAGE remains stable for several months, we posited that
CAGE might afford protection against proteolytic enzyme degradation and thus be a candidate
for an oral delivery route. Thus, the study objectives were to 1) determine the compatibility of

CAGE with intestinal cells, 2) understand how CAGE might affect transport across the
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intestinal epithelium, and 3) determine if CAGE-insulin could be orally delivered with good

efficacy.

Cell viability was investigated with a standard MTT viability assay at two time points;
immediately after a 5 h incubation with CAGE, and after 19 h of incubation with no CAGE, to
determine the ability of the cells to recover. To confirm whether CAGE would enhance
penetration, we conducted TEER studies, comparing CAGE with a known penetration
enhancer, sodium caprate. From there, we conducted mechanistic studies using paracellular
and transcellular markers to determine the route of transport for CAGE-drug complexes. To
determine if CAGE might affect transport through the mucus layer next to the intestinal wall,
we tested the effect of CAGE on simulated mucus viscosity. In vivo studies were conducted to
determine the efficacy of CAGE in delivering insulin intrajejunally and orally. Finally, a small

in vivo toxicity study was conducted to collect preliminary histology data on CAGE.

5.3 Compatibility of model intestinal cells with CAGE

To determine the compatibility of intestinal cells with 1:2 CAGE, varying concentrations of
CAGE (0, 10, 25 and 50 mM) were applied for 5 h to a Caco-2 monolayer grown in a transwell
insert. Inserts were either assayed immediately for viability (5 h) or incubated for an additional
19 h after CAGE was replaced with medium and assayed at 24 h. Good viability was seen at
all concentrations (Figure 5.2), with the best viability at the lowest CAGE concentration. At

24 h, all concentrations had improved cell viability compared to 5 h.
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Figure 5.2. Caco-2 cell viability after incubation in varying concentrations of CAGE for 5 h. 24 h samples
were analyzed after an additional 19 h incubation with no CAGE.

5.4 TEER evaluation

To determine if CAGE affected monolayer permeability, we measured trans epithelial
electrical resistance (TEER) across Caco-2 seeded transwell inserts. A decrease in TEER
correlated with increasing CAGE concentrations (Figure 5.3). Cells treated with 10 mM
CAGE showed a significant decrease in TEER at 1 and 5 h with a complete recovery at 24 h,
while those treated with 25 and 50 mM CAGE showed a significant (30-50%) decrease in
TEER across all time points and a recovery to 90 and 58% of initial levels at 24 h respectively.
Notably, the TEER drop due to 50 mM CAGE was similar to that from 10 mM sodium caprate
(Krug, 2013), but cells treated with 50 mM CAGE recovered some monolayer resistance after

24 h, while those treated with sodium caprate did not.
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Figure 5.3. Effect of TEER in Caco-2 monolayer after treatment with varying CAGE concentrations or
sodium caprate. Data represented as mean £ S.E. (n=4); *p<0.05, **p <0.0001; all treatments compared to
no CAGE treatment.

5.5 CAGE-mediated transport across an epithelial model

Lucifer Yellow (LY) and FITC-dextran (4 kDa) are known paracellular transport markers
(Konsoula & Barile, 2005). When combined with 0, 10, 25 or 50 mM CAGE, a concentration-
dependent transport profile was seen for LY and FITC-dextran (Figure 5.4). LY transport was
increased by 1.5 to 10x when mixed with 10 to 50 mM CAGE compared to no CAGE (LY in
medium). For 4 kDA FITC-dextran, which is of similar size to insulin, transport increased 10
— 12x when combined with 50 mM CAGE compared to a no-CAGE control. From these results,
it appears that CAGE affects the integrity of the tight junctions in epithelial cells, effecting

increased paracellular transport.
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Figure 5.4. Basolateral chamber concentration of paracellular markers LY and 4 kDa FITC-dextran in
CAGE. Starting apical chamber concentrations 500 pg/mL for both markers. Data represented as mean +
S.E. (n=4); *p<0.05, **p <0.001, ***p<0.0001; all treatments compared to no CAGE treatment.

Next, the transcellular route was investigated using coumarin-6 (Simovic, et al., 2015) and
antipyrine (Siew, et al., 2011), both of which are known to passively transport across the cell
membrane. Interestingly, all concentrations of CAGE significantly halted uptake of both
coumarin-6 and antipyrine (Figure 5.5). This is convincing evidence that CAGE does not

enhance transcellular uptake.
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Figure 5.5. Basolateral chamber concentration of transcellular markers coumarin-6 and antipyrine.
Starting apical chamber concentration 5 pg/mL for coumarin-6 and 500 pg/mL for antipyrine. Data
represented as mean  S.E. (n=4 for LY, n=6 for antipyrine); *p<0.05, **p <0.0001; all treatments
compared to no CAGE treatment.
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As a final transport study, we evaluated the movement of FITC-insulin in CAGE or

dimethyl palmitoyl ammonio propanesulfonate, (PPS), an enhancer identified earlier in our

lab (Gupta, et al., 2013). 10 and 25 mM CAGE performed about equally, while 50 mM

CAGE significantly improved transport of insulin, by 10-15x ((Figure 5.6). Moreover, the

extent of FITC-insulin transport across the intestinal monolayer was similar to that from PPS.
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Figure 5.6. Basolateral chamber concentration of FITC-insulin. Starting apical chamber concentration 500
pug/mL. Data represented as mean + S.E. (n=4 for CAGE, n=3 for PPS); *p<0.05, **p <0.001, ***p<0.0001,
****p<0.00001; all treatments compared to no CAGE treatment.

The apparent permeation coefficients, Papp, are tabulated in Table 5.1.

Table 5.1. Apparent permeation coefficients (106 cm/s)

CAGE concentration Lucifer Yellow FITC-4 kDa FITC-Insulin Antipyrine Coumarin-6
(mM) Dextran
0 1.42 1.67 1.17 7.41 456
10 2.2 1.77 1.67 2.49 320
25 6.99 4.81 193 - 191
50 10.3 13.5 176 - 213

5.6 Effect of CAGE on simulated mucus viscosity

Simulated Mucus (SM) made from 2% dried pig mucin dissolved in saline exhibits a similar
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shear-thinning profile as reported for gastric mucus (Lai, et al., 2009) and the SM viscosity
profile compared well to literature values for healthy human duodenal gastric mucus (Curt &
Pringle, 1969). For example, at a shear rate of 46 1/s, the literature value was 12.3 cP compared
to the measured SM mean value of 11.3 cP at 50.12 1/s. CAGE incubated with SM resulted in

a very significant drop in viscosity (Figure 5.7). The addition of 1, 5 and 10% CAGE reduced
14
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Figure 5.7. Reduction in mucus viscosity after addition of CAGE. Mean viscosity values in centipoise (cP) at
a shear rate of 50.12 1/s are shown for simulated mucus with no CAGE (0%), 1, 5 and 10% w/v CAGE. Data
represented as mean * S.E (n=3); *p< 0.001, CAGE treatment compared to no CAGE treatment.

the viscosity throughout the entire measured shear range. The viscosity reduction from 10%
CAGE was not statistically significant compared to SM alone (no CAGE). Viscosity reduction
suggests that CAGE would assist in mucus penetration in vivo, thus facilitating delivery of
insulin to the intestinal epithelia. At higher CAGE concentrations of 25 and 50%, the viscosity

increased, likely due to contributions from CAGE’s inherent viscosity.

5.7 Pharmacokinetic and pharmacodynamic studies

Studies were conducted by the author and Dr. A. Banerjee to determine CAGE’s in vivo effects.
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5.7.1 Efficacy and bioavailability of intrajejunally-delivered insulin-CAGE

Rats were intrajejunally injected with either insulin-CAGE or insulin-saline (5 U/kg) and blood
glucose was measured over time (Figure 5.8 top). Plasma samples were collected to determine
insulin concentration in the blood over time (Figure 5.8 bottom). Animals given the insulin-
CAGE injections experienced a drop in blood glucose level (BGL), 70% within 2 h, following
a similar but slightly delayed pattern of a subcutaneous (SQ) injection (2 U/kg), and recovering
to 65% of initial levels at 5 h. Animals who received insulin-saline did not see an appreciable
drop in BGL during the course of the study. Insulin concentration in the blood peaked at 1 h in
rats receiving insulin-CAGE, which was comparable to a subcutaneous injection. There was
no insulin measured in the blood samples of rats given insulin-saline. Additionally, insulin-
CAGE appeared to have an increased half-life compared to injected insulin. Integration of each
concentration curve gives a pharmacokinetic bioavailability of 51% for insulin-CAGE

compared to injected insulin.
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Figure 5.8. Intrajejunal injection of CAGE-insulin. Top: An lJ injection of insulin-CAGE (5 U/kg, orange
diamonds) administered to rats had a significantly different BG profile than insulin-saline (5 U/kg, green
squares). Bottom: The insulin-CAGE profile was not statistically different from subcutaneously injected
insulin (2 U/kg, blue circles). Data represented as mean + S.E. (n=4 for insulin, n=6 for BGL); *p<0.05, insulin-
CAGE compared to SQ insulin.

5.7.2 Efficacy of orally-delivered insulin-CAGE

To investigate the efficiency of insulin-CAGE delivered orally in a capsule, rats were orally
gavaged with either insulin-CAGE (10 U/kg), neat CAGE or empty capsules. In addition, one

group was orally gavaged with an insulin-saline solution (10 U/kg). A positive control group
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was subcutaneously injected with insulin-saline (2 U/kg). The insulin-CAGE dosed animals
experienced a sustained drop in BGL with an initial decrease of 65% at 2 h and remaining
between 55 — 70% for the duration of the study (Figure 5.9). The insulin-saline oral solution
exhibited a gradual decrease over time, as did the empty capsule and neat CAGE dose; this is
attributed to the fasting condition of the non-diabetic animals. Compared to SQ insulin, insulin-
CAGE capsules provided a slower rate of BGL drop and a sustained lowered BGL; this is a

potentially preferred BGL profile for patients, as discussed in the previous section.

5.7.3 Effect of delivery timing on efficacy
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Figure 5.9. Efficacy of CAGE-insulin delivered orally. Capsules containing either insulin-CAGE (10 U/kg,
orange diamonds) or neat CAGE (purple triangles) were orally administered to rats. Empty capsules (black
x’s) and insulin-saline solution (10 U/kg green squares) were dosed to negative control groups. A positive
control of insulin (2 U/kg blue circles) was subcutaneously injected to a final control group. Data
represented as mean + S.E. (n=6); *p<0.05, insulin-CAGE compared to SQ insulin.

Investigation of delayed permeabilization by CAGE of the intestinal epithelium was done by
dosing rats with neat CAGE capsules followed by capsules containing 10 U/kg insulin powder

30 minutes later. Oral dosing test articles included CAGE-insulin capsules, insulin only
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capsules, and insulin-saline liquid. There was a significant efficacy difference observed at the
early timepoints (1 and 2 h) between a CAGE-insulin combined capsule and the sequential
dosing of CAGE and insulin capsules (Figure 5.10). Conversely, no significant difference was
seen between insulin solution (10 U/kg) and sequential dosing of insulin and CAGE,

suggesting that combined CAGE and insulin is required for effective permeation.

120 1

100 a

% Change in blood glucose levels

80 -
A— T
[ I>~__1 !
| 1 1\‘ T T
1"_““““'-3-————“‘--~,,i
60 - : :
*
40 T T T T T T
0 2 4 6 8 10 12

Time (h)
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Figure 5.10. Effect of oral delivery of CAGE-insulin capsule compared to sequential CAGE and insulin
capsule dosing (30 min delay). CAGE-insulin (10 U/kg, orange diamonds) administered to rats orally in a
single capsule had a significantly different BG profile than sequentially dosed CAGE and insulin capsules
(10 U/kg, red triangles), whose profile was not statistically different from insulin solution dosed alone (10
U/kg, blue circles). Data represented as mean + S.E. (n=6).

5.8 Toxicity study

To determine in vivo safety, we dosed non-diabetic male Wistar rats with either neat CAGE,
10 U/kg insulin, or 10 U/kg CAGE-insulin capsules once a day for 7 days. Following the study,
sections of the small intestines were examined for histological changes via hematoxylin and
eosin (H&E) staining by Dr. Renwei Chen of UCSB, who saw no remarkable morphological
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differences between the three groups (Figure 5.11). This finding suggests oral tolerability of
CAGE, but additional studies must be conducted. It should be noted that the daily CAGE dose
in the study was 80 mg (one capsule), containing 27 mg choline and 53 mg geranic acid. This
is much lower than the reported LDso of either component, 3,700 mg/kg and 3,400 mg/kg for
rats, respectively (Davis, et al., 1978) (Anonymous, 1979), and lower than the recommended

daily dose of choline (550 mg for men and 425 mg for women) (Zeisel & Costa, 2009).

! 7daydose insulin-LAG

Figure 5.11. Intestinal cross-sections stained with Hematoxylin & Eosin. Animals were dosed once a day for
7 days with capsules containing either neat CAGE (left), insulin-CAGE (middle) or insulin powder (right). Scale
bar: 200 um; inserts are mucosal surface with scale bar of 50 um.

5.9 Summary

Based on this set of studies, we believe that CAGE assists insulin transport across the mucus
layer and mediates paracellular uptake through the opening of tight junctions. Additionally, it
was shown that CAGE can reduce the degradation of insulin by trypsin (Banerjee, et al., 2018).
CAGE appears to be biocompatible with intestinal tissue, a critical quality for oral delivery
systems. Thus, CAGE fills the role of protease inhibitor, permeation enhancer, and mucal
transport facilitator in a single compound, without completed modification, conjugation or

encapsulation strategies.

While insulin was used in this study, the applicability of CAGE to deliver other peptides

orally is a logical conclusion. GLP-1 agonists, used in the treatment of Type 2 diabetes, growth
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hormone, and other peptides are all good targets for further study with CAGE. Many of these
do not have the narrow therapeutic window of insulin. Taken as a rapid-acting form as a meal
bolus, and long-acting form as a daily control of basal glucose levels released by the liver, the
pursuit of an oral insulin formulation is likely to best succeed by first focusing on the transition

of the basal insulin formulation from injection or oral.
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6. Future directions

The three studies described here combined with previous work in the area of transdermal drug
delivery and antimicrobial action provide convincing proof that CAGE has multi-faceted
capabilities to address several healthcare challenges, and we have identified three important

future goals to enable the robust design of CAGE-based treatments.
6.1 Interaction of CAGE and biological systems

Elucidating how CAGE interacts with a variety of biological systems should continue to be a
priority in any future work with the IL as a drug delivery system or antimicrobial. For the
antimicrobial effort, continued use of a mix of MD simulation and experimental studies on
Gram positive bacteria, fungi and viruses will provide mechanistic insights. Study of the
interaction between components of biofilm matrices and CAGE should also be included. For
transdermal work, the priority should be on describing the change in lipid profile in skin as a
result of CAGE application. This can be accomplished through lipidomic studies which make
use of mass spectroscopy and which have been successfully used to study variability in skin
due to gender and aging (t'Kindt, et al., 2012) (Smeden, et al., 2014) (Sadowski, et al., 2017).
For oral delivery, studies to better elucidate CAGE’s effect on epithelial cells in vivo is key to
improving confidence that CAGE reliably and repeatably performs in the difficult environment

of the digestive tract.
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6.2 CAGE characterization

Continuing to build out the characterization panel for CAGE and its variants will provide
insight into how to tune CAGE for a specific task. Great strides have been made into
understanding how CAGE acts in the presence of water (data not shown); expanding these
basic studies to other co-solvents and cargo, like organics and proteins is an important next

step.

6.3  Investigation of the CAGE landscape

Characterizing the larger landscape of CAGE variants is another key area that will inform all
the potential use areas. While work is underway to build out from the simple ion ratio panel
used here, a larger effort, undertaken within a thoughtful and logical framework of choline
substitutions and different anion options will continue to provide insights as to how the
constituents act. For example, fatty acids are well known penetration enhancers; one, caprate
(decanoic acid) was used to make choline-caprate. Due to the melting point of caprate, the
final compound was gelatinous, but other shorter chain fatty acids with lower melting points
could change the form while still imparting good permeation enhancment. For example,
octanoic and nonanoic acids have lower melting points and are reported to be less toxic to

endothelial cells while still providing permeation effects (Brayden, et al., 2014).
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7. Experimental methods for CAGE

Materials

Geranic acid, choline bicarbonate, BSA, fluorescein isothiocyanate (FITC)-insulin, FITC-
BSA, DMSO, DGME, FITC-dextran, dimethyl palmitoyl ammonio propanesulfonate (PPS),
sodium caprate (98% purity), pig mucin, coumarin-6, human insulin and human insulin ELISA
kit were purchased from Sigma-Aldrich (St. Louis, MO, USA). FITC-OVA was purchased
from ThermoFisher (Rockford, IL, USA). Caco-2 human colorectal adenocarcinoma cells were
bought from American Type Culture Collection (Manassas, VA, USA) while Dulbecco
modified eagle medium (DMEM) with or without phenol red, fetal bovine serum (FBS),
penicillin/streptomycin (P/S) solution, Dulbecco’s Modified Eagle Medium (DMEM), fetal
bovine serum (FBS), Penicillin/Streptomycin (P/S, 5,000 units/mL penicillin with 5,000
ug/mL streptomycin), MTT powder (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), Dulbecco’s phosphate buffered saline (DPBS), 0.25% trypsin solution, propidium
iodide and Remel™ 5% sheep’s blood agar plates were purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Intestinal epithelium growth medium comprising basal
seeding medium (BSM), enterocyte differentiation medium (EDM) and MITO+ serum
extender was purchased from Corning (Corning, NY, USA). Millicell®-PCF cell culture
inserts (3.0 um pore size, 12 mm diameter) and the TEER measuring device, Millicell®-ERS
were obtained from Millipore Sigma (Burlington, MA, USA) while TEER measuring
electrodes were obtained from World Precision Instruments, Inc (Sarasota, FL, USA). Tritium

labeled BSA (®*H-BSA) was purchased from American Radiolabeled Chemicals Inc. (St. Louis,
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MO, USA). Porcine skin was obtained from Lampire Biological Laboratories (Pipersville, PA,
USA). Capsule oral gavage and size 9 elongated capsules were obtained from Torpac
(Fairfield, MA, USA). Male Wistar rats weighing between 200 — 300 g were purchased from
Charles River Laboratories (Wilmington, MA, USA). The blood glucose measuring meter
(Aimstrip plus) and strips were bought from Fisher Scientific (Pittsburgh, PA, USA). BD
Vacutainer® red top tubes were obtained from Becton, Dickinson and Company (Franklin
Lanes, NJ, USA). Eudragit polymer was purchased from Evonik (Essen, Germany). E. coli
BL21(DE3) was procured from New England BioLabs (Ipswich, MA, USA). Lucifer Yellow

(LY) and Tryptic Soy Broth (TSB) was purchased from VWR (Radnor, PA, USA).

7.1 Characterization of CAGE

To prepare CAGE 1:2, two equivalents of neat geranic acid (20 g, 0.119 mol), recrystallized
at least five times at —70 °C in acetone, were added to one equivalent of choline bicarbonate
(80 wt % solution, 12.274 g, 0.059 mol) in a 500-mL round-bottom flask. The mixture was
stirred at 40 °C until CO2 production ceased. Remaining water was removed via rotary
evaporation at 60°C for 20 min, and further dried in a vacuum oven for 48 h at 60°C. Choline
bicarbonate and geranic acid molar ratios of 1:4, 1:2, 1:1 and 2:1 were used during the salt

metathesis reaction step to create the 4 variants.

7.1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

Each CAGE formulation was characterized via NMR spectroscopy using an Agilent DD2 600
MHz spectrometer by placing dried, neat CAGE into an NMR tube with a co-axial insert filled

with DMSO-ds. NMR studies were conducted by Dr. Eden Tanner.
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CAGE 1:1: 'H NMR (600 MHz, DMSO-ds) & 125 (d, J = 6.5 Hz, 6H,
C(CHs)2CHCH2CH2C(CH3)CHCOOH), 1.68 (s, 3H, C(CHs)2CHCH2CH2C(CH3)CHCOOH),
1.71 (m, 4H, C(CH3)2CHCH2CH2C(CH3s)CHCOOH), 2.94 (s, 9H, N(CHs)sCH2CH20H), 3.25
(s, 2H, N(CHs)sCH2CH20H), 3.65 (s, 2H, N(CHs)sCH2CH:0OH), 4.75 (s, H,
C(CHs)2CHCH2CH2C(CH3)CHCOOH), 5.28 (s, H, C(CHs)2CHCH2CH2C(CH3)CHCOOH),
5.85 (s, b, 2H, N(CH3)sCH2CH20H: C(CHs)2CHCH2CH2C(CH3)CHCOOH). 3C NMR (600

MHz, DMSO-ds) 20, 28, 29, 43, 56, 58, 70, 127, 133, 148, 175 ppm.

CAGE 1:2: 'H NMR (600 MHz, DMSO-d¢) & 1.31 (d, J = 6.5 Hz, 12H,
C(CHs)2CHCH2CH2C(CH3)CHCOOH), 1.76 (s, 6H, C(CH3)2CHCH2CH2C(CHs)CHCOOH),
1.78 (m, 8H, C(CH3s)2CHCH2CH2C(CH3)CHCOOH), 2.98 (s, 9H, N(CHs)sCH2CH20H), 3.3
(s, 2H, N(CHs)sCH2CH20H), 3.65 (s, 2H, N(CHs)sCH2CH20H), 4.79 (s, 2H,
C(CHs)2CHCH2CH2C(CH3)CHCOOH), 5.41 (s, 2H, C(CH3)2CHCH2CH2C(CHs)CHCOOH),
5.85 (s, b, 3H, N(CH3)3CH2CH20H: C(CH3)2CHCH2CH2C(CH3)CHCOOH). *C NMR (600

MHz, DMSO-ds) 20, 27, 29, 43, 56, 58, 70, 123, 126, 133, 154, 173 ppm.
The CAGE 1:2 variant NMR spectra was in good agreement with earlier characterizations.

CAGE 1:4: H NMR (600 MHz, DMSO-ds) & 1.32 (d, J = 65 Hz, 24H,
C(CHz)2CHCH2CH2C(CH3)CHCOOH), 1.78 (m, 28H,
C(CH3)2CHCH2CH2C(CHs)CHCOOH), 3.0 (s, 9H, N(CHs)sCH.CH:0OH), 3.3 (s, 2H,
N(CH3)sCH2CH20H), 38 (s, 2H, N(CH3)sCH.CH:OH), 481 (s, 4H,
C(CH3)2CHCH2CH2C(CHs)CHCOOH), 5.51 (s, 4H, C(CH3)2CHCH2CH2C(CHs)CHCOOH),
10.4 (s, b, 5H, N(CHs)sCH2CH20H: C(CHs)2CHCH2CH2C(CH3)CHCOOH). 3C NMR (600

MHz, DMSO-ds) & 20, 28, 29, 43, 56, 58, 70, 121, 126, 134, 158, 173.
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CAGE 2:1 'H NMR (600 MHz, DMSO-ds) & 1.18 (d, J = 6.5 Hz, 6H,
C(CHs)2CHCH2CH2C(CH3)CHCOOH), 1.52 (s, 3H, C(CHs)2CHCH2CH2C(CH3)CHCOOH),
1.54 (m, 4H, C(CHs)2CHCH2CH2C(CH3)CHCOOH), 2.78 (s, 18H, N(CHs)sCH2CH20H),
3.15 (s, 4H, N(CHs)sCH2CH:0H), 3.45 (s, 4H, N(CHs)sCH2CH20H), 4.62 (s, H,
C(CHs)2CHCH2CH2C(CH3)CHCOOH), 5.18 (s, H, C(CHs)2CHCH2CH2C(CH3)CHCOOH),
5.7 (s, b, 2H, N(CH3)3CH2CH20H: C(CH3)2CHCH2CH2C(CH3)CHCOOH). 3C NMR (600

MHz, DMSO-ds) 6 17, 25, 26, 40, 53, 55, 67, 123, 125, 130, 146, 160, 172.
7.1.2 Thermogravimetric Analysis (TGA)

The decomposition temperatures (Tdec) Of the variants were measured using a TA Discovery
Thermo-Gravimetric analyzer (TA Instruments, New Castle, DE, USA) with a ramp of 10
°C/min from 100 to 800 °C. Decomposition temperatures were determined from the onset of
mass loss derived from the intersection of the baseline before thermal decomposition with the
tangent during mass loss.

7.1.3 Differential Scanning Calorimetry (DSC)

Glass transition temperatures (Tg) and cold crystallization points (Tcc) of the variants were
analyzed using a Modulated DSC Q2000 (TA Instruments, New Castle, DE, USA). A sample
between 6 — 10 mg was sealed in an aluminum crucible and cooled to either -150 or -125 °C,
then scanned to 125 °C with a heating rate of 10 °C /min for a total of 6 cycles.

7.1.4 Density

Density was measured using an ARES-LS1 rheometer with a 25 mm diameter parallel plate to

calculate the volume of a known weight of CAGE 1:2 at a known temperature.
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7.1.5 Viscosity

Viscosity was measured on a TA Instruments AR-G2 rheometer using a 40 mm diameter
aluminum 2° cone. CAGE 1:2 was placed on the bottom plate, and the sample was equilibrated
at 25 °C for 2 minutes prior to the experiment being conducted. A steady-state flow method

was employed, with 5 points per decade being recorded from 1 to 100 Pa.

7.1.6 Conductivity

Conductivity was measured using a Horiba Laqua conductivity meter (model DS-71) with a
3574-10C probe. A sample of ionic liquid was introduced into the clean and dried probe and a
reading was taken after the output stabilized. Conductivity was also measured using dielectric
relaxation spectroscopy in the Segalman lab at UCSB. Briefly, CAGE was pressed between 2
stainless steel electrodes and through-plate spectroscopy was performed on a Biologic VSP-
300, applying a sinusoidal voltage in an appropriate frequency range. DC conductivity was

determined from the real component of the complex conductivity.

7.1.4 Assessment of insulin stability in CAGE

Overnight study. Samples containing human insulin (100 U, 3.5 mg) suspended in CAGE (1
mL) were incubated at physiological temperature (37 °C), room temperature (25 °C) or under
refrigeration (4 °C) for 17 h in 1.5 mL micro centrifuge tubes. Samples were then centrifuged
for 10 minutes at 10,000g and the CAGE was removed via pipetting, taking care not to disturb
the soft insulin pellet in the bottom of the tube. The pellet was washed with 1 mL PBS and
centrifuged again. PBS-CAGE was pipetted from the tube and washing/centrifugation steps

were repeated until the insulin did not form a pellet in the tube during centrifugation. Circular
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dichroism spectrophotometry (Jasco J-1500, Easton, MD, USA) was performed to collect
spectra in the far-UV region (190 — 250 nm) using rectangular quartz cells with a 1mm path
length (Starna Cells, 1-Q-1, Atascadero, CA, USA) loaded with 400 ul of sample. Insulin in

PBS was used to collect a control spectrum.

Long-term study. Samples were prepared as for the overnight study and stored at RT or 4 °C.
After 1 month, and approximately each month thereafter for 4 months total, samples were
centrifuged for 10 min at 10 000 X g, the CAGE was removed via pipette, and the soft insulin
pellet was washed with 1 mL phosphate buffered saline (PBS) and centrifuged again. PBS-
CAGE was removed, and the washing/centrifugation steps repeated until the insulin did not
form a pellet during centrifugation. To collect spectra in the far-UV region (190-250 nm)
indicting protein secondary structures, circular dichroism spectrophotometry (Jasco J-1500,
Easton, MD) was performed with rectangular quartz cells (mm path length, Starna Cells, 1-

Q-q, Atascadero, CA) loaded with 400 uL of sample.

7.2 Bacterial studies

7.2.1 Cell culturing
For all bacterial studies, 10 uL of E. coli from frozen stock was added to 5 mL TSB and
incubated overnight at 37 °C. The next day, 20 uL of the culture was added to 5 mL of fresh

media and allowed to grow at 37 °C until the ODsoo reached 0.5 (4 x 108 CFU/mL). This culture

protocol was used to prepare cells for the experiments described below.
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7.2.2 Measurement of minimum bactericidal concentration (MBC)

E. coli cells were grown as described above. 20 uL of cell suspension was added to each well.
180 pL of 1:2 serial dilutions of CAGE 1:4, 1:2, 1:1 or 2:1, from 0.8 — 50 mM were added to
duplicate or triplicate wells. Geranic acid was serially diluted for a test concentration range of
31 - 1000 mM, and choline bicarbonate was tested at 32 - 2000 mM. 200 pL of TSB was used
as a negative control, and 180 puL media plus 20 uL cell suspension was added used as a
positive control. The final cell concentration per well was approximately 4 x 107. The plate
was incubated for 2 h at 37 °C. 20 ul was removed from each well and added to 10 mL TSB,
and 50 uL of this culture was plated. Plates were incubated overnight at 37 °C. The minimum
bactericidal concentration for each CAGE variant or the reactants geranic acid or choline

bicarbonate was determined as the lowest concentration plate with no growth.
7.2.3 Kinetic study

A 96-well plate was seeded with 20 uL E. coli culture prepared as above, at either 1x, 2x or
4x the cell concentration used in the MBC study (~4 x 108 CFU/mL). 180 uL of either TSB
media (untreated control), 6.5 or 13 mM 1:2 CAGE, diluted with TSB media, was added into
4 replicate wells. Blanks for each concentration contained 200 uL of TSB or the 1:2 CAGE
dilutions only. The plate was incubated for 14 h at 37 °C in a BioTek Synergy NEO HTS

microplate reader (Winooski, VT, USA) and the ODsoo was measured every 30 minutes.
7.2.4 Flow cytometry studies

Following 2 h incubation in 1:2 CAGE at sub-lethal (8 mM) or lethal (26 mM) concentrations

determined from MBC testing, cells were centrifuged at 3,000g for 5 min, the media removed.
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PBS was added, and the samples were vortexed to break up the cell pellet, effectively washing
media from the cells. The cells were recentrifuged, the supernatant decanted, and then
resuspended in PBS. Propidium iodide (PI) was added (1 puL) and samples were incubated for
15 minutes at room temperature in the dark. Samples were analyzed for dead cells (positive for
P1) using a BD FACSAria | (Franklin Lakes, NJ, USA) flow cytometer red laser emitting at
488 nm with a 695/40 filter. The positive Pl signal gate was set to exclude 99.5% of unstained
(background) cells. Culture viability was confirmed by overnight incubation of 10 uL of

unstained cells in TSB media.

7.2.5 SEM imaging

E. coli cells were grown as described above. Following a 2 h incubation in each of the 4 CAGE
variants at 37 °C, cell suspensions were centrifuged for 3000g for 5 minutes and the media was
removed. To fix the cells, 2.5 % (w/v) glutaraldehyde was added and the cells refrigerated (4
°C) for 2 h. Cells were centrifuged, the supernatant removed, and dehydrated for 5 minutes in
30 and 70% (v/v) ethanol followed by 15 minutes in absolute ethanol. Multiple dehydration
and washing steps were eliminated to retain cells. A 5 uL volume was applied to an SEM stub
and then air dried overnight followed by coating with gold/palladium alloy for 90 s before
analysis in a FEI Nova 650 FEG SEM (Hilsboro, OR) connected with Oxford Inca X-ray EDX
system detector (Abingdon, Oxfordshire, UK). The images were taken at 40,000 X

magnification at a beam voltage of 5 kV.
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7.2.6 FTIR characterization of cell membrane changes

Cells were incubated for 2 or 24 h in 13 mM 1:2 CAGE. The ODsoo was measured, and aliquots
containing equal numbers of cells were made. An aliquot from a control sample incubated in
medium only was prepared in the same way. The samples were centrifuged, the supernatant
decanted, and MilliQ water added to wash the cells of residual CAGE/medium. The cells were
recentrifuged, decanted and 20 uL of MilliQ water was added and mixed. The cells were dried
overnight in a vacuum desiccator at room temperature. A Bruker Vertex 70 FTIR-ATR
Spectrometer (Billerica, MA, USA) was used to analyze the cells by resuspending the cells in
10 pL of MilliQ water, placing the volume on the FTIR-ATR crystal, and allowing the water
to evaporate while recording the spectrum every 3-5 minutes with spectral resolution at 4 cm”
L and sampling at 100 scans per sample. The final spectrum was deemed to be that which had
no change in absorbance over the entire range (600-4000 cm™) for 3 cycles of sampling. FTIR
spectra were automatically atmosphere corrected and a manual baseline correction was
performed. To ensure that the peak height increases were not due to variations in cell
concentration due to collection, dilution or measurement error, a set of control aliquots
containing 0.5%, 1x and 1.5% the cell count was prepared and analyzed on the FTIR. The 1.5x
standard spectrum was below both of the treated sample spectra, and it is very unlikely that the
preparation and measurement errors could have resulted in any greater OD than 1.5x the
control. The 24 h treatment was repeated for a total of n = 4 to check the reproducibility of the
FTIR spectra. Frequency data was collected to 6 significant figures. Spectra were atmosphere
and baseline corrected using the OPUS FTIR software. Peak centers were identified using the

peak-finding function in Origin (Origin 2017, Northampton, MA, USA).

79



CAGE Experimental Methods Chapter 7

7.2.7 Antibacterial resistance challenges

Repeated 2 h challenge. The MBC study described above was repeated six times, using a
colony from the highest concentration plate with growth from the previous test. The colony
was grown overnight from the plate and subcultured to an ODsoo of 0.5. This culture was
challenged and plated, and the highest concentration plate with growth carried into the next
round of testing. A colony from the ultimate round was also grown in TSB and prepared for

FTIR as above.

24 and 48 h challenge. E. coli cells were grown as described above. 0.5 mL of cells at 4 x 108
CFU/mL was added to 4.5 mL of CAGE 1:2 diluted with TSB at a sub-lethal concentration of
13 mM for a final cell concentration of 4 x 107. Following incubation at 37 °C for with 24 or
48 h the culture ODsoo was recorded, and the cells plated. A colony from this plate was grown
overnight and subcultured in similar fashion to the wild-type and the MBC for 1:2 CAGE was
determined. A control wild-type sample was included in the MBC study to check for run-to-

run variations.

7.3 Invitro studies

7.3.1 Determination of 1Csp for Caco-2 cells in 1:2 CAGE (96-well plate)

Human epithelial colorectal cells (Caco-2, ATCC) were seeded into 96-well microtiter plates
and grown for 21 days to a fully differentiated and confluent monolayer in DMEM
supplemented with 10% FBS and 1% P/S at 37 °C, 5% CO2. Cell media was changed every
third day in the first week and every alternate day in the remaining weeks. CAGE was diluted

with DMEM to concentrations ranging from 25 to 3.125 mM. Three different sets of CAGE
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dilutions were made (3 dilution replicates). The media was aspirated from each well containing
the confluent Caco2 cells and each dilution was dispensed (100 uL per well) into 6 wells (6
cell replicates). Control wells were filled with media only. The cells were incubated at 37 °C,
5% COx2 for 12, 24 or 48 h. At each time point, the CAGE:media mixture was aspirated from
the wells, and cell viability was assessed using an MTT assay. MTT powder was mixed with
media to a concentration of 0.5 mg/mL, added (100 uL) to each well, and incubated at 37 °C,
5% COz for 4 h. The MTT solution was removed and 100 uL DMSO was added to each well.
The plates were wrapped in foil and shaken for 20 min, then absorbance was read at 570 nm
using a microplate reader (M220 Infinite Pro, Tecan Group Ltd, Morrisville, NY). Absorbance
readings were normalized using the non-treated cell viability values and used to determine 1Cso

values with a dose response curve in Prism (v7.0, GraphPad).
7.3.2 Caco-2 monolayer growth for transport studies

A 3-day rapid Caco-2 growth system was used for transport studies. Cells were placed in
Corning® BSM supplemented with MITO serum+ extender and seeded at density of 400,000
cells/mL on Millicell® PCF inserts placed inside 24-well plates. 500 uL of cells containing
medium was placed in apical side while 1000 uL of cell free BSM was put in the basolateral
side as per manufacturer recommendation. After 24h of incubation at 37 °C, 5% COg, the
medium was replaced with same volume of EDM supplemented with MITO serum+ extender
for 48h. TEER was measured and inserts with values above 150 ohms.cm?, indicating

sufficient tight junction integrity between cells, were used in the transport studies.
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7.3.3 Transport studies (LY, Coumarin-6, FITC-Insulin, FITC-4 kDa dextran)

Before the start of the experiment, the medium in the transwells was replaced with DMEM
without phenol red, FBS or P/S in both the apical (200 pL) and basolateral side (600 uL) and
the cells were incubated for 30 minutes. Then the inserts were transferred to a new plate and
the medium in the apical side was aspirated off and replaced with 200 pL of 500 pg/mL of
either Lucifer Yellow (LY), 4 kDa FITC-dextran, FITC-insulin, or 5 pg/mL of coumarin-6 in
DMSO (10% final concentration), prepared with or without 10, 25 and 50 mM CAGE and
solubilized in DMEM free of phenol red, FBS and P/S. 600 uL of DMEM was then added to
the basolateral chamber, and, a 100 pL aliquot was immediately withdrawn from the
basolateral side and replaced with an equal volume of fresh DMEM. During the study, the
transwell plates were placed inside an incubator at 37 °C, 5% CO2 on a shaker rotating at 100
rpm and taken out at hourly intervals for sampling. After the end of study at 5h, fluorescence
in the aliquots with LY, FITC-dextran, FITC-insulin and coumarin-6 were measured using a
plate reader (BioTek Synergy NEO HTS microplate reader (Winooski, VT, USA) at 485/530
(LY), 495/520 (FITC) and 468/568 (Coumarin-6) nm excitation/emission wavelengths.
Calibration standards for each transport marker molecule were prepared and analyzed to plot

basolateral chamber concentration vs time plots.

7.3.4 TEER studies

Before the start of the experiment, the medium in the transwells was replaced with DMEM
without phenol red, FBS or P/S in both the apical (200 pL) and basolateral side (600 pL) and
the cells were incubated at least 30 minutes. The TEER was taken, and then the inserts were

transferred to a new plate and the medium in the apical side was aspirated off and replaced
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with 200 uL of either 0, 10, 25 and 50 mM CAGE, 10 mM sodium caprate or 0.03 w/v% PPS.
600 ul of DMEM was added to the basolateral chamber. During the study, the transwell plates
were placed inside an incubator at 37 °C, 5% CO2 on a shaker rotating at 100 rpm and taken
out at hourly intervals to measure TEER. After 5h, the media in both chambers was replaced
with DMEM and the transwell plates were incubated for an additional 19h without the test
articles. At 24h, the TEER was measured for a final time. TEER was plotted as % change from

initial value vs time.

7.3.5 Determination of 1Csg for Caco-2 cells in 1:2 CAGE (inserts)

Caco-2 monolayers grown on inserts via the 3-day protocol and used in the TEER study were

also analyzed for cell viability viaan MTT assay at 5 and 24h.

7.3.6 CAGE-Mucin interaction

To determine the effect of CAGE on mucus viscosity, simulated mucus (SM) was made by
mixing 2% dried pig mucin with saline and vortexed until the mucin was completely dissolved.
Varying amounts of CAGE (0, 1, 5, 10, 25 and 50%) were added to the SM and viscosity was
measured in triplicate across a shear rate range of 1 — 100 1/s at 25 °C using an AR-G2
rheometer with a 40 mm diameter aluminum 2° cone geometry (TA Instruments, New Castle,

DE, USA).

7.4 EXxvivo studies

7.4.1 Visualization of protein-CAGE penetration in porcine skin

Ex vivo penetration into skin samples was measured according to previously published

methods using Franz diffusion cells (FDC) (Karande, et al., 2006). The acceptor chamber of
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an FDC was filled with PBS. Thawed porcine skin was positioned with the SC facing up and
stretched to remove folds. Air bubbles were removed from the acceptor chamber and skin
integrity was confirmed by measuring conductivity. The donor chamber was filled with 300
uL of CAGE, 50:50 (v/v) PBS:Ethanol, 50:50 (v/v) PBS:DGME, or PBS (control) containing
FITC-BSA (1 mg/mL), FITC-OVA (1 mg/mL), or FITC-insulin (1 mg/mL, 29 U/mL) and the
FDC were incubated for 24 h at 37 °C on a stir plate to provide mixing of the acceptor fluid.
Protein loading in the samples were 0.1% wi/w. Skin samples were harvested after 24 h, frozen
in optimum cutting temperature compound and sectioned into 20 um thick slices using a
cryostat (CM1850 Leica Biosystems, Buffalo Grove, IL, USA). The tissue sections were
mounted on positively charged glass slides to assist in adherence (Fisher Scientific, Pittsburgh,
PA, USA) and imaged on a confocal microscope (Olympus Fluoview 1000 Spectral Confocal,

Tokyo, Japan).
7.4.2 Quantitation of BSA-CAGE penetration through porcine skin

The experimental setup was similar to the one described above. BSA (1 mg/mL) was added to
CAGE or PBS (control) and then 3H-labeled BSA was added to produce a final concentration
of 0.5 pCi/mL. 300 pL of this solution was added to the donor chamber and incubated for 6,
12, 24 or 48 h at 37 °C with stirring. For tests using DGME or ethanol, a 50:50 solution with
PBS was prepared as previously described. BSA and H-labeled BSA was added at the same
concentrations noted above, and porcine skin-containing diffusion cells were dosed and
incubated for 24 h. At the end of incubation period, the donor solution was removed, and the
skin was washed with PBS and dried. Tape stripping was used to separate the SC from the

epidermis. A total of ten strips, each corresponding to a SC layer, removes most of the SC. The
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epidermis was removed from the dermis using a surgical scalpel. Samples from the SC,
epidermis, and dermis layers and from the acceptor solution were incubated in Solvable™
(Perkin-Elmer, Waltham, MA, USA) overnight, and the concentration of the *H-labeled BSA
was measured using a scintillation counter (Tri-Carb® 2100 TR, PerkinElmer, Waltham, MA,

USA).

To measure insulin-CAGE penetration, FITC-insulin (1 mg/mL) was added to CAGE and
300 uL. was applied to porcine skin in a diffusion cell and incubated for 24 and 48 h. Separate
skin layers were obtained as above and samples were incubated in 3 mL of 1:1 PBS:methanol
overnight, centrifuged (5 min, 14000g) and the concentration of FITC-insulin was measured
in triplicate using a plate reader and 96-well black plate with a clear bottom (M220 Infinite

Pro, Tecan, Mannedorf, Switzerland).
7.4.3 Effect of CAGE on the stratum corneum

The SC was separated from full thickness skin using published methods (Zakrewsky, et al.,
2014). In brief, the epidermis was separated from the dermis of a skin sample soaked in a
heated water bath. Trypsin was used to digest the epidermis from the SC, which was then
washed in PBS and dried at room temperature for 72 h. A control FTIR spectrum (Nicolet iS10
FTIR with a Smart Diamond ATR accessory) was obtained for each 1.5 x 1.5 cm SC piece,
after which it was incubated for 24 h with 2 mL of PBS, one of the 4 CAGE variants alone or
CAGE 1:2 with BSA or insulin added (1 mg/mL). The SC samples were rinsed by soaking in
5 mL PBS 3 times and dried for 72h at room temperature. A second FTIR spectrum was taken
for each SC sample and compared to the pre-treatment spectrum to evaluate the effect of CAGE

alone or protein-CAGE on the SC structure. FTIR spectra of human insulin powder, BSA
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crystals and PBS were also collected for reference. Spectra were baseline and atmosphere
corrected using the OMIC software provided with the Nicolet spectrometer and OriginPro

(OriginLab, Northampton, MA, USA) for peak finding and peak deconvolution.

7.5 Invivo studies

All animal experiments were performed in accordance with the University of California Santa

Barbara animal care committee guidelines and to the Guide for the Care and Use of Animals

of the Institute of Laboratory Animal Resources, National Research Council.

7.5.1 Transdermal application of CAGE-Insulin

Male Wistar rats (non-diabetic) were fasted for 8h with free access to water. For transdermal
test treatments (CAGE-Insulin, PBS-Insulin, CAGE alone), hair from a 5 cm x 5 cm square of
skin on the back was clipped, and about 1 mL of a test treatment was applied. The application
site was covered with gauze affixed with tape. 1 U/kg of insulin in saline was injected
subcutaneously to another group of rats. Blood glucose levels were measured at least every 2h
for 12 h with a commercial glucose meter and results were plotted as % change in blood

glucose compared to the initial level vs time.

7.5.2 Intrajejunal dosing of CAGE and insulin

Male Wistar rats (non-diabetic) were fasted for 12h overnight with free access to water. The
rats were anesthetized, the abdominal hair clipped, and the surgery area was prepped using
70% ethanol and betadine. An incision was made in the abdomen to expose the intestine. The
jejunum was located and injected with 100 uL of insulin-CAGE or 100 uL of controls. The

intestinal section was replaced in the abdomen and the incision closed. The initial blood
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glucose was taken with a commercial glucose monitor after the intestine was exposed and
every 0.5 h till the end of study. The anesthetized animals were kept on temperature controlled
warming pads before the surgery and also covered with a towel after surgery and euthanized
after 5h. The intestinal section around the injection site was removed for histological
examination. A separate group of rats were subcutaneously injected with 2 U/kg insulin in
saline for comparison of efficacy. The results were plotted as % change in blood glucose levels
with respect to initial reading vs time. Pharmacokinetics of insulin-CAGE were evaluated by
collecting around 250 uL blood in BD Vacutainer® red top tubes at 0, 1, 2, 3and 5 h from rats
injected intrajejunally and subcutaneously. Blood samples were left undisturbed at RT for at
least 30 minutes to clot, followed by centrifugation at 2,000 g for 10 minutes. The clear
supernatant (serum) was then collected into clean tubes, stored in ice during the procedure and
then at -20 °C until an insulin concentration determination was performed via a human ELISA
kit. Pharmacokinetic parameters including area under the curve (AUC) and % bioavailability

were calculated from a serum insulin concentration vs time plot.

7.5.3 Oral dosing of CAGE and insulin

For the oral efficacy study, elongated size 9 capsules were filled with 80 uL of either 10 U/kg
insulin-CAGE, neat CAGE or left empty. the capsules were then enterically coated at least two
times with 12.5% w/v Eudragit® L-100 dissolved in isopropanol. Male Wistar rats (non-
diabetic) were fasted for 8h overnight with free access to water. Following the fasting, the test
articles in capsules (insulin-CAGE, neat CAGE or empty) or in liquid form (10 U/kg insulin-
saline) were orally administered followed by a 5 mg/kg metoclopramide injection to induce

gastric emptying. Initial blood glucose was recorded, and fasting was continued with free
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access to water throughout the 12 h study. A separate group of rats were subcutaneously
injected with 2 U/kg insulin in saline for comparison of efficacy. Blood glucose was evaluated
hourly throughout the 12 h study as described in section 7.4.2, and the results plotted as %

change in blood glucose compared to the initial level vs time.

For the sequential dosing study, following the fasting, 80 uL neat CAGE in enterically
coated capsules was orally administered followed by a 5 mg/kg metoclopramide injection to
induce gastric emptying. Blood glucose was recorded. 10 U/kg insulin powder in an enterically
coated capsule was administered to the rats approximately 30 minutes later. Fasting was
continued with free access to water throughout the study. Blood glucose was evaluated hourly
throughout the 12 h study, and the results plotted as % change in blood glucose compared to

the initial level vs time.

7.5.4 7-day toxicology study

Neat CAGE capsules, 10 U/kg insulin-CAGE capsules or 10 U/kg insulin in coated capsules
were administered daily for a period of 7 days to non-diabetic male Wistar rats. All animals
were euthanized on day 8 and their small intestinal tissue sections collected for tissue histology,

which was performed by R. Chen of UCSB.
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8. Introduction to epitope mapping and antibody profiling

Antibodies are a major component of the adaptive immune system, active in humoral-based
immunity to identify and neutralize pathogens by exhibiting high binding affinity to epitope
regions of antigenic proteins (Janeway, et al., 2001). Since antibodies are highly specific for
their target antigenic molecules, patient antibody repertoires can be screened using peptides
that mimic their epitopes. The physicochemical properties of these ligands can be used to
develop markers for disease to aid in diagnostic assays (Mayeux, 2004). Further, determining
and characterizing antibody-targeted molecules specific to a disease can aid in understanding
pathogenesis and identifying candidates for therapeutic intervention, such as tolerizing
therapies (Shakya & Nandakumar, 2018). This portion of my dissertation uses the
identification of antibody-binding peptides in two ways; improving epitope mapping strategies
and investigating the humoral antibody repertoire of a model disease, Type 1 diabetes (T1D).

Mapping the interactions between antibodies and antigens can be accomplished using a
variety of techniques that, at their heart, all display either random or non-random peptide
libraries such that antibodies can selectively bind to their ligand (Paull, et al., 2018). Peptide
libraries are a powerful protein engineering technique in the investigation of protein-protein
interactions. Information gleaned from interactions can provide information to help establish
a link between a protein’s genotype and phenotype. Binding events are a function of the
individual binding affinity of the peptide and its target and the avidity resulting from multiple

copies of the peptide on the display surface.
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Common surface display formats include microarrays, bacteriophages, and bacterial and
yeast cells (Ullman, et al., 2011). Specifically, antigen arrays are a subset of the human
proteome and do not include short peptides and membrane proteins (Meirsch, et al., 2013). Of
the cellular approaches, phage display is currently the most widely used display method;
however, peptide libraries displayed on the surface of bacteriophage are biased towards
particular sequences that allow for rapid phage propagation (Mennuni, et al., 1997) (Farilla,
et al., 2002) (Maglio, et al., 2009) (Larman, et al., 2013). Yeast-based libraries enable the
display of large sequences that can have conformational aspects, better mimicking structural
and therefore structural epitopes (Gai & Wittrup, 2007). Acellular systems are being
developed as well; high-throughput sequencing has improved or enabled routes such as
ribosomal peptide display (Heyduk & Heyduk, 2014), mRNA display (Ullman, et al., 2011)
and B cell gene sequencing (Robinson, 2014). Peptide bacterial display libraries provide a
large, unbiased library of epitope mimics (Hall & Daugherty, 2009). Fast replication, ease of
manipulation and the ability to construct libraries with billions of clones make bacterial cells
attractive candidates for display approaches (Rice, et al., 2006).

Antibody-peptide interactions are governed by receptor-ligand binding, obey Michaelis-
Menten Kkinetics, and can be modeled using an expression determining the affinity of a peptide

(P) for a target antibody (A):

d[P-A]
dat

P+A e P-A = k,[P][A] — k4[P - A] [1]

Where ka and ka represent association (on-rate) and dissociation (off-rate) constants,

respectively. At equilibrium:

Kyy= 2= and Ky =— [2]
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The total number of peptides on a cell is represented by

[Ptot] = [Punbounal + [P - A] [3]

This project used large, random (10° — 10'° independent transformants) 15-mer or 12-mer
peptide libraries (Xis or X12) displayed on the N-terminus of a transmembrane protein scaffold
of E. coli (eCPX) (Rice & Daugherty, 2008) (Pantazes, et al., 2016). E. coli strain MC1061
[FaraA 139 D(ara-leu)7696 GalE15 GalK16 A (lac)X74 rpsL (StrR) hsdR2 (rK—mK +) mcrA
mcrB1] was used with surface display vector pB33eCPX. The Xis library was constructed with
NNS codons while the Xai2 library was constructed using trinucleotide oligomers to eliminate
stop codons and normalize amino acid usage frequencies. In both libraries, the peptides are
displayed on a protein scaffold made earlier in the Daugherty lab. The outer membrane protein
OmpX, which is highly expressed in E. coli, was circularly permuted (CPX) (Rice, et al., 2006)
and subsequently engineered using directed evolution to yield an enhanced CPX (eCPX)
variant that exhibited display characteristics similar to the non-permuted parent and allowed
bi-terminal display (Rice & Daugherty, 2008). The tethering of the peptide to a terminus via a
flexible linker is thought to more closely approximate solution behavior (Rice, et al., 2006).

Libraries are most often screened via magnetic or fluorescence-based sorting methods
(Figure 8.1) and can be combined with iterative selection (panning) to achieve objectives such
as molecular recognition, affinity maturation or binding specificity (Hall & Daugherty, 2009).

Magnetic-activated cell selection (MACS) is an inexpensive sorting method that utilizes
magnetic beads functionalized with proteins that bind to portions of the constant regions of
antibodies (Fisher Scientific, 2018). Cells with peptides that have antibodies attached to them

are selectively sorted by incubating the cells with beads and then applying a magnet. The
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Figure 8.1. Simplified schematic for bacterial display library enrichment procedure. Using magnetic beads
or a fluorophore that are attracted to antibodies provides a sorting medium to preferentially select bacterial
cells displaying peptides that are bound to antibodies. The sorting protocol can be repeated to enrich the
library with peptides having high binding affinities.

supernatant is removed, and the cells are washed several times to remove any unbound cells.
The enriched library is grown overnight and can be used for subsequent enrichment steps to
enrich the library in highly-binding peptides.

Flow cytometry has proven to be an invaluable tool in quantifying bacterial library
enrichment after MACS. We can associate the fluorescent intensity data from Fluorescent Flow
Cytometry (FFC) with equation [3] above using the maximum fluorescence value (Fmax) to
represent saturation binding of all peptides on a cell with antibodies, or the total peptide
amount, Pwt. Using the same rationale, the mean cell fluorescence, MCF, can be related to the
amount of PeA complex plus background fluorescence, Fokgd:

Fnax = a[Prot] + Fprga MCF = a[P - A] + Fyga [4]

where a is a proportionality constant. Combining these equations gives:

_ (Fmax_Fbkgd)[A]
MCF - Fbkgd - W [5]

The condition of a multivalent ligand (peptides on a cell surface) and a bivalent antibody can
affect the avidity. (Krishnamurthy, et al., 2007). Since avidity will influence affinity, we note

that Ko is an apparent value. Fmax and Kbp,app can be determined by fitting data for several
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different antibody concentrations. Avidity effects are accounted for by Fmax. A low Fmax and
Kb,app represents the best overall apparent affinity.

After a library has been enriched to the desired level, the plasmid containing the DNA
sequences for the peptides is extracted from the E. coli cells. Using PCR, the portion of the
plasmid encoding the peptide is amplified and sequenced via NGS. A library used to profile a
serum sample typically has a few million sequences with several hundred thousand unique
sequences. Using a computer algorithm developed in the Daugherty lab, redundant sequences
are combined, resulting in a non-redundant sequence list that can be used to identify motifs via
pattern discovery algorithms like MEME (Bailey & Elkan, 1994) or IMUNE (Pantazes, et al.,
2016). These motifs can be used to identify epitopes on an antigen, if it is known, or to develop
biomarkers for a cohort based on sensitivity (true positives) and specificity (true negatives)
measures.

This study utilized bacterial display of a random library to conduct two studies. The first
examined the use of random peptide libraries combined with next generation sequencing
(NGS) to examine the ability of epitope prediction algorithms to utilize large NGS datasets.
The existing algorithms were originally developed to use the much smaller sequence sets
obtained from Sanger sequencing of highly screened libraries. The second study investigated
the antibody repertoires of a group of newly diagnosed T1D patients in an effort to identify

peptides with high specificity and sensitivity to the cohort.
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9. Development of a structural epitope mapping method for NGS

9.1 Motivation

Many antibodies bind structurally-defined epitopes within their antigens. The amino acid
residues in these epitopes are discontinuous (i.e., not sequentially continuous) and rely on
secondary and higher structures to create the binding surface. This discontinuity and
conformational dependence significantly increases the difficulty of identifying discontinuous,
as compared to continuous epitopes where sequence similarity can be used. Only a few studies
have attempted to estimate how many epitopes might have a structural component; an early
estimate by Barlow still widely cited suggested that less than 10% of epitope surfaces are
composed of completely sequentially continuous residues (Barlow, et al., 1986). A more recent
study of 47 proteins with discontinuous epitopes (i.e. comprised of several segments), found
that more than 45% of the epitope segments were comprised of single residues, and the longest

segments averaged 4 to 7 residues (Anderson, et al., 2006).

Experimental and computational methods have been developed to predict antibody
interaction epitopes (Ahmed, et al., 2016), though definitive interface determination is
generally reliant upon crystallography or NMR. Computational, or in silico, docking
algorithms have proven useful when the structures of both antibody and antigen are known
(Meng, et al., 2011) (Kuroda, et al., 2012) (Rapburger, et al., 2007) (Chakrabarti & Janin,
2002). Binding assays based upon ELISA and protein or peptide microarrays can identify
potential epitope sections by assessing antibody binding to antigen fragments. Similarly,

peptide display technologies have proven useful to identify peptide sequences, in random
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(Daugherty, 2007) (Wentzel, et al., 2001) and antigen- or organism-derived libraries (Angelini,
et al., 2015) that interact with an antibody of interest. Mimotopes, library derived peptides
that mimic the antigen epitope, can help identify epitope residues for targeted studies such as
mutagenesis, wherein reduced binding indicates the importance of a residue within the epitope

(Hudson, et al., 2012) (Reimer, et al., 2005).

Epitope mapping via peptide display is dependent primarily upon library design,
enrichment methods, determination of peptide sequences, and epitope prediction from
sequence data. While libraries derived from protein sequences are common, large random
peptide libraries (e.g., >10° members) can provide advantages in terms of their ability to yield
peptides that mimic diverse structural epitopes. Typically, several rounds of selection or
screening are performed to enrich binders to the antibody of interest. The enriched library
typically consists of a few highly-represented sequences that can be identified via sequencing
the encoding DNA. When mapping suspected structural epitopes, algorithms that seek to match
these mimotopes with residue paths along the antigen’s surface are typically employed.
Examples include PepSurf, EpiSearch and Pep-3D-Search (Mayrose, et al., 2006) (Negi &
Braun, 2009) (Huang, et al., 2008). Applied against a benchmark set of known epitopes, the
algorithms typically report less than 50% average sensitivity (defined as the percentage of true
positive residues in a predicted set) and precision (defined as the ratio of true to false interface
residues in a predicted set) (Negi & Braun, 2009) (Huang, et al., 2008) (Sun, et al., 2011)

(Chen, et al., 2012).

95



Structural epitope mapping Chapter 9

9.2 Study design

The wide availability of massively parallel or next generation sequencing (NGS) provides a
potential means to improve mapping algorithm performance. Sanger sequencing provides high
quality, low error reads of small DNA sequences, aspects which have traditionally been
considered necessary for epitope mapping. Recently, NGS has been coupled with random
peptide libraries in studies aimed at identifying immunogenic peptides (Heyduk & Heyduk,
2014) (Christiansen, et al., 2015). Other studies utilized NGS with antigenic fragment libraries
to map epitopes (Domina, et al., 2014). Each study developed a unique computational method

for manipulation of the NGS datasets.

Based on these studies, we hypothesized that large NGS datasets could provide a more
complete set of mimotopes that would improve the ability of current computational mapping
methods to identify epitope residues. To investigate this idea, a large random peptide library
displayed on E. coli was enriched for antibody binding via magnetic-activated cell sorting
(MACYS), and antibody-binding sequences were determined using NGS to develop a method
and assess the benefit of using large datasets in structural epitope mapping. The method
identifies antibody-binding residues of a known antigen using currently available epitope

mapping algorithms.

9.3 Antibody selection

Two monoclonal antibodies, trastuzumab (Herceptin®) and bevacizumab (Avastin®), were
selected to benchmark the protocol because their structures complexed with antigen have been
previously determined (trastuzumab/HER2 PDB ID 1n8z, Bevacizumab/VEGF-A PDB ID

1bj1). The interface for each antibody-antigen complex was determined using PyMOL v1.3
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with the InterfaceResidues python script, which employs a cutoff value for the difference in
the solvent-accessible areas of each protein to determine interface residues. Using a cutoff
value of 0.75, PyMOL predicted the HER2 portion of the trastuzumab/HER2 interface contains
22 residues and VEGF-A portion contains 17 residues. In both antigens, the interface region
contains non-contiguous sequences (Figure 9.1). These regions, considered the binding
epitopes for this study, agree with reported interface regions for trastuzumab/HER2 (Cho, et

al., 2003) and bevacizumab/VEGF-A (Muller, et al., 1998) (Table 9.1).

trastuzumab/HER2 bevacizumab/VEGF-A
Epitope: 22 predicted residues Epitope: 17 predicted residues

Figure 9.1. NGS-based epitope prediction (Nepitope) was utilized to predict the epitopes of therapeutic
monoclonal antibodies (trastuzumab and bevacizumab). (a) trastuzumab binds to human epidermal growth
factor receptor HER2 (PDB 1n8z), and (b) bevacizumab binds to vascular endothelial growth factor VEGF-A (PDB
1bj1). Antigen in blue, antibody in grey, and antigen interface residues predicted by PyMOL in brown. Interface
residues compared well with reported epitope residues.
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Table 9.1. Interface residues from PyMOL vs. published epitope residues

trastuzumab/HER2 (PDB 1n8z) bevacizumab/VEGF-A (PDB 1bj1)
PyMOL Cho et al., 2003 PyMOL Mulleretal., 1998
540 17,21
557-558 557-561 45,48 45,47,48
260-561 79-84 79-84
269 86-94 86-94
570-573 570-573
575,579, 591
593, 596, 598, 600-603 593-603
604-605

To confirm that the selected antibodies did not bind to E. coli, an induced cell culture
expressing only the library scaffold was incubated with each antibody, diluted to 25 nM, as
described in Methods, 12.1. As expected, neither antibody bound to the E. coli cells expressing

only the eCPX scaffold.

9.4 Library enrichment

Magnetic selection enriches the library for antibody-binding peptides using magnetic beads
functionalized with a blend of proteins A and G (Pierce), which bind to the constant region of
an antibody. Figure 9.2 summarizes the experimental protocol; additional detail is provided in

Figure 12.1 in the experimental methods.

Screening rounds were conducted until the library pool exhibited >50% enrichment via flow
cytometry (Figure 9.3). The libraries from the final round of screening were plated for Sanger

sequencing. Peptides binding to trastuzumab and bevacizumab were selected from a bacterial
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Figure 9.2. NGS-based methodology for mapping structural epitopes using bacterial display.
Enrichment of random peptide bacterial display libraries for antibody-binding peptides using magnetic
activated cell sorting followed by identification via NGS or Sanger sequencing.

display 12-mer peptide library (8x10°) using 2-3 cycles of MACS, yielding enriched libraries

containing 55% and 45% binding members, respectively.

Enriched libraries from the final MACS rounds resulted in 67 and 58 unique sequences
obtained by Sanger sequencing for trastuzumab and bevacizumab, respectively. The NextSeq
runs for each antibody-screened library from the final (n) and penultimate (n-1) MACS round

resulted in 5-11 x 10° total reads representing 0.3 — 2 x 10° unique peptides.
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Figure 9.3. Flow cytometry is used to determine the number of MACS rounds required for >50% library
enrichment to the target antibody. MACS-screened libraries are enriched in binders to the monoclonal
antibody, compared to a cell population expressing only the scaffold. Top: example fluorescent signal from
E coli expressing only the eCPX scaffold incubated with trastuzumab (a) or bevacizumab (b). The gate is set
such that 99.5% of the cells are outside (negative) the gate. Middle: fluorescent signal from E coli expressing
the peptide library after 1 MACS rounds for trastuzumab (c) and 2 MACS rounds for bevacizumab (d).
Bottom: signal after 2 MACS rounds for trastuzumab (e) and 3 MACS rounds for bevacizumab (f).

9.5 Motif discovery

Enriched library pools from all rounds were processed for NGS analysis. Datasets from NGS

were processed using IMUNE (Pantazes, et al., 2016) and used for motif discovery via MEME
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(Bailey & Elkan, 1994). Sets of 5,000 sequences rank-ordered by observation from NGS
datasets were evaluated using MEME to create motifs representing the sequence sets (Figure
9.4). MEME runtime scales cubically with the number of input sequences; 5,000 sequences
results in a manageable runtime of several hours. MEME outputted consensus motifs, logo
plots, list of sequences containing the motif, and several characteristic values including E-value
which represents the likelihood of a motif being found in a random mix of the given amino

acids in a dataset. Motifs with an expected value less than 0.05 were evaluated further. The

I MMVMDLD GRF
NPMK MMVIDLD 4

QDR MVVVDLD ' I )
IR FFVIDLD ED — ﬂf ) Y —_—
MCQ AMVIDLD' L TeoxriAl s
DY MMV oT PepSurf algorithm
QH CTVMDLD VF ) _
VC YVODLD GI aligns and scores motif
LAQ MIVLDLD ' T match to antigen surface
QA C VLDLD' GD

Figure 9.4. NGS-based methodology for mapping motifs to protein surfaces. NGS datasets are too large
for currently available prediction algorithms, so to manage the large datasets from NGS, motif discovery
via MEME was used to reduce a set of 5,000 of the most observed sequences to motifs (pattern groups) to
allow input into PepSurf, which is built for small sets of mimotopes. The example shown is PepSurf mapping
peptides from a MEME motif onto HER2.

consensus motif is a list of the most probable residues at each position based on a position-
specific letter probability matrix (PSPM). In the consensus motif, MEME lists amino acids
with values greater than or equal to 0.2 and records an X for positions where the amino acids
have probabilities less than 0.2. Motif logo plots are constructed to show all residues in a
position, scaling the size of the one-letter amino acid abbreviation with probability and listing
amino acids top to bottom in a column (position in the motif) by their score for those with
probabilities >0.2, and alphabetically for those with probabilities < 0.2. The PSPM was used

to select amino acids for ambiguous (denoted as X) residue positions in between defined
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positions by lowering the threshold to 0.15 or 0.10 and using residues with probabilities above
this threshold. The sequences obtained from Sanger sequencing were similarly clustered with

MEME to obtain representative motifs for comparison with NGS-derived motifs. Finally, a list

Chapter 9

of possible variants was generated for each motif for input to PepSurf.

MEME clustering of Sanger sequence sets revealed two significant (E-value <0.05)

motifs. Motifs sets obtained from NGS data for both monoclonals included two motifs similar

to the Sanger motifs along with additional unique motifs (Figure 9.5).
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Figure 9.5. Motifs from trastuzumab and bevacizumab-screened libraries. Motifs from Sanger (S)
sequencing of select colonies and from the 5,000 most-observed NGS (N) sequences for (a) trastuzumab
and (b) bevacizumab. Bacterial colonies for Sanger sequencing were selected after the final round of
MACS (M) for each monoclonal antibody. NGS sequencing was performed on libraries from the final (n)
and (n-1) screening rounds. Residues for ambiguous positions were selected by setting a threshold value
(p) lower than 0.2 (the default) in the MEME position-specific probability matrix.

9.6 Computational mapping of motifs

Four web-based computational methods to map mimotopes to conformational epitopes were
evaluated; PepSurf, Mapitope algorithms (Mayrose, et al., 2006), Pep-3D-Search and
MimoPro (Negi & Braun, 2009) (Huang, et al., 2008). PepSurf was selected for this study
because it 1) allows users to describe the library type, which alters the similarity matrix
accordingly and 2) accepts input sets of several hundred peptides. Both PepSurf and Mapitope
met these criteria; PepSurf was selected because it provided improved values for the prediction

metrics used in this study compared to Mapitope (Huang, et al., 2008) (Sun, et al., 2011).

103



Structural epitope mapping Chapter 9

PepSurf minimally requires an input set of peptides (or motif variants, as used here) from
experimental screening, the PDB ID or file and chain identifier(s) for the antigen. The peptides
can be weighted if desired. Additionally, the library type (NNK, NNS, etc.) can be selected to
best represent the library used to generate the peptide list. We chose the library type
“RANDOM_AA” since the random peptide library construction used synthetic trinucleotide
codons to ensure equivalent usage of each amino acid. Briefly, PepSurf applies each inputted
peptide to the solvent accessible surface of the antigen, determining the best path (Figure 2b).
The user can reduce the value of the “best path probability threshold” to cut down the run time;
we left it at the default of 0.95. The algorithm then creates (Huang, et al., 2008) and scores up
to 3 clusters of antigen residues on the surface that best fit a grouping of peptides.

The highest-scoring cluster from PepSurf was compared to the interface residues
determined from PyMOL modeling, employing commonly used performance indicators of
coverage/sensitivity, precision and specificity (Negi & Braun, 2009) (Huang, et al., 2008)

(Chen, et al., 2012):

Tp _ T
Interface residues Tp + Fy

Sensitivity (Coverage) =

Precisi Tp
recision =
Tp + Fp
Specificit Ty
eciLfict =
P Y =R+ Ty,

Where true positives (Tr) are correctly predicted interface residues, true negatives (Tn)
are correctly predicted non-interface residues, false positives (Fp) are residues incorrectly
predicted by PepSurf to be in the interface, and false negatives (Fn) are interface residues not

predicted by PepSurf.
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The metric of precision is similar to a signal-to-noise ratio and indicates the likelihood of
the prediction set containing more correct than incorrect information about possible binding
regions; perfect prediction, equal to one, implies that no noise (i.e. false positives) exists in the
predicted residue set. Various input types were evaluated for interface prediction in PepSurf
including the motif variant lists, combinations of motif variant lists, sequence lists from MEME
that were used to develop the motif, and entire Sanger sequence sets. The top NGS sequences,
each with at least 50,000 observations were also used as whole sequences (unweighted or
weighted with observations) and fragmented into 4- to 8-mer sets. Since the number of unique
sequences after our sorting was higher than in reported peptide library studies (usually less
than 100), we included sets of mimotopes from reported studies (Table 9.2) for
trastuzumab/HER2 (Reimer, et al., 2004) and bevacizumab/VEGF-A (Li, et al., 2013)
(Kobayashi & Shibui, 2011) to allow comparison.

Table 9.2. Published trastuzumab and bevacizumab mimotopes

trastuzumab-screened library bevacizumab-screened library from
(Frequency) from Reimer et al., 2004 Lietal., 2013, Kobayashi 2011*
QMWAPQWGPD (51) DHTLYTPYHTHP
KLYWADGELT (3) NHFGKFLDALAG
KLYWADGEFT (18) WLEMHWPAHS*
VDYHYEGTIT (1)
VDYHYEGAIT (8)

Systematically defining and applying rules for motif usage based on knowledge about the
respective antigen and the strength of residues in the motif resulted in improved prediction.
For example, combining and running similar motifs (e.g. trastuzumab NGS motifs 1 and 2) in
PepSurf resulted in higher sensitivity and precision than running each motif individually. The
most represented motifs (those with the highest number of sequences contributing to them)

were M2-N1 for trastuzumab and M3-N1 for bevacizumab; these motifs resulted in the best
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PepSurf prediction, suggesting that the higher frequency of a given motif in a sequence set is
related to antibody binding strength. Omitting leading/trailing cysteines in the bevacizumab
motifs resulted in improved coverage; while for trastuzumab motifs including the flanking
cysteines (trastuzumab Sanger and NGS motifs 1) resulted in significantly better coverage.
This could be due to the large number of cysteines in and near the interface regions in HER2
compared to VEGF-A. For one bevacizumab motif, M2-N3 and M3-N3, truncating a slightly
ambiguous residue position at the front end of the motif and limiting ambiguous resides to no
more than two resulted in better interface prediction than using the entire motif. We also tested
combinations of motifs as inputs to PepSurf. The highest coverage and precision for each
antibody-antigen pair resulted from mapping each motif through PepSurf separately, then
combining the motif results into a panel. This was accomplished by creating a cumulative list
of true and false positive residues from the clusters and using these values along with values
for true and false negative residues to calculate the performance indicators sensitivity,
specificity and precision in similar fashion to the individual motifs. Collectively, these
observations suggest that independent PepSurf runs using motifs followed by combining the
outputs results in the best coverage and precision.

To compare the effectiveness of NGS-enhanced mapping with conventional mapping
following Sanger sequencing, sensitivity and precision (Negi & Braun, 2009) (Huang, et al.,
2008) (Sun, et al., 2011) (Chen, et al., 2012) were calculated (Figure 9.6, Table 9.3).
Sensitivity, or epitope coverage, was 18% or 82% for trastuzumab and 47% or 76% for

bevacizumab using Sanger or NGS-based mapping on the enriched library pools, respectively.
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Figure 9.6. Epitope prediction results. Three commonly used indicators for measuring epitope
prediction. (a) Sensitivity (coverage) is the measure of how completely the predicted cluster correlates
to the known epitope. NGS motif panels provided the best prediction of coverage. (b) Prediction
precision, the ratio of correct to total residues predicted, provides a “signal-to-noise” ratio. NGS showed
improvement in precision compared to Sanger sequencing for both mAbs but less so for bevacizumab.
For trastuzumab, published mimotopes (Reimer et al., 2004) provided the best precision. (c) Specificity
is the measure of the method’s ability to predict true negatives, minimizing false negatives. For
trastuzumab, all methods provided better specificity than bevacizumab. PepSurf is a deterministic
algorithm, so no deviation is reported for multiple runs on identical input data.
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PepSurf is a deterministic algorithm; each time it runs with the same input, it yields the same
result, so there is no deviation to report (i.e. no error bars).

Table 9.3. Performance metrics for motif sets from libraries from the final MACS round,
sequenced via Sanger or NGS, and published mimotopes

trastuzumab-screened libraries bevacizumab-screened libraries
Published Published
mimotopes mimotopes
(Reimer, et al., (Li, et al.,
Sanger NGS 2004) Sanger NGS 2013)
Sensitivity 18 82 36 47 76 6
Specificity 99 97 99 66 67 77
Precision 0.27 0.51 0.80 0.19 0.27 0.05

Published mimotopes from biopanning experiments for trastuzumab and bevacizumab
resulted in sensitivity values of 36% and 6%. Specificity was >95% for both Sanger and NGS
trastuzumab motif sets as well as the published mimotopes; lower specificity (<90%) was
observed for bevacizumab motifs. The predicted residues were mapped to the respective
antigen models (Figure 9.7). In general, all bevacizumab input sets (Sanger, NGS and reported
mimotopes) resulted in more false positives than trastuzumab motifs. It is interesting to note
that the specificity of bevacizumab is lower than trastuzumab; some possibilities are the
antigen size difference (107 for bevacizumab vs. 607 for trastuzumab), homogeneity of the
bevacizumab structure, or the fact that the epitope is a larger percentage of the whole molecule
(16%) than for trastuzumab (4%). Others have attempted to correlate antigen size with
prediction accuracy but were unable to definitively identify a pattern (Sun, et al., 2011). The
highly-looped structure of the epitope region of trastuzumab compared to the flatter
bevacizumab surface may affect prediction results. Precision for the trastuzumab and

bevacizumab Sanger motifs were 0.27 and 0.19, while NGS motifs resulted in higher ratios of
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0.51 and 0.27. Published mimotopes for trastuzumab resulted in a precision of 0.80 and for

bevacizumab, a precision of 0.05.

(a) (b)

Figure 9.7. Structural epitope prediction using NGS and prior methods. Epitope prediction results of
final round screening (a, c) Sanger and (b, d) NGS motif panels. For trastuzumab (HER2) (a) and (b) show
2 sides of the HER2 region of interest. Inset is the backside of the region. For bevacizumab (VEGF-A) (c)
and (d) show the side and end view (inset) of VEGF-A shown. The compilation of NGS motifs into a panel
provided superior sensitivity (coverage) but poor specificity (high false positives). Epitope residues
colored grey were not predicted (false negatives), red residues were incorrectly identified as part of the
epitope (false positives), and blue residues were correctly identified (true positives). White residues, the
rest of the of antigen, are true negatives.

Motifs from the penultimate round (first round for trastuzumab, second round for
bevacizumab) were similar to those from the final rounds. When run through PepSurf in a
similar fashion to final round motifs, we found that the cumulative indicators (Table 9.4) were

59% sensitivity, 0.97 specificity and 0.43 precision for the trastuzumab-screened library.
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Table 9.4. Performance metrics for motif sets from MACS rounds using NGS sequencing

trastuzumab-screened libraries bevacizumab-screened libraries

MACS 1 MACS 2 MACS 2 MACS 3
Sensitivity 0.59 0.82 0.82 0.76
Specificity 0.97 0.97 0.62 0.67
Precision 0.43 0.51 0.24 0.27

It is notable that the MACS1 trastuzumab-screened library resulted in fewer motifs than
MACS2. For the bevacizumab-screened library, metrics were sensitivity of 82%, specificity of
0.62 and precision of 0.24. Performance indicators for individual motifs are listed below

(Table 9.5).

Table 9.5. Performance indicators for PepSurf clusters based on MEME motifs

M1 trastuzumab-screened library M2 bevacizumab-screened library

Sensitivity  Specificity Precision

(%) (%) Sen:;:;vitv Spe(c;:;city Precision
N1 14 99 0.50 N1 18 a5 0.50
N2 32 100 1.00 N2 29 79 0.23
N3 3 99 0.63 N3 24 85 0.40
N4 0 %8 0.00 N4 53 78 0.32
Cumulative panel 59 97 0.43 Cumulative panel 82 62 0.24
Panel with constraint 9 100 1.00 Panel with constraint 24 89 0.33

M2 trastuzumab-screened library

M3b i b- dlib
Sensitivity Specificity Precision evacizumab-screened fibrary

(%) (%) Sensitivity Specificity Precision
s1 0 93 0.00 (%) (%)
52 18 99 0.67 s1 a7 82 0.35
Cumulative panel 18 99 0.27 52 18 70 0.10
NGS1/2 64 97 0.48 Cumulative panel 47 66 0.19
N3 27 99 0.55 N1/4 65 79 0.37
N4 23 99 0.63 N2 24 78 0.18
NS 32 100 1.00 N3 29 90 0.42
N6 32 99 0.78 Cumulative panel 76 67 0.27
Cumulative panel 82 97 0.51 Panel with constraint 35 90 0.46
Panel with constraint 59 99 0.62
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To reduce the high number of false positives found on the VEGF-A antigen (Figure 9.7¢c
and d), the motif panel from the final bevacizumab library was subjected to an additional
constraint. Namely, only residues that were predicted by at least two of the four motifs in the
panel were considered (Figure 9.8a). This increased the precision and specificity but reduced
the epitope coverage compared to using the entire NGS motif panel (Figures 9.8b, 7c).

Notably, residues from each epitope region were still identified.

Residues
Epitope
(a)
M3-N1/Ng
M3-MN2

M3-N3
M3 Motif Panel (N1/N4, N2, N3)

M3 Motif Panel with constraint

(b)

NN

0.3
0.2
0.1
i} | /f‘. | 4l

Sensitivity Precision Specificity
(Coverage)

Sanger Panel ® M3 Motif Panel @ M3 Motif Panel with constraint

Figure 9.8. Increasing panel threshold improves specificity and precision but reduces epitope coverage
for bevacizumab. (a) Heat map showing the predicted residues for each NGS motif (N1/4, N2, N3) from the
final MACS round (M3), combined motif panel, and added constraint panel. (b) Adding a constraint to use
only residues that were predicted by more than one motif in the panel provided improved precision and
specificity but lowered epitope coverage. (c) Residues predicted with the constraint mapped onto VEGF-A
(side and end views). Epitope residues colored grey were not predicted (false negatives), red residues were
incorrectly identified as part of the epitope (false positives), and blue residues were correctly identified
(true positives). White residues, the rest of the of antigen, are true negatives.

A similar result was found for HER2 (Figure 9.9). To assess whether motif matching to
interface residues was significant, i.e. more than random chance, two bevacizumab-screened

motifs were tested against the HER2 structure, and two trastuzumab-screened motifs were

111



Structural epitope mapping Chapter 9
tested against the VEGF-A structure. All non-related motifs resulted in zero sensitivity; that is

no interface residues were correctly identified.

Residues 540-607

( a) Epitope

M2-N1f2
M2-N3
M2-N4 -
M2-N5 |
M2-N6
V12 Motif Panel (N1/2, N3, N4, N5, N6)
M2 Motif Panel with constraint

(b)
1
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Figure 9.9. Increasing panel threshold improves specificity and precision but reduces epitope coverage for
trastuzumab. (a) Heat map showing the predicted residues for each motif, combined motif panel, and added
constraint panel (residues 1-540 are true negatives). (b) The compilation of NGS motifs into a panel including
residues that appeared in more than one motif in the panel provided improved precision and slightly improved
specificity, but lowered epitope coverage. (c) Residues predicted with the constraint mapped onto HER2 (2
sides). Epitope residues colored grey were not predicted (false negatives), red residues were incorrectly
identified as part of the epitope (false positives), and blue residues were correctly identified (true positives).
White residues, the rest of the of antigen, are true negatives.

9.7 Computational mapping of sequence sets

Inputting the entire Sanger sequence sets into PepSurf did not identify interface residues in the
best cluster for either trastuzumab or bevacizumab. The most abundant NGS sequences had a
sensitivity of 0.0 and 0.12 for the trastuzumab and bevacizumab-screened libraries,

respectively. It is well-established that display library methods can result in the selection of
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target unrelated peptides (TUPSs), even when depletion against the reagents is performed, and
TUPs can become enriched and dominate the library when several screening rounds are
required. Use of NGS reduces the number of rounds required, helping to avoid TUP
enrichment. Additionally, using NGS allows one to computationally remove undesired
sequences, e.g. peptides that bind to constant IgG regions. Finally, using the sequence sets
identified for each motif in MEME resulted in reduced predictive power; only two of the six
trastuzumab and one of four bevacizumab NGS motifs had a sensitivity greater than 0 when

the representative sequence set was used as input to PepSurf.

9.8 Summary

In the present study using two monoclonal antibodies directed towards structural epitopes,
sequences from NGS datasets improved the quality and accuracy of structural epitope
prediction when compared to prior approaches. While individual peptides from Sanger and
NGS were unable to correctly predict interface residues, motifs discovered from the most
observed set of 5,000 sequences in NGS datasets resulted in prediction clusters with improved
sensitivity and precision when compared to Sanger sequences picked from library colonies
screened with the same experimental protocol. Compared to mimotopes reported in literature,
NGS data contained motifs that exhibited substantially improved sensitivity. Motifs from the
penultimate MACS round also exhibited improved sensitivity and similar precision compared
to the reported mimotopes, suggesting that in some instances, the use of NGS can reduce the
number of required selection or screening rounds.

Methods for epitope mapping include X-ray crystallography, NMR spectroscopy, and a

variety of antigen manipulation/antibody binding analysis techniques (Gershoni, et al., 2007).
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The method described here provides a means to use NGS datasets with currently available
prediction software to identify candidate epitope sites, reducing the number of target regions
for fine mapping via costly and time-consuming mutagenesis methods such as alanine
substitution (Krongvist, et al., 2010). The protocol offers additional advantages. It uses web-
based, well-documented motif generation (MEME) and epitope prediction algorithms. For
structural epitopes, the use of a random peptide library in the method is superior to peptide
scanning (overlapping peptides based on the antigen’s linear sequence). Finally, MACS is a
less expensive and easier to master screening technique than FACS.

Use of NGS with prediction methods can help reduce development time for diagnostics,
therapeutics and vaccines that require detailed knowledge of antigenic epitopes (Gershoni, et
al., 2007) (Rojas, et al., 2014). For the described protocol, the most time-consuming activity is
library generation. Once made, a random peptide library can be used over and over for different
antibodies, compared to a specific antigen-fragment library. The time to complete the
workflow, including screening, sequencing, motif generation and mapping requires 10-15
working days.

Building informatics tools specifically suited to process NGS data from epitope mapping
experiments is an important goal to enable improved identification. PepSurf is limited by the
linear scaling of run time to the number and length of peptides (Mayrose, et al., 2006); a run
of 1500 6-mer peptides took over a week to complete. New algorithms should be purposefully
designed to run the large input sequence lists generated by NGS, ideally in a matter of hours.
Motif generation may remain the best way to cluster sequence data prior to mapping to an
antigen surface, but a motif generator built within the framework of an epitope prediction tool

would streamline the workflow.
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10. Investigation of the antibody profile in Type 1 Diabetes

10.1 Motivation

Biomarkers are substances associated with a physiological sate of an organism, such as a
diseased state or response to a treatment. To be useful, they must be detectable, measurable
and an accurate indicator of a specific endpoint, such as the onset of clinical disease symptoms.
Antibodies are common biomarkers for disease diagnosis; in autoimmune diseases such as
rheumatoid arthritis and multiple sclerosis, autoantibodies produced in response to self-
antigens are particularly useful for early detection, as they often appear before the onset of
clinical symptoms (DeMarshall, et al., 2017) (DeMarshall, et al., 2015). Most recently, the role
of autoantibodies as early biomarkers of cancer has become the focus of many studies (Xu, et
al., 2014) (Xie, et al., 2011) (Patel, et al., 2011) (Belousov, et al., 2008) (Chen, et al., 2007).
Perhaps the most interesting autoantibodies are natural autoantibodies (isotypes IgM, IgA and
1gG), which are found in healthy humans with a diversity that is influenced by age, gender and
the presence of disease (Nagele, et al., 2013). While their exact role is still unclear, it is thought
that they help to clear cell debris from apoptosis to maintain tissue homeostasis and could
ultimately provide potent, personal biomarkers to early cell or tissue damage (DeMarshall, et
al., 2015).

In some autoimmune diseases, autoantibodies also correlate with the course and severity
of the disease (Capeda & Reveille, 2004) (Hamaguchi, 2010) (Wielosz, et al., 2014). In Type
1 Diabetes (T1D), the number, type, concentration, and age at which autoantibodies appear

varies among patients but correlates with risk for a genetically susceptible population
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(Chiarelli, 2005) (Orban, et al., 2009) (Ziegler, et al., 2013) (Jin & She, 2012) (Steck, et al.,
2011). T1D is an autoimmune disease mediated by the complex interaction of genetic and
environmental factors (The American Diabetes Association, 2013) (Van Belle, et al., 2011).
An estimated 5-10% of diagnosed diabetics have T1D, including an estimated 1-2 million
Americans. T1D is primarily diagnosed in childhood (age 0-19) (Van Belle, et al., 2011) but
can occur in adults. The incidence varies geographically; the highest reported rates are in
Scandinavia and the lowest in Asia (The American Diabetes Association, 2013) (The Diamond
Project Group, 2006) (Springer Science & Business Media, 1994), and may also exhibit a
socioeconomic gradient (Springer Science & Business Media, 1994). The risk in the general
US population is 1 in 300 (0.3%), climbing to 1 in 20 (5%) if a first-degree relative has T1D
(The American Diabetes Association, 2013).

The exact etiology of T1D is unknown but results in the loss of approximately 85-90% of
the insulin-producing pancreatic islet cells called beta cells (Lippincott, 2007) (Eisenbarth,
2010). T1D exhibits heterogeneous autoimmunity, partly due to genetics and demonstrated by
different rates of islet cell decline (The American Diabetes Association, 2013), which can be
categorized to some extent by the presence of circulating autoantibodies that bind to islet cell
molecules and appear years before the onset of clinical symptoms. While their exact role is
unknown, it’s unlikely that autoantibodies are the cause of beta cell destruction. Studies
showed that maternal transfer of islet autoantibodies to the fetus was insufficient to cause T1D
(Koczwara, et al., 2004) (Ziegler, et al., 2013), and not all autoantibody-positive subjects
become diabetic (Jin & She, 2012). Additionally, autoantibodies can be transient or low in
concentration, are not detected in 100% of the population, and decline over time after diagnosis

(Roep & Peakman, 2012) (Tridgell, et al., 2011) (Wenzlau, et al., 2010).
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T1D-related autoantibodies identified to date are IgG isotypes, the most prevalent class in
the human antibody repertoire. A test for islet cell autoantibodies (ICA), which represents
reactivity to several different autoantigens, is a labor-intensive immunofluorescence assay that
uses healthy post-mortem pancreatic tissue tested against T1D plasma. A positive result
indicates the presence of at least one autoantibody to islet cells (Orban, et al., 2009)
(Scherbaum, et al., 1989). Currently, 4 diabetes-associated specific autoantibodies have been
validated (Table 10.1). A diagnostic sensitivity of 98% is achieved when all 4 autoantibodies
are assayed individually (Wenzlau, et al., 2007); when combined in a single, multi-autoantigen
assay, the panel of 4 exhibits 92% sensitivity and 99% specificity (Tiberti, et al., 2011).
Table 10.1. Known T1D autoantibodies
Autoantibody Diagnostic Sensitivity (%)t  Autoantibody titertt Appearance
Insulin (IAA) 50 (Schlosser, et al., 2010) Not reported* Usually 1st found in
infants (The American
Diabetes Association,

2013) and before
exogenous insulin

Glutamic Acid 83 (Torn, et al., 2008) 0.2 -2,000 nM Usually the second

Decarboxylase (Mayo Medical autoantibody to develop

(GADG65A) Laboratories, 2015) in infants (The American
Diabetes Association,
2013)

Islet Antigen-2 72 (Torn, et al., 2008) Not reported* Varying

(1A-2A) and 50 (Schlosser, et al., 2011)

IA-2Abeta

Zinc transporter 8 70 (Lampasona, et al., 2011) A 1:10 plasma Usually later than the

(Zn-T8A) dilution was used in others (Wenzlau, et al.,

assay development 2007)
(Wenzlau, et al.,
2007) *

tMedian values of sensitivity from several labs, adjusted for 95% specificity.

ttAll are listed as >0.02 nM for a positive result via serum testing (Burtis, 2012).

*Use of relative units (RU), baselined using negative controls, is common for assays.

Positive ICA assays can be followed by negative assays for the four specific
autoantibodies results, suggesting the presence of as-yet unidentified autoantibodies.

Autoantigens for the known autoantibodies have been characterized (Table 10.2); all are
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present in islet cells. Other molecules have been suggested but not validated as autoantigenic

(Arvan, et al., 2012) (LeRoith, 2004).

Table 10.2. Autoantigens to known T1D autoantibodies

Autoantibody

Autoantigen

Location(s)

Epitopes

I1AA

Insulin, native and exogenous
(The American Diabetes
Association, 2013), proinsulin,
preproinsulin (Arvan, et al.,
2012)

Beta cell secretory granules,
blood, liver (Arvan, et al.,
2012).

Unclear. B9-B23 likely
(Arvan, et al., 2012).

GADG65A Enzyme GADG65 involved in GADG?5 is stored in synaptic- GAD65-NH2 (1-100), -
synthesis of GABA, an like vesicles in islet beta mid (235-442), -COOH
inhibitory neurotransmitter cells. Functional (436-585). B and T cell
believed involved in paracrine  consequence is unclear antigenic determinants
signaling in glucagon secretion  (Arvan, et al., 2012) on -COOH terminus. -
regulation (Wendt, et al., (Sorenson, et al., 1991). NH2 could be result of
2004). epitope spreading
(Arvan, et al., 2012).
1A-2A and IA- Fragment of intracellular Membrane of secretory Diverse. Within the
2Abeta portion of tyrosine granules. Function cytoplasmic PTP-like and
phosphatase-like protein unknown, possibly in juxtamembrane (605-
encoded by PTPRN gene. IA- regulation of secretory 682) domains of 1A-2.
2Abeta binds to a second granule content (Arvan, et Epitope spreading seen
tryptic fragment; seen al., 2012). early (Ziegler, et al.,
together so just IA-2A is 2013).
assayed (Arvan, et al., 2012).

Zn-T8A Transmembrane transporter Membrane of secretory B-cell repertoire

for zinc, which complexes
with insulin to form storage
crystals. Zinc may be
paracrine or autocrine
modaulator of glucagon and
insulin secretion. (Arvan, et
al., 2012) (Chimienti, et al.,
2006).

granules with both Cand N

terminus believed to be on

cytoplasmic side (Chimienti,
et al., 2006).

restricted to a few ZnT8
epitopes and is truly
self-reactive as opposed
to arising as a bystander
response to a foreign
antigen (Eisenbarth,
2010). Largely —-COOH
terminal epitopes (vs. —
NH2) (Lampasona, et al.,
2010).

Despite the lack of a proven role in disease genesis, autoantibodies are the most studied

and well-known aspect of T1D, and several studies have shown that when combined with

genetic testing their presence can predict those at risk of developing T1D and the time to onset

of clinical symptoms (Ziegler, et al., 2013).
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developing T1D in a cohort of genetically at-risk children tested periodically from birth to 20
years of age was 0.5% for those with no autoantibodies, rose to about 3% when one
autoantibody was present and was 16% for 2 autoantibodies, 40% for 3 and 50% for 4 (Figure
10.1) (Orban, et al., 2009). Another study found that for IAA and 1A-2 but not GAD65A
autoantibodies, titer was predictive of risk (Ziegler, et al., 2013). Some researchers believe the
multiple autoantibodies associated with higher risk of T1D suggest a pathological role, perhaps

promoting inflammation as beta cell autoantigens are exposed (Ziegler, et al., 2013) (Arvan,

etal., 2012).
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Figure 10.1 Autoantibody type and number correlate to risk of T1D for genetically at-risk populations. Some
T1D patients are negative for the known autoantibodies, while others that are autoantibody-positive do not
develop the disease. Data summarized from Ziegler (Ziegler, et al., 2013).

Although the percentage varies depending on the cohort (Wenzlau, et al., 2007) (Ziegler,
et al., 2013) (Wang, et al., 2007), all the studies contained some T1D patients that remained
negative for the 4 known autoantibodies suggesting that the T1D antibody profile is
incomplete. Thus, the discovery of additional antibodies present in T1D patients could improve

diagnostic sensitivity of at-risk populations and allow earlier invention.
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10.2 Study design

The demonstrated predictive value of autoantibodies in T1D and the occurrence of negative
patients suggested that antibody profiling of T1D blood samples could provide additional
useful biomarkers. Plasma samples used in screening were provided by Dr. Outi Varaala from
the National Institute for Health and Welfare in Helsinki, Finland. Autoantibody positivity and
gene typing information was also provided. VVolumes of approximately 100 uL of blood plasma
from 49 newly diagnosed T1D patients and 49 age and gender matched non-T1D controls were
aliquoted to ~20 pL and stored at -20 °C. Antibodies in T1D patients may appear at low titer,
as evidenced by reported concentrations of 2 to 2,000 nM for GAD65A (Mayo Medical
Laboratories, 2015) and 1:10 serum concentrations used in assay development for ZnT8A
(Wenzlau, et al., 2007). For comparison, total 1gG concentration in children’s blood is on the
order of 50,000 nM (Heuer, et al., 2008). We used 1:100 plasma dilutions (500 nM) in
screening studies, based on past experience in the Daugherty lab on other diseases.

This study used a random 12-mer peptide library expressed on E. coli as discussed in
Chapter 8. Random peptide libraries are well suited for antibody profiling, as they represent
an unbiased pool of potentially reactive peptides; coupled with next generation sequencing
(NGS), a robust set of sequence data can be produced. Due to time constraints, 42 of the 98
available samples were analyzed in this study, 21 T1D and 21 matched non-T1D controls.

Two rounds of MACS were used to enrich the naive Xisor Xaz library to antibodies in the
T1D and non-T1D plasma samples. Enrichment was confirmed via flow cytometry. The
enriched libraries were sequenced using NGS and a non-redundant sequence list was created.

This list represents the unique sequences that bind to antibodies in each patient or control
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plasma sample. Motifs were built from patterns found in the peptide sequences using IMUNE
(Identifying Motifs Using Next generation sequencing Experiments), a C++ program
developed by Dr. Robert Pantazes, a post-doctoral researcher in our lab (Pantazes, et al., 2016).
The IMUNE program performs motif discovery via pattern development, looking through
sequence data to find regular expressions that are statistically significantly represented in one
group (e.g. T1D patients) but not in another (e.g. the non-T1D control group). IMUNE can
screen the millions of sequences that result from NGS, overcoming a limitation of other motif
discovery methods which are currently limited to thousands (Pantazes, et al., 2016). An
algorithm was developed to further screen the large motif list from IMUNE to find those motifs
that were most sensitive to the T1D sample set. Two control sets were used to determine
specificity. The matched non-T1D samples comprised one control set, while a database of all
sequences compiled for a variety of diseases in our lab served as a second control set in an

effort to investigate the specificity of the motifs with a larger non-matched population.

10.3 Autoantibody analysis of the T1D cohort

Autoantibody positivity data for the 49 DM samples were provided by Jarno Honkanen of the
Diabetes and Obesity Research Program at Children’s Hospital in Helsinki. The samples were
tested for GADG5A, IA-2A, IAA, ZnT8A and ICA autoantibodies (Figure 10.2). Four patients
(8%) tested negative for all autoantibodies including the broad ICA test and 4 patients were
ICA negative but positive for one of the 4 specific autoantibodies. Either result could be due
to transient or low-level autoantibodies or actual autoantibody negativity; patients with clinical
symptoms but negative for autoantibodies are typically retested (The American Diabetes

Association, 2013), but it is not known if this cohort was retested. In an effort to increase the
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potential to discovery new biomarkers, the group of assumed autoantibody negative patients

was purposefully included in the sample set.

| “
4

Number of Positive Autoantibodies
N

| “
0

2(9) 3(6) 44)  5(3)

-1 EICA mIAA

I 6(5) 7(7) I
Age (No. of samples)

B GAD65A IA-2A mZnT8A m Negative

8(3) 9 10(2) 12(3) 13 14 15(2) 16{(2)

Figure 10.2. Autoantibody positivity for 49 T1D samples in the cohort. 8% of the samples were negative
for all 5 autoantibodies, 2% were only ICA positive. Overall, 71% were positive for ICA, 73% for IAA, 59% for
GADG65A, 57% for IA-2A and 43% for ZnT8A. Column order from the bottom is ICA/IAA/GAD65A/IA-2A/ZnT8A.
Completely negative samples are shown as negative columns.

For the 21 samples used in the study, the mean age was 7.3 years (compared to 6.6 years

for the entire cohort), and the gender split was 9/8 females/males (vs 17/32 for the entire

ICA

1AA
GAD65A
1A-2A
ZnT8A

Figure 10.3. Autoantibody positivity for 21 T1D samples in the study. 20% of the samples were negative
(white) for all 5 autoantibodies, 5% were only ICA positive. Overall, 57% were positive for ICA, 52% for
IAA, 52% for GAD65A, 48% for IA-2A and 38% for ZnT8A.
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cohort). The autoantibody positivity (black boxes denote positivity) of the samples used in this
study is shown in Figure 10.3. 20% of the sample set is negative for all 5 autoantibodies
compared to 8% of the entire cohort due to the decision to include all 4 autoantibody-negative

samples in the sample set.

10.4 Library enrichment

To isolate peptides specific for each sample, all 42 plasma samples were individually used to
screen either a naive Xasor Xi2 library via MACS. A dilution of 1:100 plasma was used in each
round. All 42 samples in the discovery set exhibited greater than 50% enrichment, determined

by flow cytometry, after two MACS rounds.

10.5 Sequencing

Plasmid DNA from the final populations from MACS screening for each of the 42 samples
was extracted using a miniprep kit, amplified and pooled before being sequenced with either
the Genewiz lon Torrent system or the UCSB BNL’s Illumina NextSeq 500 system. An
average of 2.7 million total sequences and between 2 - 13 x 10° unique sequences per sample
from a starting naive library population of 8 x 10°. IMUNE was used to extract the sequences
from the NGS output file, combine redundant sequences and those sequences with 3 or fewer
amino acid differences (about 25% of the sequences were combined with others). Many of the
sequences were only observed once. Both purposeful and experimental sources of bias can
contribute to sequence bias such as amplification bias in PCR (the latter). NGS, with error rates
>1%, can result in the disappearance or conversion of sequences (Matochko & Derda, 2013)

(Quiail, et al., 2012).
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10.6 Motif discovery

The IMUNE algorithm (Pantazes, et al., 2016) was used for motif discovery of T1D-specific
motifs. Briefly, IMUNE looks for patterns with user-defined lengths and definition (e.g. known
amino acid residues in a position) that are in a group of sequences. IMUNE then builds motifs
from the patterns by combining similar ones (Figure 10.4). IMUNE can selectively find

ELKFEHVNGWDE

TEVNSFWHVNSG xHVN
EHVNKVSDKRG GEXHVN
LRFEHVNQSIKE e  ryyynD =  VX[FM][FWYMI][HP]VND
MHQFMHVNAETQ MHVN
SRSDLFWHVNGV
AFXHVN 10y
xHVNxxQ = 1
AAVAVVGFSHKN s L
IGWMIMEFEHVS QxxFxHVN S059R
PMSNLKWFHVND IXFXHVN 8 X
PYAYHVNDAHGF XxHVNxXT 0.0-5=
EGLGFSHVNDYL

Figure 10.4. IMUNE motif discovery scheme. From patterns appearing in sequence sets, IMUNE builds
motifs. Those motifs are then computationally screened for specificity and sensitivity to the disease

group.
patterns, i.e. ones that are present in a disease group and not in a control group, based on user-
determined sensitivity and specificity constraints. For each motif, IMUNE determines the
number of times a motif is observed in a sample sequence set and compares it to the expected
number of observations (via probability given the amino acid makeup of the library) to create

an enrichment value:

Enrichment (E) = Actual Observations

Expected Observations

Using the 21 T1D compared against the 21 non-T1D sample sequence sets, 350 motifs

were identified by IMUNE with the constraints of 20% sensitivity (patterns must be present in
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at least 20% of the 21 T1D samples) and 100% specificity (patterns cannot be in any of the 21
non-T1D samples). The low sensitivity threshold was selected based on the knowledge that
known autoantibodies to T1D exhibit low sensitivity across T1D cohorts (Jin & She, 2012).

99-100% specificity is a commonly used threshold for biomarkers.

10.7 Sensitivity and specificity of motifs to T1D

The number of found motifs (350) was too large to manually curate, so to identify motifs with
the highest specificity to the T1D cohort a simple enrichment-based screening algorithm was
devised (Figure 10.5). Briefly, motifs were deemed enriched in the T1D group if the mean
enrichment of the motif in the T1D group was at least 10X greater than the mean enrichment
in the non-T1D group. That set of motifs was then screened for enrichment greater than 5X in
each sample (T1D and non-T1D) compared to the mean enrichment of the non-T1D control
group. Motifs that met this enrichment threshold in a sample were denoted with a black cell on
a heat map and those that did not were denoted with as white on the map (Figure 10.6). The
motifs (rows) were then sorted for specificity (high to low) followed by sensitivity. Thus, the
upper portion of the heat map represents motifs that are 100% specific and most highly

sensitive to T1D samples (columns).
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T1Dand NT1D lM.UNE ?r MEME Find all samples that contain the motif |
NGS sequences using criterion of .,
choice 350 motifs

Protocol to select disease-specific motifs by control group?
filtering them based on enrichment values against
a control group:

1.
2.

Group 1 (G,) = T1D samples
Group 2 (G,) = Control (NT1D or Gen Pop) samples
Eave = Average Enrichment

Motif generally
enriched in T1D group

Sort 2

Is Enrichment of
sample >5x Eyg of

Find all samples that contain the motif Yes

Motif is not enriched in
T1D group compared to
control group

Motif is not enriched
in sample (-1)

Select motifs with a ratio of average disease Motif is enriched in sample (1)

group enrichment (E,,g) to control group
enrichment greater than 10

Compare single sample enrichments to control Sort 3

group average enrichment.

If sample enrichment is >5x control group Find motifs that are
enrichment average, sample is considered absent in all

controls

positive for that motif (1). If <5x, sample is
negative (-1).

Generate a motif/sample heat map

Sort heat map by decreasing prevalence of
motif in T1D samples

Sort motifs by
prevalence in T1D
samples

Set of motifs that are 100%
specific AND sensitive to T1D
samples

Figure 10.5. Decision tree for selecting sensitive and specific T1D motifs. The 350 motifs from
IMUNE were screened by enrichment value. Motifs with mean enrichment values at least 10X in
the T1D group compared to a control group were considered enriched in the T1D group. These
motifs were then screened for high enrichment in the T1D samples compared to the mean
enrichment in the control group. The selection algorithm provides binary data for each
motif/sample pair that can be visualized using heat maps to determine motifs with high specificity
and sensitivity to T1D compared to a control group.
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Figure 10.6. Heat map of motifs with greater than 10x enrichment compared to the average enrichment
of the non-T1D control group, sorted by decreasing specificity and then decreasing sensitivity. The region
of most interest is the upper section which represents motifs that are 100% specific and most highly
sensitive to T1D samples (black boxes). Motifs are listed in rows, samples in columns.
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Using this method, 133 motifs were identified that were 100% specific and between 5 and 52%
sensitive (i.e. found in between 1 and 11 samples) to the T1D samples (Figure 10.7).
Comparing the best motif sensitivities to that of the known autoantibodies in the sample set
(Figure 10.3), we see similar values for IAA and GAD65A (52%) and ICA (general islet cell
autoantibody, 57%)

60%
50%
40%
30%

20%

0% 2

Figure 10.7. Motifs with greater than 19% sensitivity to T1D samples with 100% specificity against a
non-T1D control group. The best motifs were >50% sensitive to T1D samples, similar to the sample set
sensitivity to the known T1D autoantibodies.

Of the two most sensitive motifs, YCxxxXNYN, while long (9 residues) had a
significant number of ambiguous residues (denoted as ‘x’), while the other HX\WWNxQ, was

slightly shorter and more defined. Many of the motifs were similar, encouraging grouping:

TXNTIK TXNTI[KN] [TH]xNTI[KN]
Kx[VIISXYL KxV[TSIxYL Kx[VI][TSIXYL KxISxY[LV]
[DEN]WTHP E[FW]THP
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There was no apparent correlation between the occurrence of these found motifs and the
autoantibody positivity; i.e. motifs were not significantly more or less present in samples that
were positive for one or more of the known autoantibodies. The two top motifs were found in
3 of the 4 autoantibody negative samples, but also in 8 other samples. The fourth negative

sample had the lowest overall number of motifs, all with < 18% sensitivity.

10.8 Specificity of T1D motifs to a larger control group

To determine how sensitive the T1D motifs were when a larger control group was used, the
IMUNE motifs were screened against a larger general population proxy control group created
from a database of 235 other disease or control samples (Figure 10.8). Due to known
comorbidity with T1D, celiac samples were excluded. It should be noted that this control group
cannot be labelled as non-T1D since the samples in the database, with the exception of the
T1D and non-T1D ones, were not screened for T1D, and it’s possible that some patients in the
database have T1D. That said, the mean age of the database population is skewed to adult
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T1iD Alzheimers Macular Celiac Multiple Narcolepsy  Parkinsons
Degeneration Sclerosis
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Figure 10.8. Sample groups in the general population proxy control group. The celiac disease and
control groups were excluded due to known co-morbidity with T1D. The T1D control samples were
included.
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patients due to the type of diseases represented (e.g. multiple sclerosis, macular degeneration,
Alzheimer’s) and therefore seems a reasonable proxy for a population that is not newly T1D
diagnosed (and therefore with low antibody titers, which decrease with disease duration). The
same protocol was used (Figure 10.5) in finding motifs sensitive to the non-T1D control group
in the previous section, resulting in a heat map representing all the motifs with enrichment >5x

compared to the control group (Figure 10.9).

Most general population sample enrichments are < 5x the control group mean (white)
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Few T1D samples have highly specific (>99%) motifs with enrichments >5x the control group mean (black)

- o o o n z - o o = = o o 5 9 9 5 2 9 2 2 >

=1 =3 =4 =4 S =1 =1 =2 =4 =S 2 =1 =2 =3 =8 2 =3 =2 =2 =4 2 s

=3 3 =3 2 =3 =3 3 3 =z = =3 =3 3 =z = =3 =3 = 3 =3 =3 - =

3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 s z

5.00 = = F " = = e e F " s = = F = = = s = F = a &
TOANNT | | 4 190%
HXxDPGW [ ] 2 9.5%
TXWxNXDIKT) 2 9.5%
oMol | | | - e
(ITJDXNXNT [ ] 4 19.0%
NIDEIMXIN [ ] I 19.0%
[THIXNTIK - [ ] 2 95%
TxNTITKN] 1 4.8%
[TPIXWxNXDK | ] 1 48%
[THIXNTIKN] -_ 1 48%
HxXDP[GAIW 1 4.8%
[FYJxxK[YN]XPW. | 1 4.8%

Figure 10.9. Heat map of motifs with greater than 10x enrichment to the T1D group than the general
population proxy control group, sorted by decreasing specificity and then decreasing sensitivity. The best
specificity was 99% (above the white line in the General Population heat map) and sensitivity within the
99% specific group ranged from 5 to 23.8% (bottom heat map).
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Comparing the T1D motifs against this larger general population, 7 motifs were > 99%
specific and up to 20% sensitive (Figure 10.10). There were 3 general motif patterns, and three
motifs, [IT]XNXNT, TXWxXNxD[KT] and [TP]xXWxNXxDK retained their sensitivity to T1D
samples against the larger control group enrichment mean, although the specificity dropped
slightly. Two of these motifs were related; the one with the less ambiguous first position,
TXWxXNXD[KT] being more sensitive. There do not appear to be any published studies
comparing T1D autoantibody specificity against a general population group to contrast these
results with, but it is encouraging that some motifs retained their specificity and sensitivity
against a much larger (10x) control group, suggesting that biomarkers could be found with

higher sensitivity that might be used for general population screening.
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Figure 10.10. The best motifs against the general population proxy control group were up to
33% sensitive and 100% specific to T1D samples. The best motif ranged from 99.2 to 100%
specific and 5 to 19% sensitive to T1D against the general population control group, and 100%
specific and between 5 to 33% sensitive to T1D against the non-T1D control group. Two motifs
did not change sensitivity between the two control groups but did drop slightly in specificity.
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None of the found motifs were similar to the published epitopes for the known
autoantibodies. To look for the possibility that the motifs were other epitopic regions of the
autoantibodies, PepSurf (Mayrose, et al., 2006) was used to map the best motif ([IT]DXNXNT)
onto the two autoantigens with crystal structures in The RCSB Protein Data Bank (insulin and
GADG65). PepSurf found one cluster with residues in the region 89-442, which overlaps with
region of a structural epitope (244-585) reported by Myers using phage display (Myers, et al.,
2000). To investigate whether the top motif could be associated with new autoantigenic
molecules, [ITIDXNXNT was searched against the protein sequence database UniProtKB via
the ScanProsite search engine hosted by EXPASYy (Sigrist, et al., 2012), or BLAST to search
the NCBI protein databases (Altschul, et al., 1990), including homo sapiens, bacteria and virus

taxonomies.

10.9 Summary

Bacterial display peptide libraries were used to screen plasma samples from 21 T1D patients
and 21 matched non-T1D samples. Libraries were sequenced and computationally sorted for
motifs with high specificity to T1D compared to non-T1D matched controls. The method found
several motifs that were 100% specific and up to 52% sensitive to T1D vs. non-T1D samples;
this sensitivity compared well with sensitivities of the known autoantibodies in this sample set.
Comparing these motifs against a larger general population proxy control group found 7 motifs
that were >99% specific but no more than 20% sensitive; three of the motifs retained their
sensitivity to T1D sample even when compared against this 10x larger control set, suggesting
that these motifs could be further developed to increase sensitivity to T1D samples. There were

no similarities between the most sensitive found motifs and either the known autoantibodies
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or other antigens, based on a protein database search, nor were there correlations between age,

gender or HLA-associated risk rankings.
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11. Future Directions

Combined, the two studies presented in this section showcase the power of combining bacterial
peptide display libraries with next generation sequencing for antibody-related tasks. For each

area, potential future work is outlined below.
11.1 Epitope mapping

While the current epitope mapping algorithms were successfully used with NGS data by
creating motifs to satisfy the input restrictions, building informatics tools specifically suited to
process NGS data from epitope mapping experiments should be the focus of future work.
PepSurf is limited by the linear scaling of run time to the number and length of peptides
(Mayrose, et al., 2006); a run of 1500 6-mer peptides took over a week to complete. New
algorithms should be purposefully designed to run the large input sequence lists generated by
NGS, ideally in a matter of hours. Motif generation may remain the best way to cluster
sequence data prior to mapping to an antigen surface, but a motif generator built within the

framework of an epitope prediction tool would streamline the workflow.

11.2 Antibody repertoire analysis

Antibody profiling has been proven to provide insight into a variety of disease pathologies and
provide biomarkers for diagnosis and therapeutic endpoints. The challenge to use it for some
autoimmune diseases, such as T1D lies in the complex nature of the disease. Researchers are
only now beginning to understand the true heterogeneity of diabetes, suggesting additional

classification beyond Type 1 and 2, such as maturity-onset diabetes of the young (MODY),
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latent autoimmune diabetes of adults (LADA), and idiopathic diabetes (Karalliedde & Gnudi,
2014). This recognition of different pathologies of diabetes suggests a profiling method going
forward; that of grouping samples by some measure (e.g. autoantibody positivity, HLA risk
level) to conduct antibody profiling.

Inherent to the success of any repertoire screening method is the successful identification
of peptides that mimic the known autoantigenic epitope regions. Specifically, the development
of strategies designed to increase the sensitivity for T1D antibody-reactive peptides while
maintaining or increasing the specificity. While the results shown here demonstrate that the
current protocol can identify disease-specific peptides with some cross-reactivity to new
samples, being able to consistently identify reactive peptides that are highly similar to known
autoantibody ligands will greatly improve the protocol reliability and will provide validity to
subsequent results. These screening strategies can then be used to characterize antibody
profiles in subgroups and, if possible, the entire T1D group of samples currently available to
us. DM (or Control) antibody reactive peptides identified from screening can be valuable in
several ways: 1) to help further characterize the heterogeneity of T1D pathology by defining
additional markers for subgroups, 2) to provide peptide sequences useful in identifying
potential antigenic molecules, and 3) to identify potential peptide sequences for T cell

screening.
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12. Experimental Methods for peptide display and sequencing

Materials

Trastuzumab and bevacizumab used in the epitope mapping study were generously provided
by Dr. Daniel Greenwald of the Cancer Center of Santa Barbara. Plasma samples were
provided by Dr. Outi Varaala from the National Institute for Health and Welfare in Helsinki,
Finland. Tween-20, NaCl, arabinose, glucose, tryptone, yeast extract, chloramphenicol,
glycerol and other stock chemicals were purchased from Sigma Aldrich. Protein A/G beads
were purchased from Pierce. a-1gG-PE was purchased from Jackson ImmunoResearch. The
plasmid miniprep kits were purchased from Qiagen, Nextera XT indexing primers were
purchased from Illumina. Agencourt AMPure XP beads were purchased from Beckman

Coulter.

12.1 Antibody concentrations used in the studies

Epitope mapping study. Both antibodies were used at a concentration of 25 nM and added to
the cells for a final volume of 500 pL. Antibodies had similar kD values in the nM range, and

25 nM was chosen because it provided good library enrichment after the first round of MACS.

T1D antibody repertoire analysis study. Plasma was used at a 1:100 dilution.

12.2 Depletion of E. coli binding antibodies

12.2.1 Epitope mapping study
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To confirm that the selected antibodies did not bind to E. coli, cultures were grown overnight
at 37 °C with shaking (250 rpm) in LB (10 g tryptone, 5 g yeast extract, 10 g/L NaCl)
supplemented with 34 pg/mL chloramphenicol (CM). Cells were inoculated at 1:50 into 5 mL
LB/CM and grown to an ODsoo between 0.4 — 0.6 at 37 °C with 250 rpm shaking, and then
induced with 0.04% wt/vol L(+)-arabinose and allowed to grow for another hour. A 5 puL
aliquot of cells was centrifuged at 3,000 relative centrifugal force (rcf) at 4°C for 5 minutes
and decanted. Cells were incubated with antibody diluted to 25 nM in 40 uL PBST (PBS +
0.05% Tween 20) at 4°C for 45 minutes on an orbital shaker (20 rpm). Following antibody
incubation, the cells were washed to remove unbound antibodies by centrifuging, decanting
and resuspending the cells in 40 pL cold PBST 3 times. To the final resuspension, a-1gG-PE
(anti-human goat 1gG conjugated to phycoerythrin) was added at 1:100, and the cells were
incubated at the same conditions. Following a single wash step, the cells were resuspended in
500 pL cold PBS and analyzed for fluorescence using flow cytometry (BD Biosciences
FACSARIA | with a FACSARIA Il flow cell). There was no appreciable binding, therefore

no depletion step was required.
12.2.2 T1D antibody repertoire analysis study

To remove E. coli binding antibodies from plasma samples prior to library screening, an
induced culture of cells expressing the library scaffold alone was incubated with diluted
(1:100) plasma. eCPX cultures grown overnight at 37 °C with vigorous shaking (250 rpm) in
LB/CM and 0.2% glucose were collected by centrifugation, inoculated in fresh LB /CM, grown
to an ODsoo between 0.4 — 0.6 at 37 °C with 250 rpm shaking, and then induced with 0.04%

wt/vol L(+)-arabinose and allowed to grow for another hour. After induction, cells were
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centrifuged at 3,000 rcf for 5 min, washed once with cold PBST (PBS + 0.05% Tween 20),
and resuspended in 1 mL PBST containing plasma diluted 1:25. Samples were incubated
overnight at 4 °C with gentle mixing on an orbital shaker (20 rpm). Antibodies that bound to
E. coli or the eCPX scaffold were removed by centrifugation of the incubated culture at 3,000
rcf for 5 minutes twice, recovering the plasma supernatant after each centrifugation. Depleted

plasma was stored at 4 °C for up to 2 weeks during use.

12.3 Magnetic-Activated Cell Selection (MACS)

Prior to use, the beads were decanted via magnetic separation and washed two times in a 3x
volume of PBST. A library frozen stock (1.3 mL) in 15% glycerol containing 10! cells was
added to 500 mL LB/CM and allowed to grow at 37 °C until ODsoo reached 0.4 - 0.6. The
culture was induced with 0.04% arabinose and allowed to grow another hour. The ODsoo was
measured to calculate the required volume for aliquots to contain 6-7 times the starting library
diversity (usually about 40 mL). The aliquots were centrifuged for 15 minutes at 3,000 rcf and
4°C. To clear any cells that bind to protein A/G, the supernatant was removed, and cells were
resuspended in 1000 uLL PBST containing 50 pL washed beads at a ratio of 1:100 bead-to-cells.
The ratio is based on the size and enrichment of the library; for the first round of MACS, the
naive library will contain many non-binding peptides, so a high ratio of beads to cells can be
used. For subsequent rounds, there will be more binders, so a lower ratio (1:1) is used. The
cells were incubated in 2 mL microcentrifuge tubes for 45 min at 4 °C on an orbital shaker at
20 rpm. Following incubation, the tubes placed in a magnetic rack on ice for 5 minutes and the

supernatant was collected in a fresh tube, and again magnetized. The supernatant collected

138



Bacterial peptide display experimental methods Chapter 12

from this second separation contained cells that do not bind to protein A/G. These cells were

centrifuged for 5 minutes at 3,000 rcf and 4 °C and decanted.

Following incubation at the same conditions noted above, the cells were centrifuged,
decanted and washed with 500 pL cold PBST. This was repeated 2 more times to remove any
unbound antibodies. The final wash liquor was removed from centrifuged cells and magnetic
beads were added at 1:10 for a 500 pL final volume. Following another incubation, the cells
were placed on a magnetic rack on ice for 5 minutes and the supernatant was removed and
discarded. The cells were washed four times with 500 pL. PBST to remove any cells not
attached to beads. The final cell library was incubated overnight in 20 mL LB/CM with 0.4%
glucose added. A 10 uL sample of the library was removed, diluted and plated on LB/CM agar

to estimate the diversity of the enriched library.

Subsequent MACS rounds were performed to increase library enrichment to antibody-
binding peptides. Cells from the overnight growth were added at 1:50 to 15 mL LB/CM and
grown to an ODeoo of 0.4 - 0.6 at 37 °C. Following a one-hour induction with arabinose, an
aliquot of cells containing >10x the library diversity (calculated from the overnight plates) was
centrifuged and resuspended in 250 uL. PBST containing 5 puL beads for at least a 1:1 bead-to-
cell ratio to clear any protein A/G binding peptides. Magnetic separation on ice (5 min)
followed by washing with cold PBST was performed two time to recover unbound cells, which
were incubated with each antibody diluted to 25 nM in PBST for a final volume of 250 pL.
Following incubation, the cells were centrifuged, and washed three times with 250 uLL PBST.
The final wash liquor was removed from centrifuged cells and 5 uL. magnetic beads in PBST

were added for a 250 uL final volume. Following incubation, cells were placed on a magnetic
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rack on ice for 5 minutes and the supernatant was removed and discarded. The cells were
magnetized and washed four times with 250 uL cold PBST to remove any cells not bound to
beads. The final cell library was sampled for plating and incubated overnight in the same

manner as above. The detailed protocol is shown in Figure 12.1.

12.4 Flow cytometry

The enriched library pools from MACS were analyzed for antibody binding via flow cytometry
using a BD FACSARIA I/11 to determine library enrichment. After overnight growth, the cells
were subcultured at 1:50 into 15 mL LB/CM and grown to an ODsoo of 0.4 - 0.6 at 37 °C.
Following a one-hour induction with arabinose, a volume of cells >20x the estimated diversity
was centrifuged and resuspended in 40 pL of 25 nM antibody. The cells were incubated for 45
minutes and washed as described in the MACS section above using 40 uLL PBST. Then, cells
were resuspended in a-1gG-PE diluted 1:100 in PBST. Following a 45 minute, 4 °C incubation,
the cells were washed with cold PBST to remove unbound PE and resuspended in 500 pL cold
PBS for flow cytometry analysis. A sample containing E. coli cells expressing the eCPX
scaffold (but without a peptide) was used to determine the background signal by drawing a
gate that excluded 99.5% of these cells in a plot of fluorescence vs. side scatter. This same gate
was then applied to the antibody-screened library and cells within the gate (exhibiting a
fluorescence greater than background) were considered enriched in antibody binders. The

detailed protocol is shown in Figure 12.1.
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(b) Flow cytometry protocol
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Figure 12.1. Detailed protocols for (a) MACS and (b) flow cytometry. One wash is defined as
centrifugation, decanting and resuspension of cells or beads in PBST.
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12.5 Sequencing

12.5.1 Sanger (dideoxy) sequencing

76 colonies were picked from LB/CM plates grown overnight from the final MACS round for
each antibody. Individual colonies were transferred to a labeled, fresh LB/CM plate and
incubated overnight at 37 °C, and peptide sequences were determined using Sanger DNA

sequencing followed by translation using Geneious Pro v5.3.6.
12.5.2 Next Generation Sequencing

Libraries from MACS were prepared for NGS as previously described (Pantazes, et al., 2016).
Briefly, plasmids were extracted from cells grown overnight using a plasmid miniprep kit. The
random peptide region was amplified via two PCR steps. In the first PCR (a gradient starting
at 72 °C annealing temperature and decreasing 0.5 °C per cycle for 14 cycles followed by 15
rounds at 65 °C annealing temperature), primers with adapters specific to the sequencing
platform (Illumina) and annealing regions flanking the region of the eCPX scaffold. To identify
each library, a second PCR (8 rounds, 70 °C annealing temperature) adds a unique nucleotide
barcode to each amplicon using Illumina Nextera XT indexing primers. Clean-up using
Agencourt AMPure XP beads (Beckman Coulter) followed each of the PCR steps. The purity
of each amplicon was confirmed via gel electrophoresis and concentration was quantified using
a fluorophore-based DNA high-sensitivity reagent (Qubit). Finally, amplicon libraries were
normalized to one concentration and pooled for sequencing on an Illumina NextSeq 500. The
pooled amplicon library purity was analyzed via a Bioanalyzer 2100 (Agilent) and the

concentration measured using Qubit. A 75-cycle high-output flow cell with a single end read
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was used with dual indexing. After sequencing, the samples were de-multiplexed using

provided sample identities linked to the Nextera XT indices.

12.5.3 Generation of a non-redundant sequence list

Using the IMUNE processor developed in the Daugherty lab and described elsewhere
(Pantazes, et al., 2016) the generated DNA sequences were translated into a set of unique
peptide sequences for each antibody. First, the processor searches for the constant upstream
and downstream annealing regions of the DNA and translates the intervening sequence to
generate a peptide sequence. Then, identically matching sequences are combined. Finally,
peptide sequences with 3 or fewer differences, which are considered mutations from
sequencing errors, are combined. The value of 3 is based on a statistical analysis, described in
Pantazes et al., that shows the probability of finding 2 or more sequences with 10 or more
identical positions is extremely low; therefore, sequences with 9 or more identical positions (3
or fewer mutations) are combined. Mutations outside the 12-mer peptide window are not

counted.
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