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Amyloid proteins are associated with an increasing number of human diseases. In amyloid
systems, soluble proteins experience conformational changes that trigger aggregation into toxic
soluble oligomers, then protofibrils, and eventually into insoluble amyloid fibrils. Synthetic a-
sheet peptides inhibit amyloid formation by adopting a complementary conformation to the native
protein structure and by binding toxic oligomers, including the f-amyloid peptide (AB) involved
in Alzheimer’s Disease (AD). These a-sheet peptides not only inhibit amyloid fibrilization in
mammalian amyloid diseases but also in bacteria, which produce functional amyloid proteins as
part of their biofilm extracellular matrix. Here, we demonstrate that co-administration of a-sheet
peptides with various antibiotics increases biofilm antibiotic susceptibility in both gram-negative

and -positive bacteria. Additionally, the peptides are incorporated into a functionalized gauze for



biofilm inhibition at a wound site and tethered to titanium dental implants to prevent oral biofilm
infection. Next, the effects of the a-sheet peptides on AP in the context of AD were further
examined. An increased rate of phagocytosis of AP oligomers in multiple cell lines was observed
when cells were treated with a-sheet peptides. The a-sheet peptides were then administered
alongside AP oligomers to transgenic mice that overexpress human tau. Intracranial injections of
AP oligomers resulted in long-term behavioral impairments in the mice, whereas the peptide
injections appeared to be safe and to reduce the anxiety induced by the intracranial injection of AP
oligomers. In this dissertation, synthetic a-sheet peptides are first presented as novel amyloid
inhibitors with proposed biomaterial applications for biofilm prevention. Finally, the peptides are
investigated in the context of AD with implications for further elucidation of the disease

mechanisms.
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Chapter 1. Introduction

1.1 Introduction to Amyloid

Amyloid proteins are associated with over 40 human diseases, with many disorders
becoming increasingly prevalent [1]. In amyloid diseases, soluble proteins experience
conformational changes that trigger aggregation into toxic soluble oligomers, then protofibrils, and
eventually precipitation of insoluble amyloid fibrils. Amyloid oligomers are non-covalently bound
groups of monomers that display greater toxicity than either the monomeric or full-length fibril
forms [2]. In some amyloid diseases, the oligomer causes cellular damage before mature fibrils are
formed, making these toxic intermediates potential therapeutic targets. Amyloid fibrils also have
impressive material properties including high deformation, resistance, and elasticity. As such,
many organisms, including bacteria, utilize amyloid functionally.

Amyloid proteins have non-branching, rigid fibrils with a high -sheet content, a distinct
protein sequence, and form insoluble deposits from the aggregation of proteins [3]. Amyloid
proteins display a cross-f§ diffraction pattern in X-ray diffraction analysis and can be detected with
extrinsic dyes including Congo Red and Thioflavin T (ThT) [3]. Mature amyloid fibrils have a
rigid structure due to the high number of B-sheets and their stability is primarily attributed to
intermolecular interactions [2]. Their B-sheets are perpendicular to the fibril axis and van der Waals
interactions between the side chains promote hydrogen bonding parallel to the fibril axis (Figure

1.1).
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Figure 1.1: Amyloid fibril morphology. A) Atomic force microscopy (AFM) of Staphylococcus
aureus amyloid fibrils. B) A standard “cross-f” X-ray diffraction pattern as seen for amyloid
fibrils. C) Atomic models showing the secondary, tertiary, and quaternary structure of amyloid.
Figure from Bleem and Daggett, 2017 [2].

1.2 a-Sheet Structure

Amyloid aggregation follows a nucleation-dependent mechanism and aggregation has
three phases: lag, exponential, and plateau [4]. During the lag phase, a protein changes
conformation to an aggregation competent monomer. An aggregation nucleus then forms, ending
the lag phase. Next, the exponential phase is characterized by rapid oligomerization. This results
in the formation of B-sheet heavy fibrils and ultimately the plateau phase where fibrils are
deposited into the surrounding environment (Figure 1.2) [4]. Studies have shown that the
insoluble, amyloid fibrils are stable and non-toxic while the intermediate, soluble oligomers are
toxic. The A1l antibody binds the oligomeric form of multiple amyloid species, suggesting a

shared and specific structure for the toxic oligomers [5].
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Figure 1.2: Schematic of the amyloid aggregt:t?sn pathway. During the lag phase, amyloid-
competent monomers and oligomers form sequentially. Then, during the exponential phase, the
amyloid protein undergoes a structural change into 3-sheet protofibrils. During the plateau, fibrils
rearrange to the ordered cross-f-sheet structure. Figure from Prosswimmer and Daggett, 2022 [5].

Due to this shared binding by the A1l antibody, the Daggett lab conducted Molecular
dynamics (MD) simulations of multiple unrelated amyloidogenic proteins to study the
conformational changes of the aggregation course under known amyloidogenic conditions. These
studies revealed a non-standard secondary structure, now referred to as a-sheet. a-Sheet structure
is stabilized by hydrogen bonding between individual strands. Elongated strands form due to the
sequential alternation between ar and ar backbone dihedral angles. a-Sheet is unique because of
main chain carbonyl alignment on one side of the sheet and NH alignment on the other side,
creating a strong molecular dipole across the sheet. Subsequently, the Daggett lab designed and
engineered de novo hairpin peptides, with o-sheet structure, that adopt a complementary
conformation to the observed native a-sheet structure [6, 7]. These designed a-sheet peptides

inhibit the aggregation and toxicity of multiple mammalian amyloid species as well as bacterial

amyloid, including Staphylococcus aureus, Escherichia coli, and Streptococcus mutans [8-10].



1.3 Functional Bacterial Amyloid

Both gram-negative and gram-positive bacteria use amyloid proteins as structural
scaffolding in their biofilm extracellular matrix (ECM). Recent studies suggest that many multi-
drug resistance bacteria use amyloid fibrils as a mechanism of virulence through facilitation of
bacterial aggregation and biofilm formation [11-13]. In gram-negative E. coli, the amyloid proteins
are called curli and they are the major proteinaceous component of the ECM. Curli are assembled
at the bacterial cell surface and promote adhesion to surfaces and aggravate the host inflammatory
response [14]. At least six proteins are dedicated to curli formation and they are encoded by the
csgBA and csgDEFG operons [14]. The csgBA operon encodes both CsgA, the major structural
subunit, and CsgB, the nucleator protein. CsgA and CsgB are the same size, with 30% sequence
identity. In the absence of CsgB, curli are not assembled and CsgA is secreted from the cell and
not polymerized [14]. Curli assembly also requires four accessory proteins which are encoded by
the csgDEFG operon. Curli formation is a highly regulated and directed process, in stark contrast
to mammalian amyloid which is largely an oft-pathway folding event. Bacteria use a range of
methods to prevent self-toxicity from amyloid oligomers. For example, in E. coli, polymerization
of the protein subunits into mature fibrils only occurs once they have reached the cell surface [14].

The gram-positive species S. aureus also produces amyloid proteins called phenol soluble
modulins (PSMs). S. aureus expresses four a-PSMs, two -PSMs, and one y-PSM [15]. PSMs are
surfactant-like peptides that can modulate biofilm disassembly through amyloid-like aggregation
[16]. While soluble PSMs promote biofilm disassembly, PSM fibers actually improve biofilm
stability [16]. PSM amyloid fibrils have also been shown to promote resistance to various biofilm
dispersion agents including Proteinase K, DNAse, and Dispersin [16]. Research addressing

functional bacterial amyloids is of growing interest with emerging work on Streptococcus mutans,



Bacillus subtilis, Pseudomonas aeruginosa, Staphylococcus epidermidis, Klebsiella pneumoniae,
Streptomyces coelicolor, and more. As such, research has also focused on amyloids as targets to
promote biofilm dispersal. A number of amyloid inhibitors have been identified including anti-
amyloid peptides, proteins, pilicides and curlicides, molecular tweezers, and polyphenols [15].
Some inhibitors have been successful at reducing biofilm formation but many are limited because
they show species-specific effects, show cross reactivity with human amyloids, or increase the

antibiotic resistance of the biofilm [15].

1.3.1 Designed Peptides and Bacterial Amyloid Inhibition

Amyloids are a major protein component of many bacterial biofilms and are thus a target
for anti-biofilm strategies. In previous work in S. aureus and E. coli, the Daggett group’s synthetic
a-sheet peptides successfully inhibited the in vitro amyloid aggregation of PSMal and CsgA (for
S. aureus and E. coli, respectively) [8, 9]. The peptides also showed bacterial amyloid inhibition
in Thioflavin T (ThT) assays as indicated by reduced P-sheet content. These studies also
demonstrated a significant reduction in biofilm density for bacteria incubated with the a-sheet
peptides [8, 9]. In vitro biofilm experiments also showed that, although the total number of cells
stayed the same, the number of planktonic cells increased. This suggests that the peptides inhibit
biofilm formation and force more cells into the planktonic state without causing cell death. This is
critical in preventing conferred resistance to the peptides over time as has occurred with traditional
antibiotics. Finally, as will be elaborated on in Chapter 2, the peptides increase the antibiotic

susceptibility of both gram-negative and gram-positive bacteria to a broad spectrum of antibiotics.



1.4 Hospital Acquired Infections

Hospital acquired infections (HAIs) are the most common adverse healthcare event. In the
United States, there are more than 680,000 HAIs each year and one in 31 hospital patients has an
HAI at any given time [17, 18]. The estimated cost of treating HAIs in the US is $28-45 billion
annually [19]. These infections lead to longer hospital stays, chronic inflammation, impaired
wound healing, acquired antibiotic resistance, sepsis, and death. There are several risk factors for
HAISs including invasive procedures, severe illness, failure to follow best practices for prevention,
and improper antibiotic use. The majority of HAIs are biofilm mediated, and many infections are
caused by antibiotic resistant bacteria [20]. Approximately 65% of all infections and 80% of
chronic and recurring microbial infections are associated with biofilm formation on an implanted
device including prosthetic heart valves, orthopedic implants, intravascular catheters, cardiac pace

makers, urinary catheters, and contact lenses [21].

1.4.1 Medical Biofilms

Biofilms form when bacteria adhere to a surface, replicate, and then begin to produce a
three-dimensional extracellular polysaccharide (EPS) matrix that solidifies the structure. Within
this matrix, channels form for the delivery of nutrients and export of waste products from the
biofilm structure. Mature biofilms then shed cells that can travel between biofilms or establish new
ones (Figure 1.3). Biofilm associated microorganisms are significantly less susceptible to
antibiotics and to host defenses. Biofilm associated bacteria are 10-1000 times more resistant to
antibiotics than bacteria in the planktonic form and sublethal antibiotic doses can enhance biofilm
formation [22]. Biofilms have several defense mechanisms against antibiotics. First, the EPS can

act as a physical barrier to slow diffusion of drugs or bind to the antibiotic, with many antibiotics



becoming deactivated at the biofilm surface [23]. Next, if an antibiotic penetrates the biofilm
surface, the microenvironment of the biofilm can be challenging to the drug. This environment is
often anaerobic and pH changes and low oxygen levels can reduce the efficacy of common
antibiotics [23]. Third, biofilms often contain “persister cells” which evade antibiotics by entering
a dormant-like state where they are resistant to extreme conditions. These cells then return to a
standard state and re-start division once released from the biofilm [22]. Finally, biofilms not only
evade antibiotic treatment but also promote resistance through communication strategies such as
quorum sensing which allows for the transfer of genetic elements, including antibiotic resistance
information.

All medical devices are susceptible to infection and biofilms can form on hard surfaces
such as implants or on soft surfaces such as bandages. Biofilm diagnosis, particularly on medical
devices, is often difficult and can require sampling the device surface through invasive surgeries.
When a culture is successfully grown, mixed cultures from polymicrobial infections can make it
challenging to identify a proper antibiotic regimen. The most common bacteria on device-
associated infections are Staphylococcus epidermidis and Staphylococcus aureus, with S.
epidermidis accounting for about 80% of medical device infections [24]. However, multidrug
resistant bacteria including Escherichia coli, Klebsiella pneumoniae, Acinetobacter
baumannii and Pseudomonas aeruginosa, are increasingly problematic, particularly as related to

catheter-associated urinary tract infections [25].
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Figure 1.3: Stages of biofilm formation on a surface. Planktonic cells adhere to a surface within
seconds. First colonizers then attach and begin rapid cell growth and division. Cells then begin to
produce a robust extracellular matrix. Finally, second colonizers join, and microbes disperse from
the mature biofilm. Image from Giorgi et al. [26].

1.4.2 Biomaterials for Biofilm Prevention

Biomedical devices are susceptible to protein fouling. Protein fouling occurs when an
implanted device causes a host response and a film made of proteins and glycoproteins forms on
the surface. Many of these proteins help bind colonizing bacteria. This phenomenon occurs for all
materials including glass, ceramic, titanium, and polyurethane. The host response to biomaterials
occurs in several overlapping stages: blood-material interactions, acute inflammation, chronic
inflammation, foreign body reaction, and fibrous encapsulation [21]. The body’s first defense
against bacterial infection is the innate immune response of neutrophils, macrophages, and
dendritic cells. However, many bacteria have the ability to evade these defenses and can even be
toxic to immune cells [21]. Thus, biocompatible materials should be inert, limit the host foreign
body response, and prevent biofilm formation [27].

Biofilms are often treated through physical, mechanical, or biological removal from

devices. For example, a mechanical approach uses a high-powered spray for debridement of a



surgical site or a dental biofilm. However, the recurring nature of biofilm related infections
exacerbates the difficulty of treatment. For this reason, many strategies instead focus on biofilm
prevention. The most common prevention technique is device surface modification through the
coating or elution of a drug. One such strategy is through mechanical designs like adding an
antibiotic fill or skin cuff to a catheter. Many materials also utilize tethered antibacterial agents
such as silver coatings or synthetic antibiotics. However, coatings have limited success as they are
only toxic to the first wave of bacteria and become ineffective as dead cell layers accumulate. As
such, some materials instead release soluble toxic agents like chlorhexidine or antibiotics. Success
here, though, is limited only to the period of release. Additionally, controlled release strategies
raise concerns of increased resistance as sub-lethal antibiotic doses can enhance biofilm formation
and accelerate resistance. This document describes work towards two anti-biofilm strategies:

release (Chapter 2 and Chapter 3) and tethering of synthetic a-sheet peptides (Chapter 4).

1.5 Mammalian Amyloid Systems- Alzheimer’s Disease

Alzheimer’s Disease (AD) is the 6" leading cause of death in the United States and
currently affects over 50 million people worldwide, with this number predicted to only grow in the
coming years [28]. AD is characterized by neuronal death and progressive cognitive decline caused
by the extracellular accumulation of amyloid plaques and the intracellular formation of
neurofibrillary tangles in the brain. Monomeric B-amyloid peptide (AP) is involved in multiple
biological functions including memory, learning, and neuroprotection [29-32] and the
accumulation of AP outside of neurons is a hallmark of AD. However, there is evidence that the
toxic soluble oligomers, not the amyloid burden, are associated with disease progression and that

damage begins prior to amyloid plaque deposition [33-37]. Along with the accumulation of AP



plaques, progression of AD is characterized by tau hyperphosphorylation. In AD brains,
hyperphosphorylated tau form fibrils in neuronal cell bodies, referred to as neurofibrillary tangles

(NTFs), leading to cell damage and inflammation.

1.5.1 Designed Peptides and Alzheimer s Disease

The o-sheet peptides have previously demonstrated amyloid inhibition in multiple
mammalian systems, including against the 42-amino AP peptide in the context of AD. As
described, during amyloidogenesis, AP forms toxic, soluble oligomers before the deposition of
mature fibrils [38, 39]. The synthetic a-sheet peptides specifically bind the toxic A oligomers and
inhibit AP aggregation in vitro and in two animal models [38]. Incubation of the toxic AP oligomers
with the a-sheet peptides caused a 96% reduction in aggregation in vitro [38]. The peptides also
protect against toxicity in cells and co-incubation with AP oligomers led to recovered cell viability
[38]. The peptides were also tested in transgenic APPsw mice that express human AP and caused
a dose-dependent reduction in detectable oligomers with reductions of up to 79% in coronal brain
sections. When the peptides were injected intracranially into the right hemisphere of the mice,
reductions of 40% of AP oligomers were seen as compared to the control left hemisphere. In a
transgenic C. elegans model, the peptides significantly delayed paralysis due to the effect of Ap

toxicity [38].

1.5.2 p-Amyloid and the Immune System
Microglia are the primary immune cells of the central nervous system (CNS). Microglia
function primarily as phagocytes in the CNS and are involved in tissue maintenance, injury

response, and defense against pathogens [40]. Sustained inflammation in AD results in chronic
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microglial cell activation and increase cytokine release. In healthy humans, microglia can degrade
and phagocytose AP aggregates but in AD, if AP levels are significantly elevated, chronic
microglial activation causes a sustained pro-inflammatory response that exacerbates disease
pathology [41]. It was hypothesized that the previously observed a-sheet peptide mediated
reduction in toxic AP oligomers is caused by the peptides altering the rate by which toxic Ap
oligomers are phagocytosed, as the peptides do not directly impact AP production [17]. This

hypothesis is investigated in Chapter 5.

1.6 Overview of Chapters

This dissertation is comprised of studies of synthetic a-sheet peptides and amyloid
inhibition in two parts. First, Chapters 2-4 focus on the inhibition of functional bacterial amyloid
and prevention of biofilm formation through the development of novel biomaterials. Second,
Chapters 5-6 center on the investigation of the peptides in the context of Alzheimer’s Disease.

Medical biofilms are a significant and growing problem as the usage of biomedical devices
rises and bacteria become increasingly resistant to existing antibiotic treatments. Many bacteria
use functional amyloids in their biofilm ECM as structural support and to help resist dispersion.
The Daggett lab has developed synthetic a-sheet peptides that inhibit amyloid formation and
reduce biofilm density in multiple bacterial species. In Chapter 2, we tested the effect of peptide
and antibiotic co-administration on the antibiotic susceptibility of clinical strains of S. aureus and
E. coli. Two peptides and five antibiotics were used to examine the differences between peptides
with the same sequence but opposite chirality and to determine how the peptides affect antibiotic
resistance to antibiotics with various mechanisms of action. Both peptides increased antibiotic

susceptibility with varying effects on the gram-negative and gram-positive species. In Chapter 3,
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the peptides were incorporated into a layer-by-layer functionalized gauzed for controlled release
at a wound site. Chitosan and alginate were chosen for alternating layers due to their natural
antibacterial and hemostatic properties and biocompatibility. Biofilm inhibition was then
demonstrated using a broth culture assay against two clinical bacterial isolates. Finally, in Chapter
4, a polydopamine based coating with a-sheet peptide attachment was developed for titanium
dental implants and demonstrated efficacy of the peptides against biofilms formed by the oral
pathogen S. mutans. Together, this work presents a promising new approach to biofilm inhibition
and antibiotic susceptibility with two potential applications for high-need medical biofilm
prevention.

As the world population ages, the prevalence and economic and social burden of
Alzheimer’s Disease continues to rise. Synthetic a-sheet peptides specifically bind the toxic AB
oligomers, inhibit AB aggregation, and protect against toxicity in cells. In Chapter 5, we
investigated the effect of multiple monomer and dimer APs on phagocytosis of E. coli bioparticles
and toxic AP oligomers by macrophages and microglial cells. We demonstrate that administration
of seven APs increases phagocytosis of AP oligomers by both cell types. Additionally, an
engineered HEK293 cell line was used to investigate the mechanism of increased AP uptake.
Finally, in Chapter 6, the a-sheet peptides were administered alongside AP oligomers to
transgenic mice that overexpress human protein tau. The intracranial injections of AP oligomers
resulted in long-term behavioral impairments in the mice, whereas the peptide injections appeared

to be safe and to reduce the anxiety induced by the intracranial injection of AP oligomers.
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Chapter 2. Designed De Novo a-Sheet Peptides Destabilize Bacterial Biofilms

and Increase the Susceptibility of E. coli and S. aureus to Antibiotics*

*Text and figures from International Journal of Molecular Science DOI: 10.3390/1jms25137024
2.1 Abstract

Biofilm-associated microbes are 10-1000 times less susceptible to antibiotics. An emerging
treatment strategy is to target biofilm structural components to weaken the extracellular matrix
without introducing selective pressure. Biofilm-associated bacteria, including Escherichia coli and
Staphylococcus aureus, generate amyloid fibrils to reinforce their extracellular matrix. Previously,
de novo synthetic a-sheet peptides designed in silico were shown to inhibit amyloid formation in
multiple bacterial species, leading to destabilization of their biofilms. Here, we investigated the
impact of inhibiting amyloid formation on antibiotic susceptibility. We hypothesized that
combined administration of antibiotics and a-sheet peptides would destabilize biofilm formation
and increase antibiotic susceptibility. Two a-sheet peptides, AP90 and AP401, with the same
sequence but inverse chirality at every amino acid were tested: AP90 is L-amino acid dominant
while AP401 is D-amino acid dominant. For E. coli, both peptides increased antibiotic
susceptibility and decreased the biofilm colony forming units when administered with five
different antibiotics, and AP401 caused a greater increase in all cases. For S. aureus, increased
biofilm antibiotic susceptibility was also observed for both peptides, but AP90 outperformed
AP401. Comparison of the peptide effects demonstrates how chirality influences biofilm targeting
of gram-negative E. coli and gram-positive S. aureus. The observed increase in antibiotic
susceptibility highlights the role amyloid fibrils play in the reduced susceptibility of bacterial
biofilms to specific antibiotics. Thus, the co-administration of a-sheet peptides and existing

antibiotics represents a promising strategy for the treatment of biofilm infections.
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2.2 Introduction

Amyloidogenic proteins are implicated in over 50 mammalian diseases and are considered
inherently pathogenic [1, 5, 6, 38, 42-46]. Notably, many bacteria utilize mature amyloid fibrils,
termed “functional amyloid,” as a structural scaffold in their extracellular biofilm to protect cells
from the surrounding environment [8, 9, 16, 47-49]. In both cases, the soluble, oligomeric
intermediates that form prior to stable fibrils are the primary toxic species, while insoluble fibrils
are nontoxic [1, 5, 6, 38, 39, 42-46, 50-52]. Toxic oligomers adopt a nonstandard secondary
structure, a-sheet, that has been observed and characterized in several amyloid proteins in both
mammals and bacteria, including the amyloid-B peptide (Alzheimer’s Disease), islet amylin
polypeptide (type 2 diabetes), CsgA (Escherichia coli) and PSMal (Staphylococcus aureus) [5-8,
10, 38, 53, 54]. a-Sheet structure is unique in that each residue is locally helical, but alternation
between right- and left-handed conformations results in the formation of an elongated strand [5,
53, 55]. The conserved nonstandard intermediate structure represents a unique target for inhibiting

amyloid formation in the context of both mammalian disease and biofilm-associated infection.
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Biofilms are microbe-generated, surface-associated extracellular matrices (ECMs)
composed of cells and secreted insoluble extracellular molecules (proteins, polysaccharides, and
extracellular DNA) that facilitate cell communication and protect cells from the surrounding
environment (i.e., host immune response and antibiotics) [49]. Biofilm cells are significantly less
susceptible to antibiotics than free-floating, or planktonic, cells and this reduced antibiotic
sensitivity is implicated in the rise of multidrug resistant bacteria and nosocomial infections [56,
57].

Nosocomial infections afflict approximately 15% of all hospitalized patients, and these
infections often result in prolonged hospital stays, significant financial burden, and disability in
both developed and developing countries [58]. Multidrug resistant bacteria are implicated in at
least 14% of all nosocomial infections in the United States, and this number continues to rise [59,
60]. Increased resistance is accompanied by a sharp decline in the development of new antibiotics,
which has resulted in a global healthcare crisis [61]. Antibiotic resistance is caused in part by the
overuse and misuse of antibiotics, as selective pressure can accelerate conferred resistance [62].
Additionally, some bacterial growth conditions, such as biofilm formation, reduce antibiotic
susceptibility. Bacteria within a biofilm are 10-1000 less susceptible to antibiotics due to numerous
complex mechanisms including the structural barrier provided by the extracellular matrix (ECM),
ECM-sequestered antibiotic-degrading enzymes, and phenotypic/metabolic changes in sessile
bacteria orchestrated by cell-to-cell communication [22, 57, 63, 64]. Additionally, cells present in
the nutrient-lacking biofilm can exhibit lower growth rates and reduced metabolic activity,
contributing to reduced antibiotic susceptibility [57]. Biofilms can foster “persister” cells that can
often lead to recalcitrance and reestablishment of infection, and they are thought to have a

significant role in acquired resistance [57].

15



Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) are robust biofilm-
forming bacteria that are often implicated in drug-resistant nosocomial infections. Uropathogenic
E. coli (UPEC) alone account for approximately 50% of all hospital-acquired infections [65].
Although antibiotic resistance varies between isolates, UPEC strains have exhibited resistance to
a wide range of antibiotics including fluoroquinolones, amoxicillin, cephalosporin, and ampicillin
[65]. Many S. aureus strains have also demonstrated clinical resistance to a vast majority of
antibiotics including aminoglycosides, penicillins, tetracyclines, all f-lactam antibiotics, and more
[56, 66].

To date, many anti-biofilm efforts have focused on the destabilization of the 3-dimensional
structure of the biofilm ECM, prompting bacteria to return to the planktonic state and resulting in
increased sensitivity of the treated biofilm to antibiotics. Biofilm dispersal can be achieved using
various matrix-degrading enzymes such as proteases, deoxyribonucleases, and glycoside
hydrolases [67-69]. Other strategies employ anti-biofilm peptides, peptide mimetic graphene
quantum dots, or oligosaccharides against specific protein or extracellular DNA targets in the
extracellular polymeric substance [70-72]. While these techniques can render biofilms more
susceptible to antibiotic treatment, some biofilms have shown resistance to various dispersion
agents. Further, small molecule agents can be degraded by bacteria or can rapidly diffuse away
from biofilms. Thus, the identification of new extracellular targets, such as amyloid proteins, and
the development of novel inhibition or dispersion methods is desirable.

The reduced antibiotic susceptibility of many E. coli and S. aureus species is partially
attributed to the use of mature amyloid fibrils as structural biofilm scaffolds and to mediate
dispersion of chemical or mechanical agents [8, 9, 16, 47-49]. E. coli, a gram-negative bacterium,

produces amyloid fibrils known as curli in its biofilms [47, 73]. Curli biogenesis involves seven
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genes that are transcribed by two separate operons, csgBAC and csgDEFG [47]. CsgA and CsgB
form the amyloid fibrils, and CsgC, CsgD, CsgE, CsgF, and CsgG are involved either in the
secretion-assembly machinery or function to activate transcription of the csgBAC operon [47].
This complex machinery has evolved to tightly regulate curli biogenesis and to protect the cell
from self-toxicity associated with the accumulation of intracellular aggregates [47]. The toxicity
risk is minimized by secreting precursors to the growing curli fibers outside of the cell thereby
restricting amyloid formation to the cell surface alone.

In §. aureus, a gram-positive bacterium, phenol soluble modulins (PSMs) aggregate to
form amyloid fibrils that fortify the biofilm matrix [8, 16, 48]. PSMs are surfactant-like peptides
that, in the monomeric form, are responsible for the promotion of biofilm disassembly [16].
However, during biofilm assembly, PSMa3 forms small aggregates capable of seeding fibrilization
that then undergo secondary nucleation by PSMal, PSMa3 and PSMB1, with PSMal being the
dominant component of the mature fibrils [48]. Notably, mutant strains lacking the machinery to
produce PSMs are more susceptible to biofilm degradation [16]. Although the mechanisms of
amyloid formation in S. aureus are not fully characterized, the regulation of PSM aggregation has
a clear and significant role in biofilm assembly and disassembly [16].

As previously mentioned, nonstandard a-sheet structure was identified in the oligomeric
intermediates of both CsgA and PSMal [8, 9]. To characterize this structure, a [5, 53, 74] library
of de novo hairpin peptides composed of alternating L- and D-chirality amino acids that adopt
stable a-sheet structure was produced to specifically target and bind to a-sheet oligomers [5-10,
38, 53, 54]. These a-sheet peptides are denoted “AP” for “Alternating Peptide,” which indicates
alternating L- and D-amino acid templating. Notably, APs inhibit fibrilization and oligomer-

associated toxicity of amyloid proteins regardless of their native structure [6-10, 38, 54]. Further,
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APs exhibit no specificity toward the monomeric and fibrillar forms of amyloid species, supporting
the significance of a-sheet structure in binding and inhibition [38, 75].

Previous studies demonstrate that by inhibiting amyloid fibrilization, APs can weaken
bacterial biofilms and significantly reduce biofilm cell density in various bacteria, including E.
coliand S. aureus [8, 9]. These findings are visually supported by electron microscopy experiments
that depict complete, or near complete, inhibition of biofilm and amyloid formation by APs in
multiple bacteria [8-10]. Pertinent to the studies presented here, a-sheet peptides inhibited the
aggregation and amyloid formation of PSMal in vitro [8]. Inhibition of CsgA fibrilization was
also observed in vitro when excess CsgA was co-incubated with a-sheet peptides [9].
Immunoblotting was also performed on endpoint samples: CsgA without peptide was almost
entirely converted to insoluble fibrils while CsgA co-incubated with a-sheet peptides resulted in
an increased concentration of soluble CsgA [9]. Interestingly, amyloid and biofilm inhibition by
APs does not cause cell death, eliminating the concern of selective pressure leading to acquired
resistance [9]. Instead, amyloid inhibition facilitates a shift in cells from the biofilm to the
planktonic state, rendering them more susceptible to antibiotics [9]. In a previous paper, we showed
that AP401 significantly increased the susceptibility of uropathogenic E. coli to gentamicin [9].
Here, we expand on our previous work to investigate the ability of AP90 and AP401, two 23-
residue a-sheet peptides with identical sequences but opposite chirality at each residue, to increase
the susceptibility of E. coli and S. aureus to a wide range of antibiotics. E. coli and S. aureus were
selected as representative gram-negative and gram-positive species, respectively, and peptide
concentrations were chosen based on efficacy in preliminary work. Our goal here is to evaluate
the effect of co-administration of the a-sheet peptides with a range of antibiotics on biofilm

susceptibility.
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2.3 Results

2.3.1 E. coli UTIS89 and S. aureus MNS8 show low biofilm antibiotic susceptibility

All experiments used either E. coli strain UTI89 [76] or S. aureus strain MNS8 [8], both of
which are derived from clinical isolates. UTI89 and MNS8 were selected as clinically relevant
representative gram-negative and -positive bacteria, respectively. UTI89 is a well-characterized
uropathogenic E. coli (UPEC) strain from cystitis and is considered a prototype UPEC isolate [77].
MNS is a toxic shock strain isolated from the urogenital tract.

We first conducted experiments to quantify the susceptibility of mature E. coli UTI89 and
S. aureus MN8 biofilms to five antibiotics: amoxicillin (an amino-penicillin effective against many
uropathogenic E. coli and Staphylococcus species [78]), ciprofloxacin (a broad spectrum
fluroquinolone active against both gram-positive and gram-negative bacteria [79]), erythromycin
(a macrolide primarily effective against gram-positive bacteria [80]), gentamicin (an
aminoglycoside primarily effective against gram-negative bacteria [81]), and vancomycin (a
tricyclic glycopeptide used against gram-positive bacteria [82]). These antibiotics were selected to
cover arange of antibiotic classes and to target both gram-negative and -positive bacteria. A diverse
panel of antibiotics was to chosen to demonstrate that any effects of the peptides on antibiotic
susceptibility are not antibiotic specific. We tested four concentrations per antibiotic (100 pg/mL,
300 pg/mL, 500 pg/mL, and 1 mg/mL) and compared the total colony forming units (CFUs) to the
non-antibiotic control condition to measure the decrease in CFUs upon antibiotic addition after 24
(S. aureus) or 48 (E. coli) total hours. The percentage decrease for each antibiotic condition was
calculated from the UTI89 or MN8 CFUs for the non-antibiotic control and the CFUs with
antibiotics: % decrease = ((CFUcontrol - CFUabx condition) / (CFUcontro1)) X 100%. Low biofilm

antibiotic susceptibility was observed for both bacteria (Table 2.1).
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Antibiotic Concentration (pug/mL)

100 300 500 1000°*

E. coli UTI89 Amoxicillin 39 78 88 56
Ciprofloxacin 44 70 79 60

Erythromycin 47 40 42 48

Gentamicin 99 99.9 99.99 99.99

Vancomycin 38 43 47 53

S. aureus MN8 Amoxicillin 48 31 26 18
Ciprofloxacin 40 54 72 81

Erythromycin alal 45 37 51

Gentamicin 45 53 59 63

Vancomycin 59 88 86 87

Table 2.1: CFU Percentage Reductions of UTI89 and MNS8 Biofilms to Five Antibiotics
Indicate Multidrug Resistance. CFU percent reductions for addition of antibiotics to UTI89 and
MNS8 biofilms were determined for CFUs measured after 48 (UTI89) or 24 (MNS) hours. The
percentage decrease for each antibiotic condition was calculated from the UTI89 or MN8 CFUs
for the non-antibiotic control and the CFUs with antibiotics: percentage decrease = ((CFU
CF[Jabx condition) /

erythromycin) are not fully soluble in media at concentrations of 500 pg/mL and 1000 pg/mL.

control ~

(CFU_ o)) X 100%. *Some antibiotics (amoxicillin, ciprofloxacin and

E. coli exhibited the highest susceptibility to gentamicin at each of the tested concentrations
(4-log or 99.99% CFU reduction at 1,000 pg/mL) and showed very little susceptibility to the other
antibiotics (Table 2.1). We predicted that erythromycin and vancomycin would have minimal
effect on E. coli, as they are primarily effective against gram-positive bacteria. However, the lack
of effect by ciprofloxacin and amoxicillin indicates that UTI89 biofilms exhibit reduced antibiotic
susceptibility to multiple drugs.

S. aureus exhibited the highest susceptibility to vancomycin at each concentration,
although a CFU reduction of 1-log or greater was not observed for any antibiotic combination

(Table 2.1). The highest CFU reduction (88%) was observed at 300 pg/mL, with similar reductions
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of 86 and 87% observed for 500 or 1,000 pg/mL respectively. Ciprofloxacin was also effective
against S. aureus, resulting in an 81% reduction at 1,000 pg/mL (Table 2.1). S. aureus was
minimally susceptible to amoxicillin, erythromycin, and gentamicin with the highest percentage
CFU reduction of only 63% for 1000 pg/mL gentamicin (Table 2.1). As gentamicin is primarily
effective against gram-negative bacteria, we expected it to have little effect against S. aureus.
However, the lack of susceptibility to amoxicillin and erythromycin indicates that the MNS
biofilms are multidrug resistant. Additionally, the decline in CFU percentage reduction at higher
concentrations for some antibiotics (amoxicillin, ciprofloxacin, and erythromycin) is attributed to
the fact that they were not fully soluble in the media at concentrations above 500 pg/mL.

Based on these results, an antibiotic concentration of 300 pg/mL was used for the following
studies incorporating our a-sheet peptides. This concentration was selected because a reduction in
biofilm formation was observed for all antibiotics and both bacterial species at this concentration.
Additionally, this antibiotic concentration falls within the range of known minimum biofilm
inhibitory concentrations (bMICs) for uropathogenic E. coli and methicillin susceptible S. aureus
(MSSA) for the five antibiotics tested [83-92]. Rafaque et al. measured the bMICs for 155
uropathogenic E. coli strains and reported a range of 128-2048 ug/mL for ciprofloxacin and 64-
1024 pg/mL for gentamicin [83]. For MSSA strains, bMICs reported by Pettit et al. were >128
ng/mL for ciprofloxacin and >2048 pg/mL for gentamicin and vancomycin [86, 87]. Similarly,
Mandell et al. observed bMICs for MSSA isolates ranging from 10-1000 pg/mL for gentamicin
and 50-1000 for vancomycin [86]. The range of bMICs reported in the literature reflects the
variation in biofilm antibiotic susceptibility between strains. However, all reports indicate reduced
biofilm antibiotic susceptibility as observed with the E. coli strain UTI89 and the S. aureus strain

MNS in this study.
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2.3.2 a-Sheet peptides inhibit amyloid formation and reduce biofilm density

UTI89 and MNS8 biofilms were then grown with a-sheet peptides (no antibiotics) to
determine their effect on amyloid formation and biofilm density. The amyloid dye Thioflavin T
(ThT) was used an indicator of amyloid fibril content as it fluoresces upon binding B-sheet fibrils
[93]. As ThT also binds nonspecifically to the bacterial cell surface [8], UTI89 experiments
included a non-amyloid forming control mutant strain, UTI89 AcsgA, as an estimate of nonspecific
ThT fluorescence.

For UTI89 experiments, a significant reduction in ThT fluorescence was observed for all
peptide conditions (Figure 2.1A). The 100 uM AP90 and AP401 conditions had the largest
reductions of 67% and 70%, for AP90 and AP401 respectively, as compared to the UTI89 control
(p<0.0001; this p-value indicates that the differences are statistically significant where p<0.05 is
the cutoff for determined statistical significance). This reduction was comparable to that of the
UTI89 AcsgA control, indicating complete inhibition of amyloid fibrilization. The difference in
ThT reduction between the 100 uM peptide conditions and the UTI89 AcsgA control was not
statistically significant. Critically, the addition of peptides at either concentration did not cause a
significant reduction in biofilm ThT fluorescence for the UTI89 AcsgA control (Supplementary
Figure 2.1A). As the UTI89 AcsgA strain does not form amyloid, it was expected that the peptides
would not affect the baseline ThT fluorescence. For MN8 experiments, a significant reduction in
ThT fluorescence was also observed for all peptide conditions (Figure 2.1C). The 100 uM AP401
condition showed the greatest reduction with a 29% fluorescence reduction as compared to the

MNS control (p<0.0001).
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Figure 2.1: ThT and biofilm density graphs indicate amyloid inhibition. Both a-sheet peptides
inhibited amyloid formation as indicated by reduced ThT fluorescence. Biofilm ThT fluorescence
values are reported as percent of the average UTI89 or MNS peptide-free control fluorescence. For
UTI89 A), 100 uM AP401 caused the greatest reduction in fluorescence of 70% as compared to
the UTI89 control (p<0.0001). Reductions in biofilm formation as quantified by biofilm density
measurements (ODegoo) were also observed for both peptides and bacteria. For UTI89 B), 100 uM
AP90 and AP401 reduced biofilm formation to the level of the control UTI89 AcsgA strain. For
ThT fluorescence for MN8 C), the 100 uM AP401 condition caused the greatest reduction of 29%
as compared to the MNS8 control (p<0.0001). For MNS8 biofilm density D), the 30 uM AP90
condition significantly reduced biofilm formation. All values are mean + SD for three replicates.

The optical density (ODsoo) was quantified as a measure of the mass of the biofilms. For
UTIR9, all peptide conditions caused a significant reduction in biofilm density (Figure 2.1B). The
100 uM AP90 and AP401 conditions caused a 56% and 54% reduction in biofilm density

(»<0.0001), tor AP90 and AP401 respectively, as compared to the UTI89 control. This is
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comparable to the reduction seen for UTI89 Acsg4. For MNS, a small, yet statistically significant
reduction in biofilm density was observed only for the 30 uM AP401 condition (p=0.008) (Figure
2.1D). These data indicate that the a-sheet peptides inhibit amyloid formation as indicated by ThT
fluorescence, and that this inhibition correlates to a reduction in biofilm material as measured by
optical density. This conclusion is supported by previous studies conducted with PSMal and a-
sheet peptides in vitro in which the a-sheet peptides inhibited the aggregation and amyloid fibril
formation of PSMal [8]. Furthermore, the mechanism of action of the a-sheet peptides is the same
in both bacterial systems via binding to the a-sheet oligomers of PSMal and CsgA to prevent
amyloid formation.

Varied efficacy by the two peptides as well as a concentration-dependent response was
observed for both bacterial strains. The density of cells in the planktonic state and in the PBS rinse
were also quantified with OD measurements (Figure 2.2A and Figure 2.2B). As shown in Figure
2.1B and 2.1E, the addition of the peptides caused a reduction in biofilm mass. Concomitantly,
addition of the peptides caused an increase in the planktonic cell density such that the total density
did not decrease, as previously shown for UTI89 [9]. Next, the addition of the peptides did not
cause a reduction in the total cell density for the UTI89 AcsgA control (Supplementary Figure
2.1B). Finally, UTI89 and MNS8 growth curves were performed with growth measured by CFUs in
the presence of peptide (Figure 2.2C and Figure 2.2D). The peptides did not affect the growth
rates of UTI89, UTI89 AcsgA, or MNS in the presence of 100 uM AP90 or AP401 as compared to
cells grown in an equal volume of water. This indicates that the peptides did not affect cell growth,

only the formation of mature amyloid.
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Figure 2.2: a-Sheet peptides do not cause cell death or affect bacterial growth rate. A) For
UTI89, the peptides caused a reduction in biofilm density but an increase in planktonic cell density,
such that there is not a reduction in overall density. The same effect on overall density is observed
for MN8 B) where the total density remains constant with the addition of peptides. All values are
mean and standard deviation for three replicates. Growth curves for C) UTI89 and UTI89 AcsgA
strain and D) MN8 in the presence of a-sheet peptides at 100 uM showed that the peptides had no
effect on growth rate. All values are mean + SD for three replicates.
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2.3.3 Curli fibril inhibition by AP90 and AP401 render E. coli more susceptible to antibiotics

After establishing the susceptibility of mature biofilms to the antibiotics (Table 2.1) and
determining the effect of the a-sheet peptides on curli fibril and biofilm inhibition (Figure 2.1),
we tested the effect of the co-administration of the a-sheet peptide inhibitors and antibiotics on
antibiotic susceptibility. For each E. coli antibiotic condition, we compared the susceptibility of
the UTI89 strain to the non-amyloid forming control mutant strain, UTI89 AcsgA. Because our
hypothesis is contingent on the idea that curli fortifies the biofilm and reduces antibiotic
susceptibility, we predicted that the CsgA knockout strain, UTI89 AcsgA, would be more
susceptible than UTI89 to each antibiotic without a-sheet peptide treatment. This was the case for
all antibiotics tested except for amoxicillin where a comparable effect was observed (Figure 2.3
A-E).

Comparing the antibiotic susceptibility of wild-type UT189 treated with a-sheet peptides
to the antibiotic susceptibility of UTI89 AcsgA also confirmed the extent of curli inhibition.
Notably, in cases where UTI89 AcsgA is not more susceptible to an antibiotic than UTI89 treated
with a-sheet peptides, we can deduce that biofilm fortification by curli does not play a significant
role in E. coli antibiotic resistance. In these cases, we would not predict that our peptides would
have a large effect on antibiotic susceptibility. For each peptide and antibiotic combination, we
presented the CFU counts (Figure 2.3 and Figure 2.4) as these values demonstrate the magnitude
of the effect of the peptides and the antibiotics. The percentage decrease for each antibiotic
condition was calculated from the UTI89 or MN8 CFUs for the non-antibiotic control and the
CFUs with antibiotics as previously defined. Our findings are discussed below and summarized in

Table 2.2.
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UTI89 Susceptibility: Amoxicillin

For the non-antibiotic conditions, addition of both peptides significantly reduced biofilm
CFUs as compared to the UTI89 strain with AP401 showing a reduction equal to that of the UTI89
AcsgA control strain (p<0.0001 for all) (Figure 2.3A). For the antibiotic conditions, AP401 caused
anon-significant reduction in biofilm formation (Figure 2.3A). UTI89 and UTI89 AcsgA exhibited
a 77% and 72% reduction in CFUs, respectively, when exposed to 300 pg/mL amoxicillin,
suggesting that curli formation does not have a significant effect on biofilm susceptibility to this
antibiotic (Figure 2.3A). We therefore predicted that our designed peptides would not have a large
effect on clearance by amoxicillin. Interestingly, the CFU reduction of UTI89 increased to 92%
when incubated with AP401 (Figure 2.3A). This indicates that UTI89 is more susceptible to
amoxicillin with co-administration of AP401. In contrast, AP90 had no effect on UTI89

susceptibility to amoxicillin.

UTI89 Susceptibility: Ciprofloxacin

For the non-antibiotic conditions, addition of each peptide caused a statistically significant
reduction in biofilm CFUs, with AP401 causing a greater reduction (p=0.0020 for AP90 and
p<0.0001 for AP401) (Figure 2.3B). A significant CFU reduction was again observed for both a-
sheet peptides as compared to the UTI89 strain for ciprofloxacin-treated conditions (p<0.0001)
(Fig 2.3B). Ciprofloxacin applied to UTI89 biofilms resulted in a 44% reduction in CFUs as
compared to the non-antibiotic UTI89 condition (Figure 2.3B). UTI89 AcsgA exhibited a 95%
CFU reduction upon ciprofloxacin treatment, indicating that amyloid incorporation into UTI89

biofilms has a critical role in establishing susceptibility to the antibiotic (Figure 2.3B). When
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grown with AP90 and AP401, the UTI89 CFU reduction from the UTI89 non-antibiotic control
increased to 91% and 96%, respectively (Figure 2.3B). a-Sheet peptide inhibition of curli
formation made UTI89 more susceptible to ciprofloxacin, and AP401 increased susceptibility to

that of the non-amyloid forming control strain, UTI89 AcsgA.

UTI&9 Susceptibility: Erythromycin

For the erythromycin conditions, AP401 significantly reduced biofilm CFUs to the level of
the UTI89 AcsgA control strain (p=0.028) (Figure 2.3C). Erythromycin caused a 44% CFU
reduction to UTI89 biofilms and an 82% CFU reduction to UTI89 AcsgA4 (Figure 2.3C). When
grown with AP90 or AP401, UTI89 CFU reductions increased to 72% and 79%, respectively
(Figure 2.3C). These CFU reduction values are relatively low even with significant amyloid
inhibition by AP90 and AP401 as seen in Figure 2.1A, but this was expected since erythromycin

1s not active against gram-negative bacterial species.

UTI89 Susceptibility: Gentamicin

Application of gentamicin caused the greatest reduction in UTI89 biofilm CFUs of the five
antibiotics tested. As previously demonstrated for the non-antibiotic conditions, addition of both
peptides caused a statistically significant reduction in biofilm CFUs and biofilm ODsoo (Figure
2.1B) as compared to UTI89 (p<0.0001) (Figure 2.3D). Exposure to gentamicin reduced UTI89
biofilm CFUs in the case of both peptides. The observed effect was comparable to that of the
UTI89 AcsgA strain that does not form amyloid fibrils. Of note, there was no statistically
significant difference between the peptide conditions and the UTI89 AcsgA strain, even in cases

where the peptide conditions caused a CFU reduction beyond that of the knockout strain. These
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data indicate that amyloid formation contributes significantly to UTI89 biofilm gentamicin
susceptibility (Figure 2.3D). Both AP90 and AP401 rendered UTI89 more susceptible to
gentamicin, resulting in 99.99% CFU reductions as compared to the UTI89 non-antibiotic

condition for both peptides (Figure 2.3D).

UTI89 Susceptibility: Vancomycin

For the vancomycin conditions, both peptides significantly reduced biofilm formation as
compared to UTI89 (p=0.0019 for AP90 and p=0.0002 for AP401) and reduced biofilm formation
to levels comparable to UTI89 AcsgA (Figure 2.3E). Vancomycin exposure led to a 32% reduction
of CFUs in UTI89 biofilms and 86% reduction in UTI89 AcsgA biofilms (Figure 2.3E). Although
vancomycin is primarily used against gram-positive bacterial species, the discrepancy in CFU
reduction between UTI89 and UTI89 AcsgA4 suggests that curli inhibition may result in increased
vancomycin susceptibility. Indeed, AP90 and AP401 increased UTI89 CFU reductions to 85% and
93%, respectively (Figure 2.3E). Incubation of UTI89 with AP401 resulted in a 60% greater
biofilm reduction by vancomycin than with no peptide. These data are notable in that they
demonstrate that amyloid fibril inhibition can improve susceptibility to a wide range of antibiotics,

independent of the antibiotic’s specific mechanism of action.
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Figure 2.3: a-Sheet peptides increase biofilm antibiotic susceptibility of UTI89. Both synthetic

a-sheet peptides inhibited biofilm formation for the non-antibiotic and antibiotic conditions for the
E. coli strain UTI89. Biofilm formation was quantified as CFU/mL for UTI89 biofilms without

(plain bars) and with antibiotics (striped bars) after 48 hours. Antibiotics at 300 pg/mL were added
after 42 hours of growth and biofilm formation was measured for A) amoxicillin, B) ciprofloxacin,
C) erythromycin, D) gentamicin, and E) vancomycin. Values are mean + SD for three replicates
and p-values are indicated as follows: ns = not significant; * p <0.05; ** p <0.01, *** p <0.001,
*Ekxk p < 0.0001. There is not a statistically significant reduction in CFUs between the peptide
conditions and the AcsgA control for all non-antibiotic and antibiotic conditions.

2.3.4 AP90 and AP401 increase S. aureus biofilm susceptibility to antibiotics

MNS Susceptibility: Amoxicillin
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For the non-antibiotic conditions, both peptides caused a significant reduction in biofilm
formation as compared to the MNS8 S. aureus strain alone, and AP90 had a larger effect than AP401
(p=0.0038 for AP90 and p=0.04 for AP401) (Figure 2.4A). A significant reduction was also seen
for both peptides for the antibiotic conditions (p<0.0001 for AP90 and p=0.001 for AP401)
(Figure 2.4A). When applied to mature MNS biofilms, amoxicillin caused a 24% reduction in total
CFUs (Figure 2.4A). Incubation with both AP90 and AP401 increased MNS susceptibility to the
antibiotic, resulting in a 68% and 59% CFU reduction, respectively (Figure 2.4A). Although the
peptides increased antibiotic susceptibility, the magnitude of the change likely indicates that the
MNS8 biofilm susceptibility to amoxicillin is largely independent of amyloid formation in the

biofilm.

MNS8 Susceptibility: Ciprofloxacin

For the non-antibiotic conditions, both peptides caused a reduction in biofilm formation,
with a larger effect observed with AP90 (p=0.0016) (Figure 2.4B). For the ciprofloxacin
conditions, only AP90 caused a reduction in CFU formation (Figure 2.4B). The addition of
ciprofloxacin caused a 64% reduction in CFUs for the MN8 control while the AP90 and AP401
conditions resulted in 80% and 53% reductions, respectively (Figure 2.4B). The increase in CFU
reduction with AP90 indicates that amyloid formation contributed to but was not the primary factor
in biofilm susceptibility to ciprofloxacin. Additionally, the difference in CFU change between

AP90 and AP401 suggests that peptide chirality played a role in efficacy.

MNS Susceptibility: Erythromycin
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The addition of erythromycin to mature MN8 biofilms caused a 61% reduction in biofilm
CFUs (Figure 2.4C). For the non-antibiotic conditions, only AP90 caused a significant reduction
in CFUs (p=0.0012) (Figure 2.4C). For the antibiotic conditions, both peptides caused a
significant reduction in CFUs (p=0.02 and p=0.035 for AP90 and AP401, respectively) with
reductions of 89% for AP90 and 87% for AP401 (Figure 2.4C). These increases in CFU reduction
suggest that amyloid formation is a factor in the reduced MNS8 biofilm susceptibility to

erythromycin.

MNS8 Susceptibility: Gentamicin

Gentamicin was predicted to have a minimal effect on S. aureus as it targets aerobic gram-
negative bacteria by passing through the gram-negative membrane [50]. Both peptides caused a
moderate reduction in biofilm formation as compared to the MNS strain with gentamicin only
(p=0.04 for both peptides) (Figure 2.4D). When applied to mature MN8 biofilms, gentamicin
reduced CFUs 37% (Figure 2.4D). Incubation with AP90 and AP401 increased MNS

susceptibility, corresponding to a 63% reduction in biofilm CFUs for both peptides (Figure 2.4D).

MNS8 Susceptibility: Vancomycin

For the non-antibiotic conditions, both peptides caused a significant reduction in CFUs
(»=0.001 and p=0.0042 for AP90 and AP401, respectively) (Figure 2.4E). For the vancomycin
conditions, incubation with AP90 and AP401 led to a non-significant reduction in biofilm CFUs
(Figure 2.4E). Vancomycin reduced MNS8 biofilm CFUs by 91%, and AP90 and AP401
successfully increased susceptibility further, corresponding to CFU reductions of 96% and 93%,

respectively (Figure 2.4E). These data confirm that MN8 amyloid formation reduced biofilm
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susceptibility to vancomycin and that the amyloid inhibiting peptides improved antibiotic

susceptibility.
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Figure 2.4: a-Sheet peptides increase biofilm antibiotic susceptibility of MNS8. The a-sheet
peptides inhibited S. aureus biofilm formation for the non-antibiotic and antibiotic conditions to
varying extents. Biofilm formation was quantified as CFU/mL for MNS8 biofilms without (plain
bars) and with antibiotics (striped bars) after 24 hours of growth. Antibiotics at 300 pg/mL were
added after 18 hours of growth and biofilm formation was measured for A) amoxicillin, B)
ciprofloxacin, C) erythromycin, D) gentamicin, and E) vancomycin. Values are mean = SD for
three replicates and p-values are indicated as follows: ns = not significant; * p <0.05; ** p <0.01,
%k p <0.001, **** p <0.0001.
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2.4 Discussion

Increased rates of antibiotic resistance pose a global threat, thus there exists a significant
need to develop novel methodologies to target microbial infections, particularly those that are
biofilm-associated. The ongoing emergence of multidrug resistant strains and the use of some
drugs only as antibiotics of last resort disincentives the development of novel antibiotics.
Approaches like the strategy presented here are advantageous as they may facilitate the continued
use of existing antibiotics for treatment. Here, we present a strategy to increase the susceptibility
of amyloid-forming bacteria to antibiotics without introducing selective pressure as caused by
bactericidal compounds and reducing the risk of acquired resistance. We have previously shown
that a-sheet peptides inhibit curli fibril formation, increase E. coli susceptibility to gentamicin, and
improve macrophage clearance [9]. The findings reported here expand on our previous research
by demonstrating that a-sheet peptides reduce biofilm cell density as reported by CFU
quantification (Figure 2.3 and Figure 2.4) and ODgoo (Figure 2.1B and Figure 2.1E), and are
effective at increasing antibiotic susceptibility of both gram-negative (E. coli) and gram-positive
(S. aureus) bacterial species to multiple classes of antibiotics (Table 2.2) with varying mechanisms
of action. The results reported here suggest that our peptides may be effective against additional

amyloid-producing bacteria.
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Increased Susceptibility?

AP90+abx AP401+abx
E. coli UTI89 Amoxicillin v VY
Ciprofloxacin NN VY
Erythromycin v v
Gentamicin VIV VIV
Vancomycin vV VvV
S. aureus MIN8 Amoxicillin v v
Ciprofloxacin v v
Erythromycin vV vV
Gentamicin V4 V4
Vancomycin VY v

Table 2.2: Summary of susceptibility results for UTI89 and MNS8 co-administration of a-
sheet peptides AP90 or AP401 with five antibiotics. All peptide and antibiotic combinations
increased biofilm antibiotic susceptibility, although to varying extents. Check marks indicate an
increase in antibiotic susceptibility as determined by CFU percentage decrease from the UTI89 or

MNS8 non-antibiotic control where v'= 50-80% reduction, v'v'= 81-90% reduction, v'v'vV’=91-95%
reduction, v'v'V'vV=96-99% reduction, and vV vV V=>99% reduction.

Although our a-sheet peptides proved effective at increasing antibiotic susceptibility of
clinically derived strains of both E. coli and S. aureus, there were key differences in the response
of the bacteria to amyloid inhibition by APs. A higher peptide concentration was required to
achieve a significant increase in S. aureus antibiotic susceptibility (100 uM vs. 30 uM in E. coli),
and the observed differences likely arise because E. coli is a gram-negative bacterium while S.
aureus 1s gram-positive. Gram-positive bacterial species are encompassed by thick layers of
peptidoglycan, while gram-negative species have much thinner peptidoglycan cell walls
surrounded by an outer membrane containing lipopolysaccharide [94]. Variations in the cell

surface may differentially affect the ability for the de novo a-sheet peptides to access the growing
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amyloid located on the cell surface. The observed differences may also be due to variations in the
amount of amyloid precursor secreted by and incorporated into the biofilm of E. coli and S. aureus.

We also observed discrepancies in the relative potency of AP90 and AP401 in the two
species. Previously, we found that AP401 is a more potent inhibitor of curli formation than its
structural isomer, AP90. AP90 and AP401 have the same amino acid sequence, but every amino
acid has the opposite chirality, and we hypothesized that the potency of AP401 in E. coli was due
to the presence of D-amino acids in the hairpin turn resulting in increased stability to proteases.
The results presented here suggest that AP401 is not only a more potent inhibitor of curli formation,
but that this elevated inhibition also translates to a larger effect on antibiotic susceptibility.
Interestingly, there was a smaller potency difference between AP90 and AP401 in S. aureus with
API0 causing a greater effect for four antibiotics. D-amino acids are frequently incorporated into
gram-positive cell walls which are composed of thick peptidoglycan layers [95]. Because S. aureus
utilizes D-amino acids in its cell wall, the bacteria may also produce proteases that are designed to
cleave the peptide bond between D-amino acids. Therefore, AP401 may not be more stable than
API90 to proteases in S. aureus, as is hypothesized to be the case in E. coli.

Our designed peptides improved bacterial susceptibility to varying extents for each
antibiotic. These observed variations can be attributed both to the differences between the
mechanism of action of each antibiotic, as well as to the mechanism that governs the bacterial
susceptibility to the antibiotic. AP90 and AP401 are amyloid inhibitors, and our hypothesis is
contingent on biofilm amyloid formation having a significant effect on antibiotic susceptibility.
However, AP90 and AP401 may not have any effect on a bacterium’s susceptibility if the
mechanism of reduced susceptibility is unrelated to biofilm fortification by amyloid fibrils. The

largest increase in antibiotic susceptibility upon peptide administration was seen with gentamicin
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for E. coli and vancomycin for S. aureus, indicating that amyloid formation was contributing
significantly to antibiotic susceptibility in these cases.

Previous studies have identified several other compounds with anti-amyloid activity
against bacterial biofilms, including peptides, proteins, curlicides, graphene quantum dots, and
polyphenols [73, 96-98]. However, in some cases, such as for the plant flavonoids luteolin,
myricetin and quercetin, biofilm inhibition was seen in some bacteria (E. coli and S. aureus) while
an increase or no change in biofilm formation was observed in other bacteria
(Pseudomonas aeruginosa) [99]. Additionally, while some compounds have successfully inhibited
biofilm formation, most compounds have not been tested with antibiotics, or have even been
shown to increase antibiotic resistance. In one study, the anti-amyloidogenic polyphenol
epigallocatechin gallate (EGCG) caused reduced susceptibility of S. aureus to vancomycin,
oxacillin, and ampicillin [ 100]. Another study found that in some conditions, EGCG administration
promoted biofilm formation in P. aeruginosa and increased antibiotic resistance to tobramycin
[101]. A third study reported that co-administration of EGCG and tobramycin had a moderate
effect on wildtype P. aeruginosa biofilm minimum bactericidal eradication concentrations but a
larger effect when the functional amyloid fibril Fap was overexpressed [102]. Thus, it is critical to
test the efficacy of potential bacterial amyloid inhibitors in combination with antibiotics, as done

in this study.

2.5 Materials and Methods

2.5.1 Peptide Synthesis
Synthetic a-sheet peptide inhibitors were designed in silico as previously described [6, 8,

9, 54], using backbone dihedral angle constraints derived from MD simulations [103, 104] and
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synthesized as described by Bleem et al. [9]. Briefly, peptides contain two a-strands of seven
residues each, with amino acids alternating sequentially between L-conformation and D-
conformation in each of the strands. The a-strands are connected by a five residue turn comprised
of all L-amino acids (AP90) or all D-amino acids (AP401), which gives the peptide a hairpin shape.
Finally, the tail of each strand consists of a Gly and an Arg residue, followed by acetyl and amide
caps at the N- and C-terminus, respectively. Peptides were assembled by solid phase peptide
synthesis on Rink amide resin with Fmoc chemistry and HBTU activation. Peptides were cleaved
from the resin and side chain deprotected by TFA/TIPS/H20 (95:2.5:2.5) and precipitated by cold
ether. Crude peptides were purified to >95% by RP-HPLC using 5 pM C12 or C18 100 A columns
(Phenomenex; Torrance, CA) and atomic masses were confirmed by electrospray mass
spectrometry on a Bruker Esquire lon Trap (Bruker; Billerica, MA). Sequences for the two a-sheet
designs described in this study (AP90 and AP401) are listed in Table 2.3. All peptides were

lyophilized after purification and stored at -20 or -80°C until use.
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Peptide Sequences

Name® | Sequence® Description Source
AP90 | Ac-RGEmNISwWMNEYSGWtMnLkMGR-NH2 | a-sheet monomer | Hopping et
al., 2014

AP401 [ Ac-rtGeMnLsWmneysGwTmNIKmGr-NH2 o-sheet monomer | Bleem et al.,

2017
E. coli Strains
UTI89 UPEC strain; Mulvey et
cystitis isolate al., 2001
UTI8Y UPEC strain; Cegelski et
AcsgA cystitis isolate with | al., 2009
chromosomal
deletion of csgA
gene

S. aureus Strain
MNS8 Clinically relevant | Schwartz et
strain; toxic shock | al., 2012
isolate, urogenital
tract

Table 2.3: Peptide sequences and bacterial strain descriptions. * “AP” refers to “Alternating
Peptide”, which indicates alternating L- and D- amino acid templating. ® L- amino acids are
displayed in all upper case; D-amino acids are displayed in lower case and underlined.

2.5.2 E. coli Biofilm Growth

A uropathogenic clinical isolate strain, UTI89 [76], and a control strain with a
chromosomal deletion of the csg4 gene, UTI8Y AcsgA [73], were used for all E. coli experiments.
Overnight cultures were grown in 25 g/L. Luria Broth (LB; Miller, Thermo Fisher Scientific;

Waltham, MA) for 16-18 hours at 37°C with shaking (180 rpm). Cultures were then “refreshed”

by replacing 5 mL of culture with 5 mL fresh LB medium and grown for an additional three hours
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to ensure bacteria were in the exponential phase. Overnight cultures were then diluted to an optical
density (ODesoo) of 0.1 (~8x107 cells/mL) in YESCA broth supplemented with 4% DMSO
(Corning; Glendale, AZ), medium known to promote increased curli formation [105]. Lyophilized
peptide stock was dissolved in water and concentrations were determined by Nanodrop™ (Thermo
Fisher Scientific; Waltham, MA). Diluted bacteria culture (180 pL) was plated with 20 puL peptide
(or water, in the case of controls) and aliquoted in triplicate into wells of a sterile, clear 48-well
polystyrene plate (Corning; Glendale, AZ). The final peptide concentration was 0, 30 uM (1.2
pg/CFU), or 100 uM (4 pg/CFU). Plates were covered, sealed in a plastic bag, and statically grown

at 26°C for 48 hours.

2.5.3 §. aureus Biofilm Growth

S. aureus MNS (clinical isolate; urogenital tract; [106]) was grown for 16-18 hours in 10
g/L trypticase soy broth (TSB; Becton, Dickinson and Company; Sparks, MD) at 37°C with
shaking (180 rpm). Overnight cultures were “refreshed” by replacing 5 mL of culture with 5 mL
of fresh TSB medium and grown for an additional six hours. Cells were then spun down and re-
suspended in peptone-NaCl-glucose (PNG) media (Thermo Fisher Scientific; Waltham, MA) [16].
Resuspended cells were diluted to an optical density of 0.1 (ODsoo). Peptides were prepared as
described above. Diluted bacteria culture (180 pnL) was plated with 20 puL peptide (or water, in the
case of controls) and aliquoted in triplicate into wells of a sterile, clear 48-well polystyrene plate
(Corning; Glendale, AZ). The final peptide concentration was 0, 30 uM (1.2 pg/CFU), or 100 uM
(4 pg/CFU). Plates were covered, sealed in a plastic bag, and grown at 37°C for 24 hours with

shaking (250 rpm).
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2.5.4 Thioflavin T (ThT) Assay, Biofilm, and Total Density Measurements

After 24 or 48 hours of growth for S. aureus or E. coli respectively, planktonic cells and
medium were removed, and biofilms were rinsed once with 250 uL. PBS. Planktonic cells were
spun down and resuspended in PBS, and the optical density of both planktonic and rinse samples
was determined at 600 nm to estimate “planktonic” and “rinse” cell densities. The PBS rinse
solution was removed from the wells and biofilms were resuspended in 200 pL. of 20 uM ThT in
PBS (Sigma- Aldrich; St. Louis, MO). Biofilms were homogenized by vigorous pipetting (30x per
well), 3 minutes of sonication, and 1 minute on a plate shaker. 100 uL of each biofilm suspension
was then transferred to a black-walled, clear-bottom 96 well plate for measurements in a plate
reader (PerkinElmer; Waltham, MA). ThT fluorescence was measured at 438/495 nm as a proxy
for amyloid formation, and biofilm absorbance was measured at 600 nm to estimate bacterial cell
density. Fluorescence measurements were corrected for nonspecific fluorescence by subtracting
the background intensity of identical samples without bacteria. Biofilm ThT fluorescence values
are reported as percent of the average MN8 or UTI89 peptide-free control fluorescence. All values

are mean and standard deviation for three replicates.

2.5.5 Growth Curves

Overnight cultures of UTI89 and UTI89 AcsgA were grown in 25 g/L Luria Broth (LB;
Miller, Thermo Fisher Scientific; Waltham, MA) for 16-18 hours at 37°C with shaking (180 rpm).
Overnight cultures of MN8 were grown in 10 g/L TSB. For each condition, 30 puL of the overnight
was added to 3 mL of fresh LB or TSB medium supplemented with water or 100 uM AP90 or
AP401 (final concentration) and grown at 37°C with shaking (180 rpm). At each time point (2, 4,

6, 7 or 8, 12, and 24 hours), 200 puL of media was removed, spun down, and resuspended in an
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equal volume of PBS (Sigma- Aldrich; St. Louis, MO). The samples were then ultra-sonicated for
5 seconds on ice and diluted in tenfold increments. The serial dilutions were then plated on agar
plates (LB agar or TSB agar) using the drop plate method [107]. Six replicates were plated per
condition. Colonies were grown for 16 hours at 37°C and CFUs were counted. Total CFUs of the
suspensions were calculated using the dilution number and the number of CFUs counted in that

dilution.

2.5.6 Antibiotic Susceptibility

Biofilms were grown according to the methods described above. Five antibiotics were
tested: amoxicillin (MP Biomedicals: Solon, OH), ciprofloxacin hydrochloride (MP Biomedicals:
Solon, OH), erythromycin (Thermo Fisher Scientific; Waltham, MA), gentamicin sulfate (Thermo
Fisher Scientific; Waltham, MA), and vancomycin hydrochloride (Thermo Fisher Scientific;
Waltham, MA). Antibiotics were dissolved in YESCA (E. coli) or PNG medium (S. aureus) at a
concentration of 900 pg/mL. 100 puL of antibiotic or control (YESCA/PNG media) was added to
each well after 42 (E. coli) or 18 (S. aureus) hours of incubation without disturbing the biofilm for
a final well concentration of 300 ug/mL. Following 6 additional hours of biofilm growth (48 or 24
hours total), planktonic cells were removed and discarded. The biofilms were rinsed with 250 uL
PBS (Sigma Aldrich; St. Louis, MO), and the rinse was discarded. Biofilms were homogenized in
200 uL PBS by vigorous pipetting (30x per well), and the biofilm suspensions were transferred to
an Eppendorf tube. The biofilm suspensions were then ultra-sonicated for 5 seconds on ice and
diluted in tenfold increments. The serial dilutions were then plated on agar plates (LB agar or TSB
agar) using the drop plate method [107]. Six replicates were plated per condition. Colonies were

grown for 16 hours at 37°C and CFUs were counted. Total CFUs of the biofilm suspensions were
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calculated using the dilution number and the number of CFUs counted in that dilution. The
percentage decrease for each antibiotic condition was calculated from the UTI89 or MN8 CFUs
for the non-antibiotic control and the CFUs with antibiotics: percentage decrease = ((CFUcontrol -

CFUabx condition) / (CFUcontrol)) x 100%.

2.5.7 Statistics

All statistical significance values reported are One-Way ANOVA with post-hoc
comparisons as shown, and a Bonferroni multiple comparison correction performed in GraphPad
Prism. A single asterisk indicates a p-value less than 0.05, which is the cutoff to be considered
statistically significant. Two asterisks indicate greater significance, with a p-value less than 0.01.
Three asterisks indicate a p-value less than 0.001. Four asterisks indicate a p-value less than

0.0001.
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2.6 Supplementary Information
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SI Figure 2.1: Peptides do not affect growth of UTI89 AcsgA control. A) Addition of the
peptides to the UTI89 AcsgA control did not cause a reduction in ThT fluorescence as the strain
does not produce amyloid. Addition of the peptides also did not cause a decrease in the total cell
density of the UTI89 and MNS strains. B) For the UTI89 AcsgA control, addition of peptides did
not reduce biofilm or planktonic cell density. All values are mean + SD for three replicates.
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Chapter 3. Layer-by-Layer Functionalized Gauze with Designed a-Sheet

Peptides Inhibits E. coli and S. aureus Biofilm Formation*

*Text and figures under review at the Journal of Biomedical Materials Research: Part A
3.1 Abstract

Microbial biofilms on wounds lead to longer hospital stays, mechanical debridement, and
higher mortality. Amyloid fibrils stabilize the bacterial biofilm’s extracellular matrix (ECM) and
represent a potential anti-biofilm target. As previously reported, de novo a-sheet peptides inhibit
amyloid fibrillization and reduce biofilm formation in several bacterial species. Alginate (ALG)
and chitosan (CH) are widely used in wound dressings due to their adhesive and antimicrobial
activity. Here, we describe a layer-by-layer (LbL) functionalized gauze with alternating layers of
ALG and CH loaded with a-sheet peptides for controlled release and biofilm inhibition at a wound
site. Material analysis indicated successful LbL polyelectrolyte deposition and peptide
incorporation. The LbL gauze facilitated controlled peptide release for 72 hours with an initial
burst delivery and demonstrated good biocompatibility with no toxicity towards human fibroblasts.
The LbL gauze was assessed against Escherichia coli biofilms and reduced colony forming units
(CFUs) of adherent bacteria by 81% and 96% as compared to the plain gauze for non-antibiotic
and antibiotic (+gentamicin) conditions, respectively. A similar reduction in biofilm formation and
increase in antibiotic susceptibility was observed for tests with Staphylococcus aureus and
vancomycin. Thus, LbL gauze with incorporated a-sheet peptides demonstrated anti-biofilm
properties for both gram-negative and gram-positive bacteria and presents an alternative wound

dressing for the prevention of biofilm-associated infections.
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3.2 Introduction

The skin is the largest organ in the human body and plays a vital role in defending the body
against physical, chemical, and biological agents [108]. Bacteria and the skin microbiota exist on
both healthy skin and wounds, but the disruption of healthy skin can lead to increased numbers of
pathogenic bacteria, infection, and ultimately biofilm formation. When the epithelial barrier is
broken, wounds become susceptible to bacterial infection from endogenous or exogenous sources
due to impairment to the innate immune system and the disruption of hemostasis [ 109]. Infections
thrive as the wound provides a humid, nutrient rich, and warm environment for bacteria. Wound
infection begins with contamination, followed by colonization where replicating bacteria can
trigger a local host response, and then ultimately infection when multiplying microorganisms enter
the host tissue [110].

While all wound infections are potentially serious, biofilm formation exacerbates the
infection and impairs healing. Biofilms are communities of microorganisms attached to surfaces
and each other via an extracellular matrix (ECM) of proteins, exopolysaccharides, and nucleic
acids. Biofilms grow on both soft tissues, packaging materials, and on bandages; a mature biofilm
can form on a wound bed within 24 hours [111]. Biofilm development follows three stages:
attachment of microbes to the wound surface, ECM production and formation of microcolonies,
and maturation and dissemination of the adherent microbial cells [109]. Clinically relevant
infections occur when the infectious burden exceeds 10° bacteria. Wound biofilms lead to longer
and more expensive hospital stays, the need for mechanical or chemical debridement, delayed
healing, and higher morality [112]. Despite advances in wound management and the use of topical

antibiotics, infections from both gram-negative and gram-positive species are one of the leading
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causes of mortality [112]. An ideal wound dressing would prevent infection and promote an
environment conducive to healing.

The challenge of treating wound biofilms is compounded by the growing threat of
antibiotic-resistant infections. Antibiotic resistance is an emerging public health crisis, with
increased failure of even the antibiotics of last resort. The development of resistant strains is paired
with the slowed pace of development of new antibiotics. Additionally, chronic wounds with
biofilm infections do not respond to currently available topical or systemic antibiotics [113].
Biofilms are 10-1000 times less susceptible to antibiotics and sublethal antibiotic doses can
enhance biofilm formation [114]. Chronic wounds can require long-term treatment, which
increases the risks of antibiotic resistance. Due to the difficulty of treating established biofilms,
we need therapeutic strategies to inhibit biofilm infection and improve the efficacy of existing
antibiotics.

Many bacteria, including Escherichia coli and Staphylococcus aureus, produce amyloid
fibrils in their ECM as part of biofilm formation [2, 5, 11]. Amyloid fibrils are B-sheet rich
structures formed when normally soluble peptides and proteins aggregate into insoluble structures
[2]. E. coli form amyloid fibers called curli, which are assembled at the cell surface and promote
biofilm formation by providing structural stability [14]. S. aureus also produce amyloid as part of
the biofilm ECM in the form of small peptides called phenol soluble modulins (PSMs) [16]. In a
fibril, B-sheet state, PSMs both stabilize the biofilm and promote resistance to a range of dispersion
agents [16]. Of note, mutant S. aureus strains that lack the machinery to produce PSMs are more
susceptible to biofilm degradation, indicating a role of the amyloid proteins in biofilm assembly

and resistance [16].
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As such, bacterial amyloid structures are an attractive drug target for disrupting biofilm.
Before amyloid fibril formation, soluble monomers experience a conformational change which
causes aggregation into toxic, soluble oligomeric intermediates [114]. Previous research by the
Daggett group suggests that these oligomeric intermediates share a common backbone structure:
a novel secondary structure called an “a-sheet.” a-Sheets are like 3-sheets but are characterized by
the alignment of main chain carbonyl groups on one side of the a-strand. Identification of these a-
sheets led to the development of synthetic peptides with a stable, monomeric a-sheet structure [6,
7]. These peptides are denoted “AP” for “Alternating Peptide” due to the alternating L- and D-
amino acid templating. These APs inhibit assembly of bacterial amyloid in S. aureus and E. coli,
two of the most common bacteria that cause wound infections [9, 114-116]. The APs not only
prevent amyloid fibrilization but also reduce biofilm formation. Critically, the APs inhibit biofilm
formation, thus keeping microbial cells in a planktonic form without killing cells, which reduces
the possibility of resistance developing over time. By inhibiting amyloid formation, these APs also
increase the biofilm antibiotic susceptibility of clinical isolates of S. aureus and E. coli [116]. Thus,
a-sheet inhibitor peptides are a novel approach to destabilizing the biofilm ECM and disrupting
wound-associated biofilm formation.

There are many wound dressings currently available, the most basic being cotton or wool
bandages with no functionality beyond physically shielding the wound. While traditional dressings
simply protect the wound from additional physical damage, functionalized dressings can be
therapeutic or prevent infection by incorporating active agents and antimicrobials. One technique
for functionalized gauze preparation is layer-by-layer (LbL) assembly. Electrostatic LbL assembly
i1s a common technique based on the successive deposition of oppositely charged polymers onto a

surface. The deposition cycle creates a bilayer that can be repeated as desired, allowing for a highly
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tunable technique [117-119]. In LbL assembly, film construction is driven by the excess charge,
alternating between positive and negative, after each polyelectrolyte adsorption. By controlling the
number of deposition cycle and the types of polyelectrolytes, the user can control the thickness
and roughness of the film. Successful LbL coating also requires a minimal initial surface charge
on the substrate. In a general LbL assembly, a charged substrate, in this case the cotton gauze, is
immersed in a solution of an oppositely charged polyelectrolyte to add the first monolayer. A
washing cycle is then performed to remove any unbound material, and the coated substrate is then
submerged in the second polyelectrolyte solution to deposit a second layer. The substrate is again
rinsed and subsequent layers are added as desired (Figure 3.1A).

Cross-linking is often used in conjunction with LbL to convert layers to a surface hydrogel
that can be used to trap bioactive agents, such as the APs. The release of the peptides by diffusion
from the hydrogel can then be tuned to the desired release profile. This LbL technique is
advantageous because the coating can be fabricated directly on the material of interest. LbL
techniques are flexible and allow for preparation of conformal coatings on uneven surfaces [118].
Additionally, it is an inexpensive, relatively fast, and simple technique that does not require exotic
equipment or complicated chemical reactions.

Two popular polyelectrolyte choices for LbL assembly are chitosan (CH) and alginate
(ALG). CH and ALG are both biodegradable, nontoxic, and biocompatible polymers [120, 121].
CH is extensively used in wound dressings due to demonstrated mucoadhesive properties, cationic
nature, and antibacterial and hemostatic properties. CH is positively charged and can interact with
negatively charged residues on the surface of bacteria. This can cause cell surface modifications
that alter cell wall permeability and inhibit normal cellular metabolism. CH is also able to induce

macrophage activation by interaction of the acetylated residues with mannose receptors [122-125].
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ALG is also nontoxic, hemostatic, and biocompatible with many cell types [126, 127]. It has been
studied for various biomaterials applications, including extensively as a wound dressing. ALGs
comprise two monomeric units, guluronic acid and mannuronic acid. High mannuronic content
ALGs may induce cytokine production by human monocytes, a process very useful in chronic
wound healing [128].

This paper adapts a previously established LbL method from Gomes et al [119, 125, 129]
for deposition of alternating layers of CH and ALG on cotton gauze with incorporation of novel
APs for biofilm prevention (Figure 3.1B). Before layering, a negative charge is imparted on the
cotton sample with a solution of sodium bromide (NaBr) and (2,2,6,6-Tetramethylpiperidin-1-
yDoxyl (TEMPO) [119, 130, 131]. A calcium wash is employed after the final alginate layer as
calcium and alginate form a hydrogel for AP peptide incorporation; once deployed, the hydrogel
allows for controlled peptide diffusion from the gauze over time.

We have developed a LbL functionalized gauze with alternating layers of ALG and CH and
loaded with a-sheet peptides for controlled release at the wound site to prevent biofilm formation
and increase antibiotic susceptibility. First, the LbL gauze method and peptide incorporation were
verified by scanning electron microscopy (SEM), Attenuated Total Reflection-Fourier Transform
Infrared Spectroscopy (ATR-FTIR), and X-ray photoelectron spectroscopy (XPS). The peptide
absorption and release kinetics were then optimized for 72 hours of sustained release following an
initial burst of peptide. Finally, the cytotoxicity of the material was assessed, and the anti-biofilm

activity of the gauze was tested against E. coli and S. aureus.
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3.3 Results

3.3.1 Scanning Electron Microscopy (SEM)

SEM provides information about the sample including the external morphology and
orientation of materials. First, the plain and LbL gauze were imaged at 2000x to determine if the
layering process caused any larger structural changes to the gauze (Figure 3.1C-D). No significant
differences were observed in the morphology of the plain and LbL (CT5) gauze. Additionally, the
cotton fibers of the plain gauze appeared smooth and uniform in texture and orientation (Figure
3.1C). However, morphological changes to the CT5 gauze indicated LbL coating on the strands,
although the fibers appeared undamaged and remained uniform in orientation and size (Figure
3.1D). Further evidence of the coating was visible in micrographs of the plain (Figure 3.1E) and
CT5 gauze (Figure 3.1F) taken at 5000x, where the coating appeared relatively uniform in

thickness over the fibers.

3.3.2. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
ATR-FTIR was performed to ensure that each layer was added as expected and to confirm
peptide incorporation. The depth of penetration in ATR-FTIR spectroscopy is typically on the
order of a few micrometers, making ATR particularly suitable for the analysis of thin films,
coatings, and surface layers of materials. Specifically, the ATR accessory measures the changes in
an internally reflected IR beam when the beam encounters the gauze sample. Spectra were
collected for plain cotton gauze (denoted C), gauze+TEMPO (CT), gauze with 1-5 layers of
chitosan/alginate (CT1-CT5), and gauze with all 5 layers and AP incorporation (CT5+AP). As
expected, the spectra differed at key wavelengths (Figure 3.2 and Table 3.1; additional spectra

provided in Supplementary Figure 3.1).
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Figure 3.1: Schematic and SEM images of the layer-by-layer assembly method. A) The
general workflow for LbL preparation begins with cotton gauze, followed by addition of a charged
layer, repeated CH and ALG deposition, and finally peptide incorporation. B) The diagram of
complete LbL gauze depicts five alternating layers of CH and ALG and peptide incorporated into
an ALG hydrogel between the fourth and fifth layers. SEM images for plain and CT5 gauze show
evidence of coating. C) Plain gauze at 2000x and D) CT5 gauze at 2000x revealed no fibril damage
from the LbL coating. Morphological differences between E) Control gauze at 5000x and F) CT5
gauze at 5000x demonstrated successful polyelectrolyte deposition.
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Key wavelengths were selected to examine the TEMPO mediated oxygenation and CH and
ALG layering as shown in Figure 3.2. At 1,000-1,200 cm™!, a characteristic cellulose peak, the
primary component of cotton, was seen [119, 132]. At 1,600 cm™!, as highlighted in the Figure 3.2
inset, there was a variation in peak intensity that was attributed to the TEMPO-mediated oxidation.
The peak at 1600 cm™ was attributed to the ionized form of the carboxylate group, specifically to
the asymmetric stretching of the COO™ ion [119, 132]. Under TEMPO-mediated oxidation
conditions, carboxylate groups were converted to the ionized form, causing the peak observed in
the Figure 3.2 inset, and imparting a negative surface charge on the cotton. However, variation
between the CT5 and CT5+AP spectrum around this wavelength, and particularly at 1,558 and
1,637 cm’!, were attributed to the amide group of the peptide. This indicated successful

incorporation of the a-sheet peptide.
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Figure 3.2: ATR-FTIR spectra for plain cotton, CT, CT5, and CT5+AP gauze samples. The
spectra indicated TEMPO-mediated oxygenation, ALG and CH addition, and peptide
incorporation. The inset shows differences in the peaks at the 1,400 to 1,800 cm™' wavelengths,
highlighting the effect of TEMPO, the polyelectrolytes, and the peptide on the spectra. Each
spectrum is an average of three measurements taken on different places on a single sample
(standard deviation not shown to reduce noise).
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At 1,400 and 1,600 cm™!, there were characteristic bands for ALG [119, 120, 133, 134].
When CH was the outer layer, the amine groups extending into the solution became deprotonated
upon washing and drying and the peak was less evident. Variations in peak intensities, indicating
alternating deposition of CH and ALG, were further evident in the full spectra available in the
supplementary information (Supplementary Figure 3.1). At 1,700 cm! there was a characteristic
peak for chitosan, corresponding to the amino group. At 2,800-2,980 cm™!, there was an additional
band related to the chemical structure of cellulose from the C-H bond [119, 132]. Finally, at 3,100-
3,550 cm!, there was evidence of hydrogen bonded OH, a characteristic band related to the

chemical structure of cellulose [119, 132].

Wavelength (cm™) Significance

1,000-1,200 Characteristic cellulose peaks

1,400 and 1,600 Characteristic band of ALG

1,600 TEMPO-mediated oxidation

1,600-1,800 Asymmetrical COO- stretching (cellulose)

1,500-1,700 Amino group (characteristic peaks of chitosan)

1,558 and 1,637 Peptide signal- NH amide group of peptide

2,800-2,980 C-H band (cellulose)

3,300 Hydrogen bonded OH (cellulose)- should become less
evident as layers added

Table 3.1: Key Wavelengths and interpretations for ATR-FTIR Spectra.

3.3.3 X-ray Photoelectron Spectroscopy (XPS)

XPS was performed to further characterize the material and observe peptide incorporation.
XPS is a complementary surface analysis technique that gives information about the elemental
composition of a material’s surface as well as the chemical and electronic state of the atoms in a
material, information not provided by ATR-FTIR. Specifically, for the gauze functionalization
analysis, XPS quantified the extent of protonation of amine groups through examination of the

nitrogen Is narrow scan with an average depth of analysis of 10 nm. For these experiments, a
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composite analysis and High-resolution spectra for nitrogen and carbon were performed. Table
3.2 summarizes the composite scans for each layer from plain gauze (C) through layered gauze
with peptide (CT5+AP). From these scans, the percentage atomic composition as determined by
the area under the peak for each element was calculated as a measure of the elemental surface
composition (Table 3.2, all spectra shown in Supplementary Figure 3.2). As layers were added
to the gauze, the percentage of carbon composition decreased as the cellulose was covered. At the
same time, the nitrogen percentage increased as layers of CH were added. Specifically, samples
with CH as the final layer (CT1, CT3, and CT5) had a higher nitrogen composition. Sodium was
also present in the samples with alginate as a top layer. Finally, there was a small percentage of

calcium present from the washes performed after the fourth layer.

Percentage Atomic Composition

O1s C1ls N 1s Ca2p Na 1s S2p
C 23.2 75.2 0.2 0.9 X 0.41
CcT 33.9 65.6 0.1 0.4 X X
CT1 314 66.4 2.3 X X X
CT2 324 64.9 1.6 0.5 0.6 X
CT3 31.5 64.8 3.6 X X X
CT4 335 62.4 2.7 X 14 X
CTS5 344 60.4 33 1.8 X X
CT5+AP 311 62.1 6.0 0.8 X X

Table 3.2: XPS Composition Analysis. Total atomic composition analysis for plain cotton gauze
through CT5+AP gauze presented as a percentage. Gauze samples are abbreviated as follows: plain
cotton gauze (denoted C), gauze + TEMPO (CT), gauze with 1-5 layers of chitosan/alginate (CT1-
CTS5), and gauze with all 5 layers and AP incorporation (CT5+AP).

In addition to the composite spectra, high-resolution scans for carbon and nitrogen were
collected and summarized in Table 3.3 with select spectra in Figure 3.3 (all spectra included in

Supplementary Figures 3.3 and 3.4). First, addition of the TEMPO soak shifted the distribution

of carbon peaks (Table 3.3). TEMPO selectively oxidized the primary hydroxyl groups and left
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secondary groups untouched as indicated by the shift in distribution of the carbon peaks (Table
3.3). Next, the addition of CH and ALG introduced nitrogen peaks. When CH was the outermost
layer (CT1, CT3 and CTS5), the amine groups extending into the solution during fabrication became
deprotonated (neutral) upon washing and drying in air [134]. When ALG was the outermost layer
(CT2 and CT4), the amine groups of the underlying CH layer were protonated to a larger degree
due to the interaction with the deprotonated carboxylate groups of ALG [134]. Thus, a higher
amount of protonated amine was expected with ALG as the outermost layer. Correspondingly, the
percentage changes of the two nitrogen peaks increased and decreased as expected with subsequent
polyelectrolyte deposition. Finally, for the CT5+AP sample, there was a shift in the nitrogen peak

distribution due to the addition of the peptide amine groups (Table 3.3).

Percentage Atomic Composition

N 1s N 1s C1s(C-C, C-H) [C1s(C-0,C-N)| C1s(C=0) C1ls
Binding Energy (eV) 399.8 401.97 285 286.6 288.1 289.24
C 100 X 54.2 33.0 12.8 X
CcT X X 30.1 51.3 18.6 X
CT1 78.6 214 27.7 55.7 16.6 X
CT2 70.4 29.7 284 51.3 16.4 3.9
CT3 60.6 394 26.9 51.5 17.5 4.2
CT4 56.2 43.8 254 53.1 17.5 4.0
CT5 84.5 15.6 25.5 49.6 18.6 6.3
CT5+AP 71.8 28.2 244 46.2 29.4 X

Table 3.3: High-Resolution XPS Spectra for C and N. High resolution XPS spectra for carbon
and nitrogen as quantified by the percentage atomic composition for plain cotton gauze thorough
CT5+AP gauze. Gauze samples are abbreviated as follows: plain cotton gauze (denoted C), gauze
+ TEMPO (CT), gauze with 1-5 layers of chitosan/alginate (CT1-CTS5), and gauze with all 5 layers
and AP incorporation (CT5+AP).
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A CT4 B CT5 C CT5+AP

Figure 3.3: Representative graphs for the XPS high-resolution nitrogen scans for A) CT4, B)
CTS5, and C) CT5+AP gauze displaying shifts in the nitrogen peaks caused by ALG and CH outer
layers and peptide addition.

3.3.4 Peptide Absorption and Release

After four alternating layers of chitosan and alginate, the gauze was submerged in a
solution of APs in water. AP absorption by the gauze was monitored for 24 hours by periodic
sampling of the solution peptide concentration using a Nanodrop™ instrument (Thermo Fisher
Scientific; Waltham, MA). Rapid absorption, around 150 pg, was observed over the first hour.
Although the gauze was left in solution for 24 hours, absorption plateaued after 4 hours with about
250 pg of total peptide absorbed (Figure 3.4A).

The peptide release profile was tuned such that the gauze provided 72 hours of release of
approximately 250 pg of peptide. The gauze demonstrated a burst release of peptide over the first
6 hours, releasing an average of 177 ug or 68% of the absorbed peptide (Figure 3.4B). The release

profile then flattened with the remaining peptide released at a more gradual rate. After 72 hours,

92% of the absorbed peptide had been released (Figure 3.4B).
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Figure 3.4: Optimization of peptide absorption and release kinetics. A) Peptide absorption was
measured by periodic measurement of the solution concentration. An average of ~250 pg of
peptide was absorbed per 1x1 cm? gauze sample over 24 hours. B) Cumulative peptide release as
calculated as percentage of peptide absorbed. The peptide was released with a burst release phase
over the first 6 hours followed by continued release for 72 hours. Values are mean = SD for three

replicates.
3.3.5 MTT Cytocompatibility

Cytocompatibility of the LbL gauze was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) viability assay (Sigma Aldrich; USA) with human
fibroblasts. The MTT assay measures cellular metabolic activity as an indication of mammalian
cell viability and cytotoxicity [135]. This colorimetric assay is based on the reduction of MTT to
purple formazan crystals by metabolically active cells. The formazan crystals are then solubilized,
and the colored solution is quantified by absorbance reading at 570 nm where a darker solution
indicates a greater number of viable cells. The cytotoxicity assay was performed using human
fibroblasts (ATCC® CRL-2522™) cultured in complete growth medium at 37°C and 5%
humidified CO». Cells were grown in the absence of gauze, or in the presence of control, CT5, or
CT5+AP gauze for 24 hours and cell viability is presented as percentage of the no-gauze control.

For a negative control, cells were grown in the presence of 5% Tween 20. For the Tween condition,
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cells showed <1% viability as compared to the control, indicating almost complete cell death
(»<0.0001) (Figure 3.5). For the gauze conditions, not one of the gauzes displayed toxicity, with
100% cell viability for the CT5+AP condition (Figure 3.5).

MTT Cytotoxicity Assay
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Figure 3.5: MTT Cytotoxicity Assay. The viability of human fibroblasts after exposure to C,
CT5, and CT5+AP gauze for 24 hours. Cell viability was assessed using an MTT assay and
absorbance values are expressed as a percentage of the no-gauze control. The C, CT5, and CT5+AP
gauzes were not toxic to the cells. Values are mean + SD for three replicates and p-values are
indicated as follows from a one-way ANOVA with post-hoc comparisons and Tukey correction: ns
= not significant and **** indicates p<0.0001 as compared to the control.
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3.3.6 E. coli Biofilm Challenge

The anti-biofilm property of the gauze against gram-negative E. coli was assessed through
measurement of colony forming units (CFUs) of adherent bacteria after gauze submersion in a
bacterial suspension [107, 136, 137]. For the non-antibiotic conditions, both the CT5 gauze and
the CT5+AP gauze significantly reduced adherent bacteria as compared to the control (p<0.0001)
(Figure 3.6A). Additionally, there was a significant difference between the CT5 gauze and the
CT5+AP gauze (p=0.0152), with the CT5 gauze reducing CFUs by 63% and the CT5+AP gauze
by 81% as compared to the plain gauze control. For the antibiotic conditions, both the CT5 gauze
and the CT5+AP gauze significantly decreased CFUs as compared to the control (p=0.0418 and
p=0.0147 for CTS and CT5+AP, respectively) (Figure 3.6B). The CT5 gauze caused a 75%
reduction while the CT5+AP gauze caused a 96% reduction in CFUs compared to the control.
Additionally, the fold reduction upon antibiotic addition was calculated by dividing the plain gauze
CFUs without antibiotics by the CFUs for each antibiotic gauze condition. While the control gauze
reduced the CFUs only 30.7-fold, the CT5 gauze caused a 121-fold reduction, and the CT5+AP
gauze led to a 694-fold reduction with antibiotics (Figure 3.6C).

The anti-biofilm properties of the gauze were further assessed with SEM imaging where
adherent bacteria were observed with representative micrographs presented at 2000x and 5000x
magnification. As indicated by the broth culture assay, there was significantly greater visible
biofilm formation on the control gauze than on the CT5+AP gauze. Robust biofilm structures and
curli fibrils were viewed on the plain cotton gauze (Figure 3.6D) whereas the CTS and the
CT5+AP gauze contained only isolated bacterial clumps (Figure 3.6E-F). The CT5+AP gauze
specifically demonstrated a reduction in bacteria quantity, with only small bacterial clusters, as

well as evidence of remaining LbL coating in some images.

60



A E. coli Biofilm Formation (- abx) B E. coli Biofilm Formation (+ abx) c E. coli Fold Reductions

4.0x108 . 2.0x107 1200-
- : : | 1000
3.2x108 1.6%1071 . ns 7 —‘—
[
& 800
8. 7 bt
2 24x10 E' 1.2x10 §
E 2 & 6004
O 1.6x1084 © 8.0x10°- ©
£ 400
7 6
8.0x10 4.0x10° 2004
0.0- 0.0- _ﬁ_i

T
Control CT5 CT5+AP

Control CT5 CT5+AP Control+Gm CT5+Gm CT5+AP+Gm

Control
Figure 3.6: Inhibition of E. coli biofilm formation. The anti-biofilm activity of the gauze
samples was assessed against E. coli in a broth culture assay. A) For the non-antibiotic conditions,
the CTS and CT5+AP gauzes caused a significant reduction in adherent bacteria as compared to
the control gauze (p<0.0001 for both). B) For the antibiotic conditions, both CT5 and CT5+AP
gauzes significantly reduced biofilm formation (p=0.0418 and p=0.0147 tor CTS and CT5+AP,
respectively). C) The CT5+AP gauze increased biofilm susceptibility to gentamicin as determined
by fold reduction calculations. Fold reductions were calculated from biofilm CFU values after 48
hours as control gauze CFU in the absence of antibiotics divided by the condition CFU in the
presence of antibiotics. SEM micrographs of the gauze samples with E. coli at 5000x (top) and
2000x (bottom) for D) plain cotton, E) CTS5, and F) CT5+AP gauze. Large biofilm structures were
visible on the plain cotton gauze with only smaller clumps on the CT5 and CT5+AP gauze. Values
are mean = SD for three replicates and are p-values are indicated as follows from a one-way
ANOVA with post-hoc comparisons and Tukey correction: ns = not significant, * p<(0.05, **
p<0.01, *** p<0.001, and **** p<0.0001.

CT5+AP
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3.3.7 S. aureus Biofilm Challenge

The anti-biofilm action of the gauze was then tested against the gram-positive pathogen S.
aureus. The CT5+AP gauze significantly decreased the CFUs of adherent bacteria as compared to
the control gauze (p=0.0111) (Figure 3.7A), causing a 75% reduction in CFUs as compared to the
control. For the antibiotic conditions, the CT5+AP gauze again significantly reduced the CFUs of
adherent bacteria as compared to the control and CT5 gauze (p=0.0131 and p=0.0174 for control
and CTS5 gauze, respectively) (Figure 3.7B), with CT5+AP decreasing CFUs by 75% as compared
to the control gauze. Fold reduction calculations yielded only a 2.7 and 2.9-fold reduction in CFUs
for the control and CT5 gauzes respectively, suggesting high biofilm resistance of this S. aureus
strain to vancomycin (Figure 3.7C). However, the CT5+AP condition reduced CFUs by 11.2-fold,
indicating increased biofilm susceptibility to vancomycin when administered with the peptide
gauze.

For the SEM analysis, robust S. aureus biofilm structures were visible on the plain gauze
(Figure 3.7D). For the CT5 gauze, there was evidence of significant bacteria, although it appeared
in more isolated colonies and not in large biofilm structures (Figure 3.7E). Finally, only isolated
bacteria in a reduced quantity were visible on the CT5+AP gauze fibers and no biofilm structures
were observed (Figure 3.7F). For both the E. coli and S. aureus tests, neither the CTS5 nor the CT5-

AP appeared to alter the size or shape of the individual bacteria.
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Figure 3.7: Inhibition of S. aureus biofilm formation. The gauze was also assessed against S.
aureus biofilms. A) For the non-antibiotic conditions and the B) antibiotic conditions, the CT5+AP
gauze reduced biofilm formation by 75% as compared to the control gauze. C) Fold reductions
were calculated from biofilm CFU values after 48 hours as control gauze CFU in the absence of
antibiotics divided by the condition CFU in the presence of antibiotics. The CT5+AP gauze
increased biofilm susceptibility to vancomycin as compared to the control and CT5 gauze as
determined by fold reduction. SEM micrographs of the gauze samples with S. aureus at 5000x
(top) and 2000x (bottom) for D) plain cotton, E) CT5, and F) CT5+AP gauze showing reduced
biofilm formation for the functionalized gauze with peptides. Values are mean £ SD for three
replicates and p-values are indicated as follows from a one-way ANOVA with post-hoc
comparisons and Tukey correction: ns = not significant, * p<0.03, ** p<0.01, *** p<0.001, and
*HEX p<0.0001.
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3.4 Discussion

Biofilm formation at wound sites critically impairs healing and often requires systemic
antibiotic treatment. However, biofilm infections can require up to 1000 times the systemic
antibiotics dose of a planktonic infection while sub-lethal antibiotic doses can structurally alter the
biofilm, exacerbate biofilm formation, and lead to acquired antibiotic resistance [138-140]. This
study developed a layer-by-layer functionalized gauze with alternating layers of CH and ALG and
incorporated peptides. The gauze was formulated to inhibit biofilm infections at a wound site
through controlled delivery of a-sheet peptides from the gauze. We have previously demonstrated
biofilm inhibition with peptide delivery in solution in an in vitro biofilm assay [116]. This paper
assessed anti-biofilm activity when APs were incorporated into a biomaterial with the goal of
inhibiting biofilm formation in both gram-negative and gram-positive bacteria and increasing the
antibiotic susceptibility of the biofilm.

Beyond basic cotton bandages, advanced wound dressings include synthetic polymer films,
polymeric hydrogels, auto- and allografts, polymeric foams, sponges, and hydrogels [110]. Despite
the range of existing dressings, there are limitations to current treatment options. Many
conventional dressings cover the wound surface and absorb tissue exudates but do not necessarily
promote an antimicrobial environment and biofilm-associated infection remains common. In
particular, existing therapies that incorporate traditional antibiotics for delivery at the wound site
do not address increasing antibiotic resistance and the rise of multi-drug resistant bacterial strains
[141].

Alternative approaches to the treatment and prevention of wound infection, primarily silver
and silver adjuncts and iodine-containing compounds, are available but have demonstrated mixed

outcomes [142, 143]. High concentrations of ionic silver seem effective at treating biofilms in
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vitro, and planktonic microorganisms in vitro and in vivo [144]. However, ionic silver is toxic to
macrophages and fibroblasts in high concentrations and can subsequently impair healing [145,
146]. Thus, ionic silver containing dressings may not be recommended for long-term use [147]
which is critical as over 78% of chronic non-healing wounds have been shown to contain biofilms
[148]. While there are reports of bacterial resistance to silver-containing antimicrobial agents [ 149-
151], there is less concern regarding the development of resistance because silver causes cell death
via multiple mechanisms. Next, iodine-containing compounds are also widely used as
antimicrobial agents. lodine formulations, such as cadexomer iodine, an iodine within a starch
lattice that is formed into a microbead, have demonstrated both bactericidal action and healing
properties through effective exudate management [152]. Limitations of iodine formulations
include concerns of toxicity, particularly when used over larger wound areas, as well as reports of
transient pain upon application, and the development of a contact allergy [142, 145]. Finally,
special consideration must be used for patients with thyroid disorders [145, 153]. Increasing
concerns of bacterial resistance to traditional antibiotics and toxicity profiles to alternatives like
silver mandate new antibacterial targets for wound dressings. Thus, prevention of biofilm
formation through inhibition of amyloid proteins in the biofilm ECM is an exciting new approach.
CH and ALG are widely used in wound treatments as they are biodegradable, nontoxic,
hemostatic, and biocompatible polymers. Previous LbL gauze studies showed that five alternating
layers (CH, ALG, CH, ALG, CH) had a significant coating effect as well as antimicrobial action
[119, 125, 154]. Methods with up to 10 layers were tested in this study with no significant
difference in peptide incorporation observed so five layers was chosen for the final formulation.
The LbL methodology was first assessed using SEM imaging (Figure 3.1C-F). Changes

in the morphology of the cotton fibers indicated the presence of the LbL coating but the
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functionalization did not appear to damage or disorder the fibers. Images taken at 2000x confirmed
that the LbL method did not cause macro scale damage to the gauze or affect the random
orientation of the individual fibers (Figure 3.1C-D). Similarly, images taken at 5000x did not
indicate any fibril realignment but showed morphological changes indicative of successful coating
with visual estimates of bilayer thickness matching previous reports (Figure 3.1E-F) [125].
ATR-FTIR was used to assess if an initial charged surface was forming on the gauze and
to confirm CH and ALG deposition on the gauze (Figure 3.2). The spectra indicated a successful
initial surface charge and clear evidence of TEMPO-mediate oxidation on the cotton gauze.
TEMPO can catalytically oxidize primary and secondary alcohols under aqueous conditions but
when used with NaBr the oxidation is selective to only primary hydroxyl groups. A cellulose
molecular chain is composed of repeating D-glucose units, each of which has three hydroxyl
groups, with the C6 hydroxyl being the most reactive [119, 130, 131]. This oxidation selectively
converts the carboxyl group to the carboxylate ion form (COO-) imparting a negative surface
charge on the cotton. Next, visualization of signature CH and ALG peaks verified successful
additive polyelectrolyte layers. Depression in the cellulose signal as layers were added also
indicated successful LbL formulation. Peptide incorporation was confirmed from a peak
corresponding to the amide group of the peptide (Figure 3.2). One limitation of ATR-FTIR in
examining surface functionalization are overlapping peaks. For example, at 1,700 cm™! there was
a characteristic peak for chitosan, corresponding to the amino group, and at 1,600 cm™, there was
signal from an alginate band [119, 120, 133, 134]. While both bands likely contributed to the signal
peaks around this wavelength, they were also partially obscured by the larger cellulose peak from

1,400-1,600 cm™!.
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Additionally, since ATR-FTIR penetration is typically only 0.5-5 uM, each spectrum does
not just represent the outermost layer but instead a combined spectra for the cotton surface and
multiple coating layers. As such, XPS was employed as it probes only the outermost 2-10 nm of a
solid surface for a more specific examination of each layer. Again, these results verified the
successful charge addition to the gauze as well as successive polyelectrolyte deposition. There was
no S 2p signal detected in the CT5+AP sample from the AP with a cysteine residue (Table 3.2).
XPS probes only the outermost surface, in this case the final CH layer. The estimated thickness of
one layer of polyelectrolyte deposition is 150-250 nm [125] while the penetration depth of XPS is
only 2-10 nm, so it is not unexpected that there is no measurable S 2p signal from the incorporated
peptide.

After the material verification, the peptide absorption and release kinetics were determined
(Figure 3.4). Each 1x1 cm? gauze piece absorbed about 250 pg of peptide over 24 hours. Based
on previous biofilm inhibition studies with the a-sheet peptides, concentrations of 15.5 and 51.5
ug of peptide per 1x1 c¢cm? significantly inhibited biofilm formation for E. coli and S. aureus
respectively [8, 9]. Thus, the concentrations absorbed by the gauze should provide sufficient,
sustained peptide concentrations for biofilm inhibition by the LbL gauze. The release profile
(Figure 3.4B) indicated that the gauze delivered almost all available peptide in the first 72 hours
with more than half of the peptide delivered in the first 6 hours, satisfying the desired release rate.
A high initial release of peptide to the wound site is advantageous as the wound is at greatest risk
for infection the first 24 hours. The goal was sustained release for 2-3 days based on a
recommended schedule for changing hydrogel type wound dressings in a hospital setting. Thus,
the calcium gelation successfully trapped the peptide and allowed for diffusion out of the material

on the desired time scale.
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Materials developed for biological use need to demonstrate biocompatibility and it is
critical to evaluate cytotoxicity in vitro before any continuing studies in vivo. CH and ALG are
highly biocompatible and the LbL gauze has previously demonstrated in vitro compatibility [125].
Additionally, the APs were previously demonstrated to be nontoxic and did not elicit an immune
response in vitro and in vivo so no toxicity was expected [155]. The MTT assay measured the
cytotoxicity of the material against the relevant cell type of human fibroblasts (Figure 3.5). Both
the functionalized gauze (CT5) with and without peptide (CT5+AP) demonstrated no toxicity with
cell viabilities greater than that of the no gauze control while the negative control caused almost
100% cell toxicity. Thus, it was concluded that the gauze, functionalization components, and
incorporated peptide did not cause a drop in cell viability.

Finally, the anti-biofilm activity of the material was assessed using an in vitro broth culture
assay. For E. coli, both the CTS5 gauze and the CT5+AP gauze significantly prevented the growth
of adherent bacteria and increased antibiotic susceptibility (Figure 3.6). Additionally, the CT5+AP
gauze significantly reduced CFUs of adherent bacteria as compared to the CT5 gauze. It was not
unexpected that the CTS5 gauze alone was antibacterial as CH and ALG both have known
antimicrobial properties and promote wound healing [120, 127, 132]. The CT5+AP gauze also
caused a significant increase in biofilm antibiotic susceptibility, increasing from 30-fold for the
control to 694-fold for the CT5+AP. This indicates that amyloid formation within the biofilm ECM
contributes to the gentamicin resistance.

For S. aureus, biofilm inhibition was observed from the CT5+AP gauze for both the non-
antibiotic and antibiotic conditions (Figure 3.7). Previously, this S. aureus strain demonstrated
significant biofilm resistance to a range of antibiotics [116]. Thus, the increase in biofilm antibiotic

susceptibility, even from 2.7 to 11.2-fold, is a significant result. Gentamicin and vancomycin were

68



chosen as representative antibiotics for treatment of gram-negative and gram-positive bacteria
[156]. However, the APs previously demonstrated similar susceptibility increases to additional
antibiotics (amoxicillin, ciprofloxacin, and erythromycin) [116], suggesting the efficacy of the
CT5+AP gauze and other antibiotic combinations at preventing biofilm formation. With the
escalating antibiotic resistance crisis, it is critical to maximize the efficacy of existing antibiotics.

Biofilm formation in wounds indicates significant infection, requires intensive treatment,
and delays healing. Preventing biofilm formation is critical due to the difficulty of biofilm
clearance and lack of antibiotic susceptibility. The APs target amyloid proteins in the biofilm ECM,
inhibiting biofilm formation, and rendering the biofilms more susceptible to antibiotics (Figures
3.6C and 3.7C). The a-sheet peptides do not kill bacterial cells and thus may prevent the
development of acquired resistance. Critically, most colonized wounds are polymicrobial [157]
which can complicate treatment. In chronic wounds, microbial colonization typically begins with
gram-positive bacteria, predominantly S. aureus. Then, in more advanced phases of infection,
gram-negative species like E. coli dominant and enter deep tissue layers [110]. Ideally, a wound
defense strategy would prevent against infection from multiple strains of bacteria, both gram-
positive and -negative. Thus, treatments such as the APs that target multiple bacterial species are
highly advantageous. Other species like Pseudomonas aeruginosa, Salmonella, Klebsiella,
Streptomyces, and Bacillus subtilis form amyloid in their extracellular matrix and represent
additional potential peptide targets.

Finally, the CT5 gauze itself functions as both as a drug delivery vehicle and a biofilm
inhibitor. LbL functionalization with CH and ALG is a simple and biocompatible technique with
tunable properties and the potential to incorporate other bioactive agents like the APs. These

experiments demonstrated inhibition of biofilm formation of gram-negative and gram-positive
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bacteria in vitro and a wound bandage that facilitated increased antibiotic susceptibility for

resistant biofilm infections.

3.5 Conclusion

A biocompatible, LbL functionalized gauze loaded with synthetic a-sheet peptides
represents a novel way to combat wound biofilm formation. ATR-FTIR, XPS, and SEM analysis
demonstrated successful LbL deposition on charged cotton gauze and evidence of peptide
incorporation. Immersion in a calcium solution caused ALG gel formation containing the a-sheet
peptides and facilitated sustained peptide release over 72 hours. Cytocompatibility tests revealed
no toxicity of the functionalized gauze with peptides towards human fibroblasts. Finally, in a
measure of biofilm formation, the CT5+AP gauze significantly reduced adherent bacteria on the
gauze and increased antibiotic biofilm antibiotic susceptibility for E. coli and S. aureus. The
functionalized gauze is presented as a novel dressing to prevent critical biofilm infections through

inhibition of amyloid proteins in the bacterial extracellular matrix.

3.6 Materials and Methods

3.6.1 Peptide Synthesis

Synthetic a-sheet peptide inhibitors were designed in silico as previously described [6, 8,
9, 54], using backbone dihedral angle constraints derived from MD simulations [103, 158] and
synthesized as previously described by Bleem, et al [9]. Briefly, peptides contain two a-strands of
seven residues each, with amino acids alternating sequentially between L-conformation and D-
conformation in each of the strands. The a-strands are connected by a five residue turn comprised

of all L-amino acids, which gives the peptide a hairpin shape. Finally, the tail of each strand
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consists of a Gly and an Arg residue, followed by acetyl and amide caps at the N- and C-terminus,
respectively. Peptides were assembled by solid phase peptide synthesis on Rink amide resin with
Fmoc chemistry and HBTU activation using the Liberty Blue Microwave Peptide Synthesizer
(CEM Corporation; Charlotte, NC). Peptides were cleaved from the resin and side chain
deprotected by TFA/TIPS/H20 (95:2.5:2.5) and precipitated by cold ether. Crude peptides were
purified to >95% by RP-HPLC using 5 uM C12 or C18 130 A columns (Waters Corporation;
Milford, MA) and atomic masses were confirmed by electrospray mass spectrometry on a Bruker
Esquire Ion Trap (Bruker; Billerica, MA). Sequences for the two a-sheet designs described in this
study (AP401 and AP526) are listed in Supplementary Table 3.1. AP401 was used for all
experiments except for ATR-FTIR and XPS where AP526 were used. AP401 and AP526 have the
same sequence with the exception of one amino acid where a leucine is substituted for a cysteine
in AP526. Thus, AP526 is better for identification via the thiol group for ATR-FTIR and XPS

analysis. All peptides were lyophilized after purification and stored at -20 or -80°C until use.

3.6.2 Layer-by-Layer Gauze Functionalization

For the layer-by-layer (LbL) gauze functionalization, a dip coating method was adapted
from Gomes, et al [119, 125, 129, 154, 159]. All chemicals were analytical grade and used as
obtained: (2,2,6,6- tetramethylpiperidin-1-yl)oxyl designated by TEMPO (Sigma Aldrich; USA),
Sodium Bromide (NaBr) (Sigma Aldrich; USA), Sodium Hypochlorite Solution (NaClO) (Sigma
Aldrich; USA), acetic acid, sodium chloride, calcium carbonate (CaCO3), hydrochloric acid (HCI),
sodium hydroxide (NaOH). Cotton gauze (James Heal; Sterling, VA) samples of 1x1 c¢cm? was
charged by immersion in a TEMPO+NaBr+NaClO 5%, pH=10.5 solution for 30 minutes with

moderate stirring, followed by rinsing with deionized water [130, 131, 160]. The cotton gauze was
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then alternately immersed in alginate and chitosan solutions for 5 minutes each. Between each
polyelectrolyte exposure, the samples were rinsed with deionized water. The chitosan solution was
made by dissolving 1 mg/mL of 5%, CH (low molecular weight, 50-190 kDa and 80% degree of
deacetylation) (Sigma Aldrich; USA) in 0.1 M acetic acid [119]. The alginate solution was made
by dissolving 1 mg/mL alginic acid sodium salt (Sigma Aldrich; USA) in 0.5 M sodium chloride
[119]. The pH of each solution was adjusted to 5 as it is an intermediate between the pK, of CH
and ALG [161]. The charged gauze was functionalized with four layers (cotton
gauze/CH/ALG/CH/ALG) and then immersed in a 250 pg/mL solution of a-sheet peptides. Gauze
substrates were left in the peptide solution for 24 hours and peptide absorption into the gauze was
measured over time with a Nanodrop™ instrument (Thermo Fisher Scientific; Waltham, MA).
Control CT5 gauze (no peptide) were submerged in water only. After 24 hours, the samples were
rinsed with a 5% wt/vol CaCOs solution to form an ALG hydrogel, [119] then rinsed with water.
A final CH layer was then added, and the gauze was dried overnight at room temperature. Gauze
samples were sterilized with 1 hour of UV exposure (30 minutes per side) before antibacterial or

cytotoxicity testing.

3.6.3 Scanning Electron Microscopy (SEM)

SEM was performed on the samples to assess the effect of layer-by-layer deposition on
gauze morphology. Gauze samples were prepared with layer-by-layer functionalization and
prepared for SEM imaging by drying in the critical point dryer (CPD). Dried samples were then
stored in a sealed bag with a desiccant until use. Samples were sputter coated for 180 seconds with

gold/palladium and then imaged on a scanning electron microscope (FEI SEM XL Siron or Apreo
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2) at 2 kV with a 5 mm working distance. Gauze samples were imaged from the top view in three

spots at various magnifications.

3.4.4 Attenuated Total Reflection (ATR)-Fourier Transform Infrared Spectroscopy (FTIR)

Gauze samples were analyzed by ATR-FTIR to determine differences in the functional
groups present between the plain gauze and each successive layer and to determine if peptides
were incorporated into the gauze. Gauze samples were analyzed in absorption mode using a Bruker
FTIR Spectrometer with a diamond ATR accessory. Before the first sample, the chamber was
purged to eliminate the CO> signal and prior to each sample a background spectrum was taken.
For each sample, the gauze was placed on the diamond stage and secured using a pressure clamp
and the stage was cleaned with isopropyl alcohol and allowed to dry. Each spectrum was taken at
a resolution of 4 cm™ from 4000 to 600 cm™' with 64 scans per spectrum. Three measurements
were taken in varying spots on each gauze to demonstrate even chemical composition. For each
sample, the three spectra were averaged and the mean for select layers was plotted in Figure 3.2

with all spectra included in Supplementary Figure 3.1.

3.6.5 XPS

All XPS spectra were taken on a Kratos Axis-Ultra DLD spectrometer. This instrument has
a monochromatized Al Ko X-ray and a low energy electron flood gun for charge neutralization.
X-ray spot size for these acquisitions was on the order of 700 x 300 pm. Pressure in the analytical
chamber during spectral acquisition was less than 5 x 10 Torr. Pass energy for survey and detailed
spectra (composition) was 80 eV. Pass energy for the high-resolution spectra was 20 eV. The take-

off angle (the angle between the sample normal and the input axis of the energy analyzer) was 0°
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(0-degree take-off angle ~ 100 A sampling depth). The Kratos Vision2 software program was used
to determine peak areas and to calculate the elemental compositions from peak areas. CasaXPS™
software was used to peak fit the high-resolution spectra. For the high-resolution spectra, a Shirley
background was used, and all binding energies were referenced to the C Is C-C bonds at 285.0 eV.
All composition spectra are included in Supplementary Figure 3.2 and all high-resolution spectra

are in Supplementary Figures 3.3 and 3.4.

3.6.6 Peptide Release Kinetics

A series of trials were carried out to quantitate the release kinetics of a-sheet peptides
added to the gauze. To determine the release kinetics, 1x1 cm? gauze samples were submerged in
1 mL of PBS in a 24-well polypropylene plate (Corning; Glendale, AZ) and kept covered at room
temperature. At each sampling time point (0.25, 0.5, 1, 2, 4, 8, 24, 48, and 72 hours), the gauze
was moved to a new well with fresh PBS. The concentration of peptide released was then
determined using the Bradford method (Coomassie (Bradford) Protein Assay, Thermo Scientific;
Rockford, IL). When Coomassie dye binds a protein, there is a shift in the absorption maximum
from 465 to 595 nm as well as a color change from blue to brown [159, 162, 163]. The amount of
absorption is proportional to the amount of protein present. For each time point, 1 mL of
Coomassie Reagent was added to each well, incubated at room temperature for 10 minutes, and
the absorbance was read at 595 nm using a plate reader (PerkinElmer; Waltham, MA). A standard
curve of the reference protein Bovine Serum Albumin (BSA) was created to determine peptide
concentration from absorbance values as recommended. Coomassie color response is nonlinear

with increasing protein concentration and a quadratic fit was used (Supplementary Figure 3.5).
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3.6.7 MTT Cytocompatibility

Cytocompatibility of the gauze was evaluated using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) viability assay (Sigma Aldrich; USA). The MTT assay
measures mammalian cellular metabolic activity as an indication of cell viability and cytotoxicity
[135]. The colorimetric assay is based on the reduction of MTT to purple formazan crystals by
metabolically active cells. The formazan crystals are then solubilized and the colored solution is
quantified by absorbance reading at 570 nm where a darker solution indicates a greater number of
viable cells. The cytotoxicity assay was performed using human fibroblasts (ATCC® CRL-2522™)
(ATCC; Manassas, VA) cultured in complete growth medium and grown at 37°C and 5%
humidified CO». As previously reported [164, 165], fibroblasts at a density of 3x10° cells/well
were inoculated in Eagle’s Minimum Essential Medium (EMEM) (ATCC; Manassas, VA)
supplemented with 10% fetal bovine serum (FBS) (Thermo Scientific; Rockford, IL), 100
units/mL penicillin (Sigma Aldrich; USA), and 100 pg/mL streptomycin (Sigma Aldrich; USA) in
a 48-well plate tissue culture treated plate (Corning; Glendale, AZ). Cells were incubated for 72
hours until 70% confluency. Fresh growth medium was then added to the wells and a 0.5x0.5 cm?
gauze sample (CT5 and CT5+AP) was added to select culture wells. Cells with media only were
grown as a positive control and cells with 5% Tween 20 in media were grown as a negative control.
The cells and gauze were incubated together for 24 hours. After 24 hours, the media and gauze
samples were removed and 200 pL of 1 mg/mL MTT in PBS was added to each well and incubated
for 4 hours at 37 °C. After 4 hours, 200 pL of lysis buffer (20% SDS, 50% DMEF, 1% glacial acetic
acid, and 0.2% HCI) was added to each well and the plate was left covered at room temperature

for 24 hours. The absorbance was then read at 570 nm using a plate reader (PerkinElmer; Waltham,
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MA). Cell viability was expressed as the percentage of viable cells for the control, cells only well,

with all experiments performed in triplicate.

3.6.8 Broth Culture Biofilm Assay- E. coli and S. aureus

A broth culture assay was performed to measure the anti-biofilm activity of the LbL gauze
as previously described [136, 137, 141]. A uropathogenic E. coli clinical isolate, UTI89 [76], was
used as a representative gram-negative pathogen and a S. aureus clinical isolate from the urogenital
tract, MNS8 [106], was used as a representative gram-positive pathogen. Overnight cultures were
grown in Luria Broth for E. coli (LB; 25 g/L Miller, Thermo Fisher Scientific; Waltham, MA) or
trypticase soy broth (TSB; 10 g/L, Becton, Dickinson and Company; Sparks, MD) for S. aureus
for 16-18 hours at 37°C with shaking (180 rpm). Cultures were then “refreshed” by replacing 5
mL of original culture suspension with 5 mL fresh media and grown for an additional three (E.
coli) or six (S. aureus) hours to ensure bacteria were in the exponential growth phase. Overnight
cultures were then diluted to an optical density (ODgoo) of 0.1 (~8x107 cells/mL) in yeast extract-
Casamino Acids (YESCA) broth supplemented with 4% dimethyl sulfoxide (DMSO) (Corning;
Glendale, AZ) for E. coli or peptone-NaCl-glucose (PNG) media (Thermo Fisher Scientific;
Waltham, MA) for S. aureus, media known to promote increased curli formation [16, 105].

The gauze (C, CT5, and CT5+AP) was cut into 1x1 cm? samples, placed in triplicate in the
wells of a non-tissue culture treated 24-well polystyrene plate (Corning; Glendale, AZ), and seeded
with 1 mL of the bacterial suspension. For the E. coli tests, the plates were incubated at 26°C
without shaking. After 42 hours, gentamicin (Thermo Fisher Scientific; Waltham, MA) or YESCA
media was added to each well for a final well antibiotic concentration of 300 ug/mL and incubated

for 6 more hours. For the S. aureus tests, the plates were incubated at 37°C and shaken at 200
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RPM. After 18 hours, vancomycin (Thermo Fisher Scientific; Waltham, MA) or PNG media was
added to each well for a final well antibiotic concentration of 300 pg/mL and incubated for 6 more
hours. After 24- or 48-hours total for S. aureus or E. coli plates respectively, the media was
removed from each well. Each gauze sample was gently placed in 1 mL of fresh PBS to remove
non-adherent bacteria. The gauze was then placed in an Eppendorf tube with 1 mL of fresh PBS
and sonicated gently for 30 seconds to remove adherent bacteria. The bacteria in PBS was then
diluted in tenfold increments and the serial dilutions were plated on agar plates (TSB agar or LB
agar for S. aureus or E. coli, respectively) using the drop plate method [107]. Six replicates were
plated per condition. Colonies were grown for 16 hours at 37°C and CFUs were determined. Total
CFUs of the biofilm suspensions were calculated using the dilution number and the number of
CFUs counted in that dilution. CFU fold reductions were calculated by dividing the mean CFUs

of the control (plain gauze) by each antibiotic gauze condition (C, CTS5, or CT5+AP).

3.6.9 SEM with Bacteria

Gauze samples (1x1 cm?) were incubated with bacteria as previously described for 24 (8.
aureus) or 48 (E. coli) hours. However, after the first PBS rinse, samples were fixed with 2.5%
glutaraldehyde (25%, EM grade, Ted Pella Inc.; Redding, CA) for two hours. After fixation,
samples were rinsed three times with PBS solution for 15 minutes each. Samples were then
dehydrated by submersion in a series of ethanol solutions of 25, 50, 70, and 100% ethanol for 15
minutes each. The samples were stored in 100% ethanol at 4°C. Samples were prepared for SEM
imaging by drying in the critical point dryer (CPD). Dried samples were then stored in a sealed
bag with a desiccant until use. Samples were sputter coated for 180 seconds with gold/palladium

and then imaged on a scanning electron microscope (FEI SEM XL Siron or Apreo 2) at 5 kV with
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a 5 mm working distance. Gauze samples were imaged from the top view in three spots at varying

magnification.

3.6.10 Statistical Analysis

All statistical significance values reported are One-Way ANOVA with post-hoc
comparisons as shown, and a Tukey multiple comparison correction performed in GraphPad Prism
version 10.1.0. A single asterisk indicates a p-value less than 0.05, which was considered the cutoff
to be considered statistically significant. Two asterisks indicate a p-value less than 0.01. Three

asterisks indicate a p-value less than 0.001. Four asterisks indicate a p-value less than 0.0001.
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3.7 Supplementary Information

Peptide Sequences

addition of cysteine

Name? Sequence® Description Source
AP401 AcEGeMalsWmneySGRTMNIKMGINEI2 a-sheet monomer Bleem et al., 2017
AP526 Ac:rGeMnlsWimneysGwTmNcKmGe-NH2 | @Shest monamer; This work

E. coli Strain

UTI89

Uropathogenic E. coli
(UPEC) strain; cystitis
isolate

Mulvey et al., 2001

S. aureus Strain

MN8

Clinically relevant strain;
toxic shock isolate from
the urogenital tract

Schwartz et al., 2012

SI Table 3.1: Peptide Sequences and Bacterial Strains. * “AP” refers to “Alternating Peptide”,
which indicates alternating L- and D- amino acid templating. ® L- amino acids are displayed in
all upper case; D-amino acids are displayed in lower case and underlined.
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SI Figure 3.1: ATR-FTIR spectra for all gauze samples from plain cotton (C) to CT5+AP. A)
Spectra are shown with measured absorbance values. B) Spectra are offset for better visualization
of individual measurements.
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SI Figure 3.2: All spectra for the XPS composition analysis of plain cotton (C) to CT5+AP
gauze. Areas under the peaks were analyzed to determine percentage atomic composition for each

sample.
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SI Figure 3.3: All spectra for the XPS high-resolution carbon analysis of plain cotton (C) to

CT5+AP gauze. Areas under the peaks were analyzed to determine percentage atomic composition
for each sample.
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SI Figure 3.4: All spectra for the XPS high-resolution nitrogen analysis of plain cotton (C) to
CT5+AP gauze. Areas under the peaks were analyzed to determine percentage atomic composition
for each sample.
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SI Figure 3.5: BSA Calibration Curve. Peptide release was measured using a Coomassie stain
and calibration from absorbance to concentration with a quadratic curve of best fit. BSA samples
of known concentration were used as a known protein standard as recommended by kit
manufacturers.
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Chapter 4. Investigation of a-Sheet Peptides for Oral Biofilm Prevention

4.1 Abstract

Oral biofilms have greater resistance to antimicrobial agents and increased virulence as
compared to their planktonic counterparts [166]. Dental caries, or cavities, is the second most
prevalent human disease and begins with microbiological shifts within the complex oral
microbiome [167]. Many proteins contribute to the bacterial extracellular matrix, but functional
amyloid structures are an attractive drug target as they are hypothesized to reinforce the biofilm
and resist dispersion by chemical and mechanical agents. De novo a-sheet peptides inhibit amyloid
formation in Streptococcus mutans [10], a gram-positive bacterium, that is the primary contributor
to cavity formation. Here, two monomer peptides and two dimer peptides were tested against S.
mutans with AP510 dimer demonstrating significant amyloid and biofilm inhibition. Next, dental
implants are a successful therapy but up to 11% of implants fail, with many of these failures caused
by infection [168]. Thus, this work presents a polydopamine based coating for oral implants for
the localized delivery of a-sheet peptides and oral biofilm inhibition. The a-sheet peptides
demonstrated a high coupling efficiency with a dimer peptide. The covalently bound peptide
showed some inhibition of S. mutans amyloid formation, presenting a new method to inhibit S.

mutans dental biofilm formation.

4.2 Introduction
All surfaces in the oral cavity are colonized by bacteria and teeth provide a non-shedding
surface for microbial colonization. Over 700 bacterial species have been detected in the human

mouth and saliva contains 108-10° bacteria per milliliter [169]. Teeth are a non-shedding surface
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where bacteria readily adhere to form a surface-attached biofilm in both healthy and diseased
conditions [170]. Dental biofilms are similar to those formed on tissue surfaces or artificial
implants, and feature an extracellular matrix (ECM) of polysaccharides, proteins, and DNA [169].
Biofilm formation and persistence are governed by complicated physical, chemical, and biological
processes [171]. Oral cavity bacterial attachment on dentine and enamel begins with recognition
of salivary pellicle receptors [172]. Next, extracellular polymeric substance (EPS) forms on
bacterial surfaces and the salivary pellicle presents binding sites for microorganisms [172]. The
EPS increases biofilm stability and structural integrity, providing protection to the bacteria [171].

Many proteins are incorporated into the biofilm secreted extracellular matrix (ECM).
However, functional amyloid structures are an attractive drug target as they are produced by
several pathogenic bacteria and promote ECM stabilization and virulence. As described, amyloid
fibril formation is preceded by the aggregation of soluble monomers into toxic, soluble oligomeric
intermediates [74]. These oligomeric transient intermediates share a non-standard secondary
backbone structure called an “a-sheet” [38, 74]. Identification of these a-sheets has led to the
development of synthetic peptides with a stable, monomeric a-sheet structure [6, 7]. De novo a-
sheet peptides interrupt biofilm formation and impair biofilm-associated infection in both gram
negative and positive bacterial species [10, 114, 115].

Streptococcus mutans 1s a gram-positive bacterium primarily responsible for cavity
formation. This species is an acidophile that binds to the salivary pellicle, a layer of glycoproteins
coating tooth surfaces. After initial adhesion, bacteria form a biofilm termed a dental plaque [170],
most often involving S. mutans [173]. Recent Thioflavin T (ThT) fluorescence measurements,
Congo-Red birefringence, and Transmission Electron Microscopy imaging of multiple S. mutans

biofilm-associated proteins suggest they are amyloidogenic [174, 175]. The Daggett group has
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shown that S. mutans may share an intermediate a-sheet structured species in the pathway to
amyloid formation and that synthetic a-sheet peptides inhibited fibril formation in a
physiologically relevant setting [10]. Significantly, Paranjapye and Daggett, showed that three a-
sheet peptides (AP90, AP407, and AP510) inhibited amyloid fibril formation in S. mutans as
indicated by decreased ThT fluorescence [10].

Oral biofilms are a virulence factor for many infections, including dental caries (cavities),
secondary caries, gingivitis, periodontitis, and peri-implantitis [166]. Dental caries is the second
most prevalent human disease, accounting for 5-10% of public health expenditures [167]. Bacteria
from a dental biofilm can spread to other tissue via the bloodstream, especially during tooth
extractions and oral surgery. Secondary caries occur after a filling has been in place for some
period of time and is a primary reason for restoration failures. Nearly half of clinical restorations
fail within ten years [176]. Dental implants are a successful therapy for edentulism, but 5-11% of
implants fail and must be removed, with ~10% of these failures caused by infection [168]. Implant
infection, or peri-implantitis, leads to chronic inflammation, loss of the supporting bone structure,
and implant failure. Approximately 25% of dental implants develop peri-implantitis within 11
years of implant placement [177].

Oral biofilms have increased resistance to antimicrobials and greater virulence than
planktonic bacteria as the ECM protects biofilm-associated bacteria from exogenous compounds.
Additionally, the oral cavity poses unique complexities including the rapid clearance of saliva
which can prevent antibacterial agents from achieving a minimum inhibitory concentration over a
sufficient time. Peri-implantitis treatments include root debridement, local delivery of
antimicrobials, and regenerative surgery to reestablish the bone-implant interface [168]. However,

these procedures are limited as they only deliver antibiotics to the gingival interface and not into
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deep interfacial defects. Existing techniques that scratch or roughen the implant surface using
scaling probes can also lead to increased plaque re-accumulation [ 168]. Clearly, new strategies and
materials are needed to reduce and eliminate bacterial colonization at oral implant interfaces.

A range of bio- and nanomaterial-based approaches have been proposed to prevent and
treat secondary caries and peri-implantitis. Nanomaterials made of silver, copper oxide, zinc oxide,
titanium oxide, and graphene as well as nanoparticles made of quaternary ammonium
polyethyleneimine, chitosan, and silica have been tested. Additionally, nanomaterials have been
used for drug delivery, either as a carrier or with a specific affinity for tooth surfaces. For example,
silver conjugated chitosan nanoparticles have been used as a coating material for titanium dental
implants [178]. “Smart” drug delivery systems have also been tested, where drug release is
triggered by an environmental stimulus such as pH, glucose, or bacterial products [166].
Composite or bioactive resins and adhesive systems have also been explored. Composite resins
are used in clinical restoration due to their aesthetic effects. While the mechanical properties and
wear resistance of dental composites have improved over time, fewer strides have been made to
increase antibacterial properties, other than the addition of antibiotics and silver to adhesive
systems [176, 179, 180].

Titanium and titanium alloy are commonly used as dental implants because of their
biocompatibility, strength, corrosion resistance, small density, and good osseointegration [181,
182]. However, titanium has poor bioactivity and antibacterial properties, which can contribute to
loose fixation with bone tissues and postoperative infection [182]. Additionally, titanium can
undergo leaching and microbial-mediated corrosion [177]. Modification of an implant surface may
promote quicker stabilization and integration of implants into the bone. Existing calcium

phosphate coatings have been successful but suffer inconsistencies with coating quality, coating
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failures, and susceptibility to bacterial colonization [181, 182]. Commercially available coatings
were primarily designed to be osteoconductive and not necessarily antimicrobial. One emerging
approach is the use of biocompatible and biodegradable implant coatings. These coatings promote
the uniform delivery of antimicrobials at the implant-bone interface, discouraging initial bacterial
attachment and growth during early healing and osseointegration. Local antimicrobial delivery has
been explored for orthopedic implants, but coatings for dental applications must be adapted due to
differences in the infectious nature of the oral cavity. The controlled delivery of antimicrobials
from coatings is needed after as implant failures are highest during the first few months after
implantation [183, 184]. An ideal coating should be antibacterial, biodegradable, biocompatible,
and promote bioactive properties such as wound healing and osseointegration.

A polydopamine (PDA) coating is a simple and inexpensive technique for modifying
surfaces. PDA surfaces are able to self-polymerize, form thin films, and support attachment of
additional macromolecules such as peptides [185-187]. Dopamine is a biomolecule found in high
concentrations in mussel adhesive proteins [187]. It contains a catechol and amine functional
groups and polymerizes at alkaline pHs to form a thin, adherent PDA film on most material
surfaces. These films are subsequently reactive towards amine and thiol groups that can be used to
covalently attached biomolecules to the surface [187]. Dopamine polymerization occurs when
catechol groups are oxidized to quinones that then react with amines and other catechols/quinones
to form an adherent polymer film [185]. PDA coated surfaces can then be utilized for secondary
molecule attachment. Under oxidizing conditions, the catechol groups react with amines or thiols
via a Michael addition or Schiff base reaction (Figure 4.1) [185]. PDA coatings have been
successfully demonstrated on titanium surfaces and allow for straightforward peptide conjugation

[185-187].
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Figure 4.1: Schematic of polydopamine coating and biomolecule immobilization.
Biomolecules are added through a reaction between amines and the polydopamine surface.
Schematic from Lee et al. [187].

This work investigates the prevention of S. mutans oral using synthetic a-sheet peptides.
Both monomer and dimer a-sheet peptides were tested in an S. mutans assay in vitro to determine
the effect on amyloid formation and biofilm inhibition. Materials were then prepared with PDA
coatings and assessed for a-sheet peptide coupling efficiency. Finally, the efficacy of the PDA-
tethered peptides was assessed against amyloid and biofilm inhibition. This aim presents the

foundational studies for the development of a biocompatible coating for oral implants to present

synthetic a-sheet peptides and prevent oral biofilms.

4.3 Results
4.3.1 S. mutans Growth Curve

Streptococcus mutans strain UA159 [UABS577], a human isolate strain acquired from a
child with active caries, was used for all experiments. First, a growth curve of planktonic S. mutans
in BHI medium supplemented with sucrose and Oxyrase® (subsequently referred to as “BHI+”

medium) was performed to characterize the growth kinetics (Figure 4.2). S. mutans grown in
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suspended batch culture demonstrated logarithmic growth for the first 4 hours, followed by a
stationary phase of limited growth up to 12 hours, and then a decline phase for the remainder of
the time surveyed. This matches the predicted behavior of the bacteria under these growth
conditions: BHI+ medium and incubation at 37°C without shaking. These conditions were thus

used for all subsequent studies.

S. mutans Growth Curve
10—

Log4, (CFU/mL)

2 -

Time (hours)

Figure 4.2: Growth curve of S. mutans in a suspended batch culture showing logarithmic growth
over the first 4 hours, followed by the stationary phase until 12 hours, and then a decline phase.
All values are mean + SD for three replicates.

4.3.2 Dimer APs Inhibit S. mutans Amyloid and Biofilm Formation

After establishing growth conditions for S. mutans, four a-sheet peptides, two monomer
peptides and two dimer peptides, were tested for prevention of amyloid fibrillization and biofilm
formation. First, AP90 and AP401 monomer were tested due to previous efficacy in amyloid and
biofilm inhibition in gram-negative and -positive species [116]. AP90 demonstrated statistically

significant reduction of amyloid formation as indicated by ThT fluorescence at all peptide
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concentrations (20-76 uM) (Figure 4.3A). The greatest amyloid inhibition was seen at 76 uM at
31% (p<0.0002). AP90 did not cause a significant reduction in biofilm formation as indicated by
absorbance measurements, although a trend for biofilm inhibition was seen at higher
concentrations (6% at 76 uM) (Figure 4.3B). As seen previously with E. coli and S. aureus, the

total cell density did not decrease significantly with the addition of peptides (Figure 4.3C).
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Figure 4.3: AP90 significantly inhibits S. mutans amyloid formation. A) AP90 caused a
significant reduction in ThT fluorescence at all concentrations tested with the 76 uM condition
causing the greatest reduction of 31%. B) Addition of AP90 did not cause a significant reduction
in biofilm formation as indicated by absorbance values. C) AP90 did not have a significant effect
on the total number of bacterial cells as indicated by absorbance values for the biofilm, rinse, and
planktonic conditions. All values are mean + SD for three replicates.

AP90 and AP401 have the same amino acid sequence but every amino acid has the opposite
chirality. AP401 was subsequently tested for inhibition of amyloid and biofilm formation by S.
mutans. A significant decrease in ThT fluorescence was not observed at any peptide concentration,
although the greatest effect was seen at 80 uM with a 6% reduction in fluorescence (Figure 4.4A).
Similarly, AP401 did not affect the biofilm formation (Figure 4.4B) or the total number of cells

(Figure 4.4C) at any concentration.
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Figure 4.4: AP401 does not affect S. mutans amyloid or biofilm formation. A) Addition of
AP401 did not cause a significant reduction in ThT fluorescence, although a trend for reduced
fluorescence was seen at higher concentrations. No significant effect of AP401 was seen on B)
biofilm density or C) total cell density for S. mutans at any peptide concentration. All values are
mean £ SD for three replicates.

After testing two monomer peptides, the efficacy of the mixed dimer forms of AP510 and
AP520 were assessed against S. mutans amyloid inhibition and biofilm formation. AP510 or
AP520 mixed dimer (AP510md or AP520md) refers to peptides dimerized using a DMSO reaction
without additional purification such that the final peptide solution is a mixture of the monomer and
dimer forms of the peptide. Both peptides significantly inhibited amyloid formation as indicated
by ThT fluorescence (Figure 4.5A). Specifically, AP510md caused as 45% reduction in
fluorescence as compared to the control (p<0.0001). A significant reduction in biofilm formation
was also observed for both mixed dimer peptides (Figure 4.5B) with AP520md causing a greater
reduction of 15.9% (p=0.0085). A reduction in the total number of cells was also observed with

decreased absorbance values for the planktonic and rinse samples for the two peptide conditions

(Figure 4.5C).
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Figure 4.5: Dimer peptides significantly inhibit S. mutans amyloid and biofilm formation. A)
Both mixed dimer peptides caused a significant reduction in ThT fluorescence as compared to the
control, with AP510md causing at 45% reduction. B) Addition of the peptides also caused a
significant reduction in biofilm formation. C) A decrease in total cell density was observed for the
peptide conditions due to decreased cells in the rinse and planktonic samples. All values are mean
+ SD for three replicates.

4.3.3 PDA Preparation Tests

The PDA coating and peptide coupling protocol was first tested with 96 well polystyrene
plates. The coupling efficiency of AP510 mixed dimer and monomer were tested using two
methods. In the first method, peptides were applied to a PDA coated surface and incubated at 26°C
for four hours, followed by incubation overnight at 4°C. In the second method, the peptides were
coupled at 25°C for two hours and then used immediately for biofilm assays. The coupling
efficiency for both methods and AP510 mixed dimer and monomer are summarized in Figure
4.6A. No difference in coupling efficiency was observed between the coupling methods for either
peptide form. However, significantly higher coupling efficiency was measured for the mixed dimer
form, at around 95%, as compared to the monomer, at only 12%. The total concentration and
concentration per well of the mixed dimer and monomer form were also calculated (Figure 4.6B),

again emphasizing greater coupling efficiency for the mixed dimer form.
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Figure 4.6: Test of AP510 coupling efficiency to PDA coated surface. A) Two coupling
methods, 4 hours at 26°C followed by overnight at 4°C or 2 hours at 26°C only, were tested to
determine AP510 coupling efficiency. No differences in coupling efficiency were measured
between the two methods. B) The coupling efficiency of AP510 heterodimer and AP510 monomer
were tested with PDA coating on polystyrene plates. The AP510 heterodimer showed significantly
higher coupling efficiency than the monomer.

4.3.4 PDA Preparation Tests

Finally, PDA-tethered AP510md was assessed against S. mutans amyloid and biofilm
formation. 250 uM AP510md was coupled to a PDA coated 96-well polystyrene plate using the 2
hours at 25°C incubation method (Figure 4.7A). The tethered AP510md caused a 32% reduction

in ThT as compared to the control, although the value was not statistically significant (p=0.0796)

(Figure 4.7B). However, a reduction in biofilm formation was not observed (Figure 4.7C).
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Figure 4.7: PDA-tethered AP510md inhibits amyloid formation. A) Schematic of AP510md
tethered to a PDA-coated 96-well polystyrene plate with S. mutans biofilms grown for 24 hours.
B) Tethered AP510-md caused a non-statistically significant reduction in ThT fluorescence
(»=0.0796). C) AP510md did not cause a reduction in biofilm formation as indicated by
absorbance at 600 nm. All values are mean = SD for three replicates.
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4.4 Discussion and Future Directions

New strategies are needed to address acute oral biofilm infections. One study showed that
75% of dental infections occurred within two weeks of surgery [188] and a second study showed
that 67% of infections developed within the first month [189]. Thus, the goal of this proposal is to
prevent initial biofilm infection through attachment of a-sheet peptides.

The first objective was to optimize the growth conditions of S. mutans, a facultatively
anaerobic, gram-positive coccus found primarily in biofilms on tooth surfaces. We used standard
S. mutans growth conditions as described in previous work from the Daggett group [10] and
observed the expected growth curve profile. A BHI+ medium supplemented with Oxyrase® was
selected to ensure an oxygen-limited environment. Plate assays were further provided an oxygen
limited environment by wrapping the plates three times with parafilm and placing them in a sealed

bag.
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The effects of various peptides were then assessed on amyloid and biofilm inhibition in a
48-well plate assay. Here, the peptides were administered in solution and were not tethered to a
surface as proposed for dental applications. Greater amyloid and biofilm inhibition was observed
from AP90 than from AP401 which corresponds with previous results for gram-positive bacteria
[116]. As described, AP90 and AP401 have the same amino acid sequence but with inverse
chirality at every position. As such, AP90 has L-amino acids at the hairpin turn and AP401 has D-
amino acids at the turn. D-amino acids are frequently incorporated into gram-positive cell walls
which are composed of thick peptidoglycan layers [95]. Because gram-positive bacteria, such as
S. mutans, utilize D-amino acids in their cell wall, the bacteria may also produce proteases that are
designed to cleave the peptide bond between D-amino acids. Therefore, we hypothesize that
AP401 may be susceptible to cleavage by S. mutans proteases, reducing the stability and efficacy
of the peptide.

In addition to these monomer peptides, two dimer peptides (AP510md and AP520md) were
tested. AP510 was selected due to previous work from the Daggett group where it showed
significant amyloid inhibition in S. mutans (33% reduction in ThT fluorescence) [10]. Next, AP520
was selected because it has the same sequence as AP90 but with a single residue cysteine
substitution so that it can be dimerized. Since we observed significant amyloid inhibition from
AP90 but preferred a dimer for PDA coupling efficiency, we were interested in testing AP520
mixed dimer for the PDA experiments.

As previously observed [10], AP510md significantly inhibited amyloid formation as
indicated by reduced ThT fluorescence. A significant, though not as large, reduction in
fluorescence was also observed for the AP520md. However, both peptides caused a similar

reduction in biofilm cell density. A reduction in the total cell density (biofilm, planktonic, and rinse
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cells) was also observed, however, the magnitude of this reduction was fairly small. Under these
growth conditions, S. mutans forms sticky and adherent biofilms. Quantification of planktonic
cells can pose challenges as cells can clump and stick to tubes during transfer so these results will
be replicated in future assays. Based on these results, both mixed dimer peptides were selected for
future assays.

Next, we assessed the coupling efficiency of monomer and dimer peptides to a PDA coated
surface and a higher coupling efficiency was observed for the dimer peptide. Synthetic a-sheet
peptides contain amino groups (Pep-NH2), which undergo a Michael addition or Michael
addition/Schiff base reaction to bind covalently to the PDA surface. For the dimer peptides, the
PDA is most likely coupling to the primary amine on the C-terminus. For monomer peptides, PDA
is probably coupling to the lysine residue. An additional factor in coupling efficiency is the buffer
in which the peptide is solubilized. The dimers were dissolved in DMSO, which raises the pH,
whereas the monomers were in solubilized in water.

Finally, in preliminary studies assessing the PDA-tethered AP510md, some inhibition of
amyloid formation was observed. However, this did not translate to a reduction in biofilm
formation. Further work is required to optimize the peptide coupling for amyloid and biofilm
inhibition by adjusting peptide concentration, growth conditions and additional biofilm

quantification methods

Future Directions

Future work will focus on optimizing the systems developed in this chapter: S. mutans

biofilm formation, PDA coated titanium surfaces, and tethered a-sheet peptides. The materials will
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be assessed for anti-biofilm properties using broth culture assays as described in Chapter 4.6.5
including quantification of bacterial growth through colony forming units and SEM imaging.

The developed titanium materials will also be assessed for their mechanical properties and
cytocompatibility. Coating thickness is important because the coating lies between the titanium
implant and the bone surface. Dental implants are subjected to friction forces, such as that applied
by a toothbrush because it is recommended that implants are brushed on a regular basis even during
the healing period. This can damage the coating; thus, it is important to determine coating
adherence and scratch resistance.

Additionally, cytocompatibility tests are critical for all materials with the potential for
clinical applications and provide initial assessments of toxicity or potential irritancy of novel
biomaterials. Specifically, cytocompatibility tests will be conducted using Human Embryonic
Palatal Mesenchymal cells (ATCC#1486, Manassas, VA) as model osteoblastic cells, as the
titanium implants are intended to interact with osseous tissues [168]. Normal human dermal
fibroblasts will be used as model fibroblastic cells because some dental and orthopedic implants
extend through the mucosal or epidermal tissues. Finally, a basic bacterial suspension test will be
conducted, and biofilm formation will be assessed in two ways. We hypothesize that the PDA
coated titanium will not demonstrate significant cytotoxicity and that they will inhibit bacterial

biofilm formation as demonstrated by less colony forming units as compared to controls.

4.5 Conclusion
This chapter aims to inhibit oral biofilms caused by S. mutans and develop a PDA coating
for prevention of biofilms on dental implants. These experiments build on previous work from the

Daggett group demonstrating the efficacy of a-sheet peptides at inhibiting amyloid fibril formation
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for S. mutans, the primary bacterial contributor to cavity formation. Here, monomer and dimer
peptides demonstrated amyloid inhibition and dimer peptides also prevented biofilm formation.
Natural, polymer coatings such as those formed by PDA represent a biocompatible way to improve
the antimicrobial properties of oral implants. Thus, the integration of the peptides into a PDA
coating represents a significant step forward in functionalizing implants for improved anti-biofilm
properties. The proposed studies are highly feasible and will further progress the critical field of
novel anti-biofilm treatments. They will also help further demonstrate the versatility of the a-sheet
peptides at biofilm inhibition through demonstrated of activity when covalently bound to a surface

as compared to when delivered in solution as in Chapters 2 and 3.

4.6 Materials and Methods

4.6.1 Peptide Synthesis and Preparation

a-Sheet peptides were synthesized as described in Chapter 2.5.1 and lyophilized peptide
was resuspended in appropriate buffers immediately prior to use. Purified monomer and dimer
peptides were resuspended in water. Dimer peptides for PDA binding (referred to as “mixed
dimers” as they are a mixture of monomer and dimer peptide without additional HPLC
purification) were prepared by adding 4 uL DMSO to a 0.25 mg aliquot of monomer peptide. After
thorough mixing, this solution was diluted in 100 pL carbonate buffer (50 mM, pH 9.6). The
concentration was then measured by Nanodrop™ instrument (Thermo Fisher Scientific; Waltham,
MA) and the concentration was adjusted with dilution in additional carbonate buffer. The mixed

dimer peptide solution was incubated at 37°C for 2 hours and then at 4°C overnight.
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4.6.2 Streptococcus mutans Growth Curve

Streptococcus mutans UA159 [UABS577] (ATCC; Manassas, VA) is a human isolate strain
acquired from a child with active caries [10]. S. mutans was collected from a Brain Heart Infusion
(BHI) medium (Sigma-Aldrich; St. Louis, MO) agar plate and resuspended in BHI medium for
overnight growth. BHI medium was prepared by adding 37 g BHI dry power per 1 liter of water.
The medium was then autoclaved to sterilize. After autoclaving and immediately before use, the
medium was supplemented with sucrose solution to a final concentration of 30 mM (add 1.24 mL
of 1M sucrose solution to 40 mL BHI) and with Oxyrase® (Oxyrase, Inc; Mansfield, OH) to a
final concentration of 1% v/v (add 400 pL Oxyrase® to 40 mL BHI). This supplemented BHI
medium is subsequently referred to a BHI+ medium.

For the growth curve, overnight cultures were grown for 16-18 hours at 37°C without
shaking. After 16-18 hours, 1 mL of the overnight culture was then added to 100 mL of fresh
medium and allowed to grow at 37°C without shaking. At each time point (0, 2, 4, 6, 8, 11, 26, and
30 hours), 1 mL of culture was removed. The sample was then spun down, resuspended in 1 mL
of PBS, ultra-sonicated for 5 seconds on ice, and diluted in tenfold increments. The serial dilutions
were then plated on BHI agar plates using the drop plate method [107]. Six replicates were plated
per condition. Colonies were grown for 24 hours at 37°C and CFUs were counted. Total CFUs of
the suspensions were calculated using the dilution number and the number of CFUs counted in

that dilution.

4.6.3 S. mutans Thioflavin T (ThT) and Plate Biofilm Assays
Overnight cultures of S. mutans were started as described above and grown for 16-18 hours

at 37°C without shaking. Cultures were then “refreshed” by replacing 5 mL of culture with 5 mL
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of fresh BHI+ medium and grown for an additional 3 hours. The culture was diluted to an optical
density (ODsoo) of 0.1 (~8x107 cells/mL) in fresh BHI+ medium. Diluted bacterial culture (180
uL) was plated with 20 pL peptide (or buffer/water control) in triplicate into wells of a sterile,
clear 48-well polystyrene plate (Corning; Glendale, AZ). Plates were covered with a lid and
wrapped three times with parafilm to create a limited-oxygen environment within the plate. Plates
were incubated at 37°C for 24 hours without shaking.

After 24 hours, plates were removed from the incubator. For ThT assays, planktonic cells
and medium were then removed and biofilms were rinsed once with 250 uLL PBS. Planktonic cells
were spun down and resuspended in PBS, and the optical density of both planktonic and rinse
samples was determined at 600 nm to estimate “planktonic” and “rinse” cell densities. The PBS
rinse solution was removed from the wells and biofilms were resuspended in 200 pL of 20 uM
ThT in PBS (Sigma-Aldrich; St. Louis, MO). Biofilms were homogenized by vigorous pipetting
(30x per well), 3 minutes of sonication, and 1 minute on a plate shaker. 100 uL of each biofilm
suspension was then transferred to a black-walled, clear-bottom 96 well plate for measurements in
a plate reader (PerkinElmer; Waltham, MA). ThT fluorescence was measured at 438/495 nm as a
proxy for amyloid formation, and biofilm absorbance was measured at 600 nm to estimate bacterial
cell density. Fluorescence measurements were corrected for nonspecific fluorescence by
subtracting the background intensity of identical samples without bacteria. Biofilm ThT
fluorescence values are reported as percent of the average S. mutans peptide-free control

fluorescence. All values are mean and standard deviation for three replicates.
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4.6.4 PDA Coating and Peptide Attachment

For the PDA coating, 2 mg/mL of dopamine HCI (Sigma-Aldrich; St. Louis, MO) was
dissolved in 10 mM Tris HCI, pH 8.5. 165 pL of the dopamine-HCI solution was added per well
to a 96-well polystyrene plate. The PDA solution was left for 24 hours at room temperature with
shaking at 300 RPM. Each well was then rinsed with water five times and dried in a vacuum
chamber at 30°C for one hour.

50 uL of the prepared AP dimer solution was then added to each well of the PDA coated
plate and left for 2 hours at 25°C. The peptide solution was then removed and each well was gently
washed with sterile water (Figure 4.8). Peptide coupling efficiency was determined by
concentration measurements of the peptide solution before and after the reaction with a

Nanodrop™ instrument (Thermo Fisher Scientific; Waltham, MA).
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Figure 4.8: Schematic of peptide and PDA coupling. A) Dopamine molecules contain both
DOPA (3,4-dihydroxy-L-phenylalanine) and lysine functional groups. B) Reaction schematic for
PDA coatings. At an alkaline pH, dopamine undergoes self-polymerization to form an adherent
coating as well as oxidation of catechol groups to the amine form. a-Sheet peptides can be
covalently attached through Michael addition or a Schiff base reaction. Schematic courtesy of
Alissa Bleem.
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4.6.5 Biofilm PDA-Material Challenge Assays

S. mutans assays were started as described in Chapter 4.6.3 with the addition of the
peptide-tethered, PDA coated 96-well plates as described in Chapter 4.6.4. Amyloid and biofilm
formation were assessed using a ThT assay with cell density measurements through absorbance

readings as in previous sections.

4.6.6 Statistics

All statistical significance values reported are One-Way ANOVA with post-hoc
comparisons as shown, and a Bonferroni multiple comparison correction performed in GraphPad
Prism. A single asterisk indicates a p-value less than 0.05, which is the cutoff to be considered
statistically significant. Two asterisks indicate greater significance, with a p-value less than 0.01.
Three asterisks indicate a p-value less than 0.001. Four asterisks indicate a p-value less than

0.0001.
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Chapter 5. Designed a-Sheet Peptides Enhance Clearance of Amyloid-

Oligomers by Microglial Cells of the Central Nervous System

5.1 Abstract

Alzheimer’s Disease is characterized by the accumulation of insoluble B-amyloid peptide
(AP) in the brain. However, a growing body of research suggests that soluble, low molecular
weight AP oligomers are the primary pathogenic agents while amyloid fibrils are relatively benign.
Designed synthetic a-sheet peptides that specifically bind toxic AP oligomers decrease AP levels
in both cell and animal models. It was hypothesized that this reduction might be caused by an
increased clearance of AP oligomers. This study aimed to measure the effect of a-sheet peptides
on phagocytosis of AP oligomers by macrophages and microglia. All a-sheet peptides tested
caused an increase in phagocytosis for the two cell types as measured through AP uptake and
visualized with confocal microscopy. Furthermore, increased phagocytosis was observed with a-
sheet peptides in a modified nonphagocytic HEK293 cell line that was made phagocytic through
the co-expression of Triggering receptor expressed on myeloid cells 2 (TREM2) and DNAX
activation protein of 12kDa (DAP12). Biolayer interferometry data confirmed a strong interaction
between the a-sheet peptides and TREM2 further suggesting that the enhanced phagocytosis is in
part mediated via TREM2. Additionally, the a-sheet peptides did not stimulate cytokine production
in microglial cells indicating a specific effect on phagocytosis without triggering an inflammatory
response. These findings provide a potential mechanism for the a-sheet peptide-mediated

reduction in AP oligomers previously observed.
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5.2 Introduction

As the world population ages, patients and healthcare providers are faced with the growing
threat of Alzheimer’s Disease (AD). AD is a progressive neurodegenerative disease that primarily
affects the elderly and is the leading cause of death in the United States. At present, there is no
cure for AD and there are a deficit of early diagnostic tools and sufficient therapies to address the
disease biology [190].

The accumulation of the B-amyloid peptide (AB) outside of neurons is a hallmark of the
disease. Monomeric AP is involved with multiple biological functions including memory, learning,
and neuroprotection [29-32]. To date, clinical trials have been conducted of potential AD
therapeutics that target the monomeric and/or fibrillar forms of AP peptide. However, a growing
body of research supports the modified amyloid cascade hypothesis, which states that soluble A
oligomers are the primary pathogenic agents while amyloid fibrils are relatively benign. There is
also evidence that toxic soluble oligomers, not the amyloid burden, are associated with disease
progression and that damage begins prior to amyloid plaque deposition [33-37].

Toxic oligomers from various amyloid systems have a shared conformation, not sequence,
as indicated by the cross reactivity of the A11 oligomer specific antibody [52]. Atomistic molecular
dynamics simulations from the Daggett group revealed a nonstandard secondary structure called
a-sheet and demonstrated that unrelated proteins in amyloid diseases form a-sheet structure under
amyloidogenic conditions [74, 191, 192]. a-Sheet is similar to B-sheet structure except in a-sheet
the carbonyl oxygens align on one strand and the NH groups align along the other, instead of
alternating like in B-sheet.

Novel synthetic a-sheet peptides, both monomers (designated “AP#m”) and dimers

(AP#d), were designed to specifically bind the toxic AP oligomers [6, 7]. The Daggett group
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demonstrated that multiple APs (APS, AP90, AP407, and AP421) inhibit AP aggregation in vitro
and protect against toxicity in cells, and that AP5 inhibits AP aggregation in two animal models
[38]. In vitro, incubation of APs with toxic oligomeric AP aggregates reduced aggregation by as
much as 96% [38]. Additionally, co-incubation with APs neutralized the toxicity of AP oligomers
as shown through recovered cell viability [38].

The APs were also tested with transgenic APPsw mice that express human AB. In an ex
vivo model, AP5 was applied to coronal brain sections and toxic oligomer levels were measured
using the All antibody. For APS5 treated sections, a dose-dependent reduction in detectable
oligomers was seen with reductions up to 79%. This indicated preferential binding of the toxic
oligomers by the APs as seen in vitro [38]. Next, a transgenic mouse model was used to assess in
vivo effects of AP5. The peptide was injected intracranially into the right hemisphere of 103-wk-
old Tg APPsw mice. Again, a 40% reduction in AP oligomers was observed as compared to the
control left hemisphere, as detected with the A11 antibody [38]. Finally, four APs (AP5, AP90,
AP407, and AP421) significantly delayed paralysis due to AP in a transgenic C. elegans model
commonly used to assess the effect of exogenous compounds on AP toxicity [38].

Based on these findings, it was hypothesized that the AP mediated reduction in toxic AB
oligomers could be attributed to the APs altering the rate by which toxic AP oligomers are
phagocytosed, as the APs were not directly impacting A production [17]. Microglia, the primary
immune cells of the central nervous system (CNS), are associated with the pathogenesis of AD.
Microglia function primarily as phagocytes in the CNS and are involved in tissue maintenance,
injury response, and defense against pathogens [40]. In AD, microglial proliferation and activation
is concentrated around amyloid plaques [40]. Microglia may prevent the accumulation of AP

through the clearance of soluble AP, phagocytosis of insoluble deposits, and by forming a barrier
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around and compacting amyloid plaques [40, 193]. However, A can also trigger an inflammatory
response in microglial cells and toxic AP and tau proteins activate immune cells (e.g., microglia).
Toxic AP and tau convert phagocytic microglia to inflammatory microglia resulting in chronic
inflammation.

TREM?2 (microglial triggering receptor expressed on myeloid cells 2) is a phagocytic
receptor that plays a critical role in the clearance of AR [194]. TREM2 encodes a receptor that is
only expressed on immune cells in the central nervous system, including infiltrating
monocytes/macrophages and microglia [194]. TREM2 forms a complex with another protein
DAP12; this complex is required to elicit TREM2 mediated phagocytosis and signaling [194].
TREM?2 also plays a role in microglial phagocytosis and activation. In a TREM2 knockdown,
phagocytosis is inhibited, and the production of inflammatory cytokines is stimulated [195]. The
importance of TREM2 in A clearance is highlighted in that loss of function mutations in TREM?2
that increase the risk of developing AD and result in impaired AP phagocytosis [194, 196]. This
underscores the importance of microglia and that their immunoinflammatory response plays a role
in the pathobiology of AD [194]. AP oligomers also interact with TREM2 with high affinity and
induce nuclear factor of activated T cell (NFAT) signaling [194, 196].

In previous work by the Daggett lab, AP5 decreased AP oligomers levels in vivo and ex
vivo [38]. Here, we investigated the effect of multiple monomer and dimer APs on phagocytosis
by macrophages and microglial cells of Escherichia coli bioparticles and toxic AP oligomers.
Additionally, naturally non-phagocytic Human Embryonic Kidney (HEK293) cells were
previously genetically engineered to be phagocytic through the co-expression of TREM2 and

DAPI12 and used in this study to assess TREM2 mediated phagocytosis [194]. Interactions between
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the APs and TREM2 were also measured through biolayer interferometry. Finally, N9 microglial

cell activation by APs was measured by cytokine response after 24 hours.

5.3 Results
5.3.1 APs significantly increase the rate of phagocytosis of E. coli bioparticles in macrophages
RAW264.7 murine macrophages were first used as a cellular model to assess the impact of
APS5 on phagocytosis of E. coli. RAW264.7 cells were plated in a 96-well cell culture plate and
the cells were treated with E. coli and the APs 24 hours after plating. Phagocytosis was then
quantified for two hours using pHrodo™ Red E. coli BioParticles™ that fluoresce when
internalized in the acidic environment of the phagosome. Cytochalasin D (Cyto D), an inhibitor of
microfilament-dependent phagocytosis, was used as a positive control. AP5 significantly
stimulated the internalization of E. coli in RAW264.7 cells at both peptide concentrations,
suggesting that AP5 enhances phagocytic activity (Figure 5.1A). In contrast, Cyto D significantly
limited the uptake of E. coli (p<0.0001), confirming that the increased fluorescence measured was
caused by the phagocytosis of E. coli. Additional APs (AP200m, AP202m, and AP202d, where m
denotes the monomer and d denotes the dimer form of the peptide) were then tested (Figure 5.1B).
The mean velocity (V) of the uptake was quantified (mFU/min) and expressed as a percentage of
control cells (i.e., cells treated with fluorescent E. coli BioParticles™ in absence of APs). All APs

significantly increased the rate of phagocytosis of E. coli as compared to the control condition.
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Figure 5.1: a-Sheet peptides increased phagocytosis of pHrodo™ Red E. coli BioParticles™
by RAW264.7 macrophages. A) Addition of APS at 25 and 50 puM significantly increased
phagocytosis as measured by fluorescence intensity as compared to the cell control (p<0.0001 and
p=0.001 for 25 and 50 puM, respectively). B) 12.5 uM AP202m, AP202d, and AP200m also
significantly increased phagocytosis as quantified by the mean velocity of the uptake (mFU/min)
expressed as a percentage of control cells. Significant differences were observed between the
uptake of E. coli particles between the control and AP conditions with AP202m (p<0.0001),

AP202d (p<0.0005), and AP200m (p<0.0001). Values are the mean = SD for n=5 for A) and n=6
for B).

5.3.2 APs significantly enhance the phagocytosis of the Af1-42 oligomers in macrophages

We then assessed the effect of the APs on the phagocytosis of toxic AP oligomers in
RAW264.7 cells using fluorescently labeled AB1-42 (FAM-AP) peptides. The RAW?264.7 cells
were co-incubated with FAM-AB1-42 oligomers with a range of AP doses (0, 0.78, 1.56, 3.125,
6.25, 12.5, and 25 uM). Six peptides (AP200m, AP201m, AP201d, AP202m, AP202d, and
AP203d) were tested. Again, Cyto D (10 uM) was used as a positive control. After four hours of
incubation, cells were washed twice with 200 pl of Live Cell Imaging Solution and 100 pl of Live
Cell Imaging Solution was added to the cells after the final wash. The fluorescence of surface
bound AP oligomers was quenched by incubation with 0.4% trypan blue and fluorescence

intensities were measured at an excitation/emission of 485/528 nm on a Cytation 3 multimode
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plate reader. All six APs significantly enhanced the phagocytosis of the AB1-42 oligomers in
RAW264.7 cells at a range of concentrations as compared to the no peptide control (p<0.001)
(Figure 5.2A). A non-significant increase in phagocytosis was observed for increasing peptide
concentrations up to 3.125 uM, at which point phagocytosis remained constant or decreased.

An additional control of P1, an unstructured random coil peptide, was compared to the
APs. There was a significant increase in phagocytosis from AP201m, AP201d, and AP203d as
compared to P1 at concentrations of 1.56, 3.125, and 6.25 uM (except for AP201m at 3.125 uM)

(Figure 5.2B). Comparison of all APs to P1 is shown in Supplementary Figure 5.1.

5.3.3 APs enhance phagocytosis of the Ap1-42 oligomers by microglial cells in vitro

We then repeated these experiments in murine N9 microglial cells and reproduced the
effects of the APs first observed in RAW264.7 cells. All six APs significantly stimulated the
phagocytosis of the AB1-42 oligomers by the microglial cells at all doses tested as compared to the
no peptide control (p<0.001) (Figure 5.3A). Comparison of the APs to the P1 control showed that
AP201m and AP203d caused a significant increase in phagocytosis at all concentrations tested
(Figure 5.3B) while AP201d, AP200m, and AP202d showed a significant increase at some

concentrations (Supplementary Figure 5.2).
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Figure 5.2: APs increased A oligomer uptake by RAW 264.7 murine macrophages. The APs
dose-dependently enhance the phagocytosis of AB1-42 oligomers in RAW264.7 macrophages. A)
All APs except for AP203d significantly stimulated phagocytosis as compared to the no-peptide
control at concentrations of 0.78 uM. B) Comparison of phagocytosis by AP concentration also
yielded significantly increased uptake as compared to the P1 control peptide for AP201m, AP201d,
and AP203d at concentrations between 1.56 and 6.25 pM. Values are the mean £ SD for n=4 for
peptide conditions and n=8 for the control cells.
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Figure 5.3: APs increased AP oligomer uptake by N9 cells. A) Comparison of the APs to the
no-peptide control demonstrated that all peptides significantly increased phagocytosis at all
concentrations between 0.78 and 25 uM. B) Additionally, comparison of AP201m, AP201d, and
AP203d to the P1 control showed a significant increased at all concentrations. Values are the mean
+ SD for n=4 for peptide conditions and n=8 for the control cells.
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5.3.4 APs enhance phagocytosis through interaction with TREM?2

After assessing the effect of the APs on phagocytosis by macrophage and microglial cells,
we utilized HEK293 cells co-expressing TREM2 and DNAX-activating protein of 12 kDa
(DAP12). Four APs (AP200m, AP201m, AP202m, and AP202d) significantly enhanced the
phagocytosis of the AP oligomers as compared to the no peptide cell control at all concentrations,
while AP201d and AP203d enhanced phagocytosis at some concentrations (Figure 5.4A). Next,
comparison of the APs with the P1 control showed that AP201m, AP201d, and AP203d caused a
significant increase in phagocytosis, with AP203d showing the greatest increase in phagocytosis
at all but one peptide concentration (Figure 5.4B). Of note, the 12.5 uM AP203d condition for the
engineered HEK293 cells showed the greatest increase in oligomer uptake of all peptide and cell
combinations at 605%. The effect of the APs on toxic AP oligomer phagocytosis for all three cell
types is summarized in Table S.1. Statistical significance, or lack thereof, is noted for all APs as
compared to both the no peptide condition and to the P1 control.

As the APs stimulated phagocytosis of AP oligomers in engineered HEK293
TREM2/DAPI2 cells, we then investigated whether the peptides were interacting with TREM2
via biolayer interferometry (BLI). Human recombinant TREM2 was immobilized on streptavidin
BLI biosensors and tested for direct binding with different APs. Example binding kinetics are
shown for AP201d (Supplementary Figure 5.4A), which yielded a dissociation constant (Kp) of
190 nM (Supplementary Figure 5.4A) showing a high binding affinity of AP201d for TREM2.
All additional APs demonstrated an interaction with comparable TREM?2 binding affinities (Table

5.2) confirming a direct interaction between TREM?2 and APs.
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Figure 5.4: APs promoted AP oligomer uptake by engineered HEK293 cells. A) AP200m,
AP201m, AP202m, and AP202d significantly stimulated the phagocytosis of Af oligomers at all
concentrations. AP201d and AP203d caused a significant increase at some concentrations. B)
Comparison of the phagocytic effect of the APs with the P1 control showed that AP203d caused a
significant increase in the uptake of AB1-42 oligomers at all concentrations while AP201m and
AP201d caused a significant increase at concentrations between 1.56 uM and 6.25 uM. Values are
the mean = SD for n=4 for peptide conditions and n=8 for the control cells.
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5.3.5 APs do not stimulate pro-inflammatory cytokine expression in microglial cells in vitro

We then tested whether administration of the APs activated microglial cells. N9 microglia
were treated with various APs alone or in combination with AP oligomers for 24 hours.
Lipopolysaccharide (LPS) was used as a positive control for activation of microglial cells. The
media surrounding the cells was collected 24-hour after the different treatments and analyzed for
cytokine levels (IFNy, TNFa, IL1B, IL12, IL6, and KC/GRO) by electrochemiluminescence using
multiplex ELISA. None of the APs stimulated the production of cytokines. In contrast, LPS
significantly enhanced the production of cytokines as expected. Data for IFNy and IL1J are shown

in Supplementary Figure 5.5 as representative cytokines.

0.78 uM 1.56 uM 3.125 uMm 6.25 uM 12.5 uM 25 uM
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Table 5.1: Summary of effect of APs on phagocytosis of Ap1-42 oligomers. Results of an
ANOVA with post-hoc comparisons and Bonferroni correction are shown for each peptide and cell
combination with comparisons to both the cell only control and to the P1 random coil peptide.
While all APs caused an increase in phagocytosis, AP201m, AP201d, and AP203d consistently
showed the largest effect against the control and P1. P-values are indicated as follows: ns = not
significant; * p <0.05; ** p <0.01, *** p <0.001, **** p <0.0001.
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5.3.6 Immunofluorescence microscopy of Ap oligomers in microglial cells in vitro

Next, the phagocytosis of fluorescently labelled AP oligomers in microglial cells was
analyzed by laser confocal microscopy. The N9 cells, with labeled AP oligomers as previously
described, were washed, fixed in formaldehyde and counterstained with fluorescently labelled
phalloidin and DAPI to visualize F-actin to reveal cellular contour and nuclei, respectively. The
AP oligomers were effectively internalized in the cytosol of N9 microglial cells (Figure 5.5A). To
address interactions between the oligomers and APs, the uptake of fluorescently labelled AB42
oligomers in the presence of CY5-fluorescently labelled APS and AP201d peptides by N9
microglia was then monitored. The AP42 oligomers and APs were internalized in the cytosol of
N9 microglia (Figure 5.5B). As expected, Cyto D significantly prevented the internalization of A
oligomers and the APs. Furthermore, very good colocalization was observed between AP

oligomers and the APs.

Sample ID Kp (M) kon (1/Ms) | k,, Error Kgis (1/s) kgis Error Kops (1/s) Full R2
AP200m 5.69E-09 116300 5418 0.000662 3.31E-05 0.001798 0.444631
AP201m 3.73E-06 312.6 334 0.001165 2.25E-05 0.001168 0.924727
AP201d 1.89E-07 4127 88.37 0.000779 1.72E-05 0.00082 0.927093
AP202m 4.57E-07 2604 98.12 0.00119 3.58E-05 0.001216 0.724712
AP202d 2.93E-07 7460 205.8 0.001781 3.07E-05 0.001854 0.776978
AP203d 8.28E-08 10370 212.8 0.000859 1.48E-05 0.00096 0.922874

Table 5.2: Summary of biolayer interferometry data. Steady-state affinity values determined
from BLI experiments indicated strong binding affinity of TREM2 and the APs. A representative
binding kinetics curve for AP201d is presented in Supplementary Figure 5.4.
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Figure 5.5: Confocal microscopy reveals internalization of AP oligomers and colocalization
of APs and AP oligomers within N9 microglial cells. A) Confocal images of AB42 oligomers
(green), F-actin (red) and DAPI (blue) are shown. N9 cells were incubated with A oligomers (j3-
Amyloid (1-42), HiLexa™ Fluor 488-labeled (green). F-actin filaments were labeled with Dylight
554 phalloidin (red) and nuclei were stained with DAPI (blue). The merged images show
internalization of AP oligomers. B) Confocal images of N9 cells incubated with fluorescently
labeled AP oligomers (green), AP201d-Cy5 (orange), F-actin filaments (red), and nuclei stained
with DAPI (blue) are shown for individual channels and merged channels as indicated in the top
of the photomicrograph panel. The yellow signal on the merged channels depicts AP oligomers
that are colocalized with AP201d-CyS5. The phagocytosis inhibitor Cyto D was used as control to
verify phagocytic uptake.
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Finally, the extensive colocalization between A} oligomers and the APs in microglial cells
was further examined by 3D confocal microscopy with confocal planes acquired every 0.5 mm
along the z-axis of microglial cells (Figure 5.6). Green and orange fluorescence indicated
localization of AP oligomers and the AP, respectively, in the individual FITC and CY5 channels.
The confocal planes examined showed that both peptides (AP5 and AP201d) were internalized in
the same compartments as the toxic AP oligomers, as revealed by yellow fluorescence in the

merged channels.

AP Oligomers

AP201d-CY5

118



Figure 5.6: 3-Dimensional (3D) confocal microscopy indicates colocalization of A oligomers
with APs in N9 microglia cells. N9 microglia were cotreated with A oligomers and A) AP5-Cy5
or B) AP201d-Cy5 for 4 hours. Laser confocal planes were acquired every 0.5 um along the z-axis
of microglial cells. The top panel (view from the top of the cells) and bottom panel (view from the
side of the cells) show 3D images obtained by laser scanning confocal microscopy. Nuclei were
stained with DAPI (blue fluorescence). Green and orange fluorescence indicate localization of A3
oligomers and the AP respectively in the individual FITC and CY5 channels. Yellow fluorescence
reveals the colocalization of AP oligomers with AP5 or AP201d in the merged channels.

5.4 Discussion

The goal of this study was to investigate the effect of various a-sheet peptides on
phagocytosis by two different cell types, macrophages and microglia. An increase in phagocytosis
of both E. coli particles and AP oligomers was observed for all APs tested. Additionally, the APs
had a high-affinity interaction with the phagocytic receptor TREM2 and did not activate
inflammatory cytokines in microglial cells.

The effect of the APs on phagocytosis was assessed first against E. coli particles and then
with A oligomers. In both assays, all peptides increased phagocytosis at a range of concentrations.
Notably, the enhanced phagocytic effect was seen in three distinct cell types, suggesting the effect
is not cell specific and is occurring through common cell surface pathways. In all three cell types,
a statistically significant increase in phagocytosis was seen even at the lowest concentration (0.78
uM) for all APs, except for AP201d and AP203d. A dose-dependent increase in phagocytosis was
also seen for most AP and cell combinations, although often only up to a concentration of 3.125
uM, suggesting that APs may be phagocytosed and compete with the internalization of A
oligomers when used in excessive concentrations. The increase in phagocytosis induced by APs
was also statistically significant when compared to the P1 random coil peptide, particularly in the
N9 cell type and for AP201m, AP201d, and AP203d.

Additionally, the enhanced phagocytosis was seen across the seven APs tested: four

monomers and three dimers. It was hypothesized that the dimeric form of a peptide would
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outperform the monomer due to increased a-sheet surface area. In the two cases of direct
comparison, between AP20Ilm and AP201d and AP202m and AP202d, the results were
comparable, although the dimeric peptides tended to perform better than the monomers at higher
concentrations.

Importantly, the engineered HEK293 cells confirmed the hypothesized mechanism for
increased phagocytic activity as occurring via interaction between APs and TREM2. The modified
cell line does not contain any additional phagocytic receptors. Interestingly, HEK293 cells are non-
phagocytic but the co-expression of TREM2 and DAPI12 in these cells is sufficient to convert
HEK293 cells into phagocytic cells [194]. This provided a unique tool to assess selectively
TREM2-dependent phagocytic activity. The increase in phagocytosis triggered by APs in these
cells shows that the APs are stimulating TREM2 dependent phagocytosis and may be directly
interacting with TREM?2.

The high affinity interaction of APs with TREM2 was further substantiated by biolayer
interferometry data. This suggests the APs may enhance the phagocytosis of AP oligomers by
triggering TREM?2 signaling as engineered HEK293 cells co-express only the phagocytic
TREM12/DAP12 receptor. Additionally, the binding affinity (Kp) of the different APs for TREM?2
was comparable to the binding affinity of lipidated Apolipoprotein E, a known ligand for TREM?2
[196].

The APs, at concentrations that stimulate AP phagocytosis, did not activate N9 microglial
cells as quantified by the null values for IFNy, TNFa, IL1B, IL12, and IL6. This indicates that the
mechanisms that regulate microglial activation and phagocytosis are distinct, as we previously
described [20]. It is critical that the APs do not activate microglial cells or trigger the release of

inflammatory cytokines that could contribute to chronic neuroinflammation, a key aspect of
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neurodegenerative diseases [197]. While it was originally thought that sustained inflammatory
response in the brains of AD patients was a reaction to the neuronal loss caused by the disorder,
there is growing evidence that a chronic immune response also exacerbates AD pathological
lesions [197]. Thus, it is crucial that any potential AD therapeutics that enhance AP clearance
through microglial phagocytosis do not cause additional neuroinflammation by stimulating

microglial activation.

5.5 Conclusion

Previous studies demonstrated that a-sheet peptides bind and neutralize toxic AP
oligomers. Here, we demonstrated that administration of seven APs increased phagocytosis of AP
oligomers by macrophages and microglial cells. The use of an engineered HEK293 cell line
demonstrated that the increased AP uptake was mediated by binding of the APs to TREM2, which
was further supported by biolayer interferometry data. Critically, inflammatory cytokines were not
activated by the APs showing that phagocytic clearance of toxic AP oligomers can be enhanced
without inducing microglial activation. This work provides a basis for an increased understanding
of the mechanisms that contribute to the clearance of toxic A} oligomers by APs, highlighting their

therapeutic potential in neurodegenerative diseases.

5.6 Materials and Methods

5.6.1 Statistics
All values of statistical significance reported were calculated with one-way ANOVA with
post hoc comparisons as shown and a Bonferroni multiple comparison correction performed in

GraphPad Prism Version 10.1.0. A single asterisk indicates a p-value less than 0.05, which is the
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cutoff to be considered statistically significant. Two asterisks indicate greater significance, with a
p-value less than 0.01. Three asterisks indicate a p-value less than 0.001. Four asterisks indicate a

p-value less than 0.0001.

5.6.2 Synthesis and Preparation of a-Sheet Peptides

Synthetic a-sheet peptide inhibitors were designed in silico as previously described [6, 8,
9, 54], using backbone dihedral angle constraints derived from MD simulations [103, 158] and
synthesized as previously described by Bleem, et al [9]. Briefly, peptides contain two a-strands of
seven residues each, with amino acids alternating sequentially between L-conformation and D-
conformation in each of the strands. The a-strands are connected by a five residue turn comprised
of all L-amino acids or all D-amino acids, which gives the peptide a hairpin shape. Finally, the tail
of each strand consists of a Gly and an Arg residue, followed by acetyl and amide caps at the N-
and C-terminus, respectively. Peptides were assembled by solid phase peptide synthesis on Rink
amide resin with Fmoc chemistry and HBTU activation using the Liberty Blue Microwave Peptide
Synthesizer (CEM Corporation; Charlotte, NC). Peptides were cleaved from the resin and side
chain deprotected by TFA/TIPS/H20 (95:2.5:2.5) and precipitated by cold ether. Crude peptides
were purified to >95% by RP-HPLC using 5 pM C12 or C18 130 A columns (Waters Corporation;
Milford, MA) and atomic masses were confirmed by electrospray mass spectrometry on a Bruker
Esquire Ion Trap (Bruker; Billerica, MA). All peptides were lyophilized after purification and
stored at -20 or -80°C until use.

For dimeric peptides, purified and lyophilized monomer was dissolved in 1 mL of DMSO
per 100 mg of peptide before resin cleavage.19 mL of carbonate buffer at pH 9.6 was then added

per mL of DMSO. The solution was covered in parafilm with holes to allow for airflow and stirred
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for 4 hours at 37°C, followed by 48 hours at room temperature. Crude peptides were then purified
again to >95% by RP-HPLC using 5 uM C12 or C18 130 A columns (Waters Corporation; Milford,
MA) and atomic masses were confirmed by electrospray mass spectrometry on a Bruker Esquire
Ion Trap (Bruker; Billerica, MA). Dimers were lyophilized after purification and stored at -20 or -

80°C until use.

5.6.3 Cell Cultures

Murine microglia cell line N9 [198] and RAW264.7 murine macrophage (ATCC RAW
264.7) (ATCC; Manassas, VA) cell lines were maintained in Dulbecco's modified Eagle's medium
(DMEM) + GlutaMAX™ (Life Technologies; Carlsbad, CA) with 10% (v/v) fetal calf serum and
100 U/ml penicillin, 100 pg/ml streptomycin. HEK293 TREM2/DAP12 cells were generated as
we previously described [194] and were grown in the same medium supplemented with G418

(Thermo Fisher Scientific; Waltham, MA) at 100 mg/ml.

5.6.4 Preparation of Fluorescent Af1-42 Oligomers

Lyophilized B-Amyloid (1-42) peptide, HiLexa™ Fluor 488-labeled (AnaSpec Inc.;
Fremont, CA) was dissolved with hexafluoro isopropanol (HFIP) (1 mg peptide in 1 mL of ice
cold HFIP) and allowed to dry under a fume hood for approximately one hour at room temperature,
then completely dried using a Speedvac. 100 ug of HFIP treated AP was then dissolved in 50 uL
of 0.6 N NaOH. After dissolution in NaOH, A was further diluted with PBS to a concentration of

100 uM and incubated at room temperature for 48 hours to allow the formation of A oligomers.
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5.6.5 Phagocytosis Assays

All cells were plated at a density of 100,000 cells in 96-well cell culture plates and cultured
for 24 hours after plating prior to start the phagocytosis experiments. pHrodo Escherichia coli
bioparticles were dissolved in live cell imaging buffer (Invitrogen; Carlsbad, CA) at a
concentration of 1 pg/ml and a-sheet peptides and incubated at 37°C with the different cell lines
in a Biotek Synergy HT reader. The uptake of E. coli bioparticles was measured by quantifying
fluorescent emission (Excitation: 560 nm/Emission: 585 nm) every 10 minutes for 2 hours.
Phagocytosis was quantified by measuring the average amount of bioparticles uptake in mFU/min
during the 2-hour incubation period.

For the measurement of A oligomer phagocytosis in RAW264.7 and NO cells, cells were
incubated with 200 nM 488-AB oligomers (B-Amyloid (1-42), HiLexa™ Fluor 488-labeled,
AnaSpec Inc.; Fremont, CA) and a range of doses of the different a-sheet peptides for 4 hours in
a cell culture incubator (37°C and 5% CO>). The uptake of fluorescently labelled AP oligomers
was measured by quantifying fluorescent emission (Excitation: 488nm/Emission: 525nm) after 4
hours of incubation using a Biotek Synergy HT reader. For the measurement of AP oligomer
phagocytosis in HEK293 TREM2/DAP12. Cells were incubated with 200 nM 488-Af oligomers
(B-Amyloid (1-42), HiLexa™ Fluor 488-labeled; AnaSpec Inc.; Fremont, CA) and a range of doses
of the different a-sheet peptides for 24 hours in a cell culture incubator (37°C and 5% CO>). The
uptake of fluorescently labelled AP oligomers was measured by quantifying fluorescent emission
(Excitation: 488nm/Emission: 525nm) after 24 hours of incubation using a Biotek Synergy HT
reader. Phagocytosis was quantified by measuring the average amount of fluorescent A oligomers
uptake in mFU. The fluorescence of the mixture of AP oligomers and a-sheet peptides that was

added to the culture medium was quantified and used to standardize the fluorescent measurements.
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The uptake of fluorescent AP oligomers was then expressed as a percentage of the values observed

in the control conditions when no a-sheet peptide was added.

5.6.6 Biolayer Interferometry

Kinetic determination of interactions between APs and TREM2 were performed on an
Octet RED96 instrument (ForteBio (Pall); Menlo Park, CA). Biotinylated-human TREM2 (Acro
Biosystems; Newark, DE) was first loaded near saturation (4000 seconds of loading at a
concentration of 3 pg/ml in PBS) on Super Streptavidin sensors (SSA, (ForteBio (Pall); Menlo
Park, CA)) which were then washed 3 times in PBS prior to be transferred to fresh PBS for baseline
measurement (60 seconds). The SSA sensors were then associated with different concentrations of
APs (ranging from 9.77 nM to 10000 nM) for 300 seconds and then transferred to PBS for
dissociation for 600 seconds. Binding kinetics were performed at 30°C with a data acquisition rate
of 10 Hz. Constant of association (kon), constant of dissociation (kgis) and equilibrium constant of
dissociation (Kp) values were determined by global fitting of the binding kinetics applying a 1:1

interaction model using the ForteBio data analysis software (ForteBio (Pall); Menlo Park, CA).

5.6.7 Cytokine Assay

Confluent N9 cells (plated in a 96-well cell culture plate) were treated for 24 hours with
different AP5s at a concentration of 2 uM either alone or in combination with 200 nM of AP
oligomers. LPS 100 ng/mL from E. coli (Sigma-Aldrich; St Louis, MO) was used as a positive
control to activate N9 microglia. The production of various inflammatory cytokines was analyzed

in the culture medium using a V-PLEX Proinflammatory Panel mouse kit (IFNy, TNFa, IL1,

125



IL12, IL6 and KC/GRO) on a MESO QuickPlex SQ120 instrument following the recommendation

of the manufacturer (Meso Scale Diagnostics; Rockville, Maryland).

5.6.8 Preparation of N9 Microglial Cells for Laser Confocal Microscopy

N9 cells were incubated with 200 nM A oligomers (B-Amyloid (1-42), HiLexa™ Fluor
488-labeled; AnaSpec Inc.; Fremont, CA), Cy5-AP5 2 uM, Cy5-AP201d 2 uM at 37°C for 4 hours
in a cell culture incubator (37°C and 5% CO,). Cells were also treated with 10 uM cytochalasin D
in presence of AP oligomers (B-Amyloid (1-42)), HiLexa™ Fluor 488-labeled; AnaSpec Inc.;
Fremont, CA), Cy5-APS5 2 uM, Cy5-AP201d 2 uM for 4 hours. Cells were then washed 3 times
with PBS and fixed in 4% formaldehyde. F-actin filaments were labeled with Dylight 554
phalloidin (Cell Signaling Technology; Danvers, MA). Stained cells were mounted with ProLong
Glass Antifade Mountant with NucBlue stain (Thermo Fisher Scientific; Waltham, MA) and
subjected to confocal imaging. Confocal microscopy was carried out using a LSM800 Laser
Confocal Scanning Microscope (Carl Zeiss Microscopy; Thornwood, NY') with the ZEN Blue 2.1
software (Carl Zeiss AG; Germany) and a 63x oil differential interference contrast objective (1.40
Oil DIC M27) objective. For 3D confocal microscopy, a z-step size of 0.5 pm was used and around

30 to 35 confocal planes were acquired depending on the volume of the microglial cells.
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control. Values are the mean = SD for n=4 for peptide conditions and n=8 for the control cells.

SI Figure 5.1



250+

200+

150+

1004

AB Oligomer Uptake (% of Control)
o
o
1

0-

400+

3004

AB Oligomer Uptake (% of Control)

0-

AB Oligomer Uptake (% of Control)

AB Oligomer Uptake (% of Control)

3004

o
I

4004

3004

0-

1.56 uM
sokkk

*
*

2
@

*okokk

kKK

V**—‘

AB Oligomer Uptake (% of Control)

400+

w

o

=
1

0~

3.125 M
Fokkk

KKk

KKKk

Fokokk

ns

ns

SI Figure 5.2: AP oligomer uptake by N9 cells. Comparison of the phagocytic effect of all APs
on AB1-42 in N9 microglial cells to the P1 random coil peptide control. Values are the mean + SD

for n=4 for peptide conditions and n=8 for the control cells.
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Sample 1D: AP201d (SS) KD=1.96-07 Rmax=2.2829 RA2=1
Sample ID: AP201d- by Conc. (nm)

SI Figure 5.4: Biolayer interferometry indicated an interaction between the APs and human
recombinant TREM?2. Representative biolayer interferometry data for AP201d is shown with
additional AP data summarized in Table 5.2. A) Biotinylated human TREM2 was immobilized on
super streptavidin biosensors that were dipped in wells containing a dose range of AP201d from
9.77 nM to 10 uM. The duration of the association was 300 seconds. The sensors were then dipped
in PBS to dissociate the AP201d peptide from TREM2 for 600 seconds. B) Steady-state affinity
values derived from the experiment revealed relatively strong binding affinity of TREM2 to
AP201d with a dissociation constant (Kp) of 189 nM.
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SI Figure 5.5: Cytokine analysis. a-Sheet peptides do not affect the production of A) interferon-
gamma (IFNy) and B) interleukin-1p (IL-1B) by N9 microglia cells. N9 microglia were treated for
24 hours with the different a-sheet peptides either alone or in combination with AP oligomers as
indicated in the figure legend of the histograms. Cytokines were quantified by
electrochemiluminescence. Analysis by ANOVA showed a significant effect of LPS on cytokine
production for all the cytokines (IFNy, TNFa, IL1p, IL12, IL6 and KC/GRO) tested (p<0.001) but
no significant effect (p>0.05) of the different APs, alone or in combination with AP oligomers.
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Chapter 6. Effects of Intracranial Injections of a-Sheet Peptides and AP
Oligomers on the Cognitive Behavior and Soluble Tau Hyperphosphorylation

in Tg Tau P301S Mice

6.1 Abstract

Designed a-sheet peptides decrease B-amyloid (AB) levels in both in vitro and in vivo
Alzheimer’s disease (AD) models through specific binding of low molecular weight toxic AB
oligomers. The modified AD cascade hypothesis suggests that these toxic oligomers may initiate
AD pathogenesis and downstream effects including tau protein hyperphosphorylation. This is
highlighted through studies demonstrating that the intracranial infusion of AP oligomers affects
the propagation of the tau pathology in transgenic mouse models overexpressing tau protein. Tg
Tau P301S mice overexpress human tau protein and progressively develop neurodegeneration.
Here, we performed bilateral intrahippocampal injections of soluble AB1-42 oligomers, of the
synthetic a-sheet peptide AP506d, or co-injections of AP506d+Ap oligomers to study the effects
of AP oligomers on the propagation of tau pathology and to determine whether AP506d can
neutralize the impact of AP oligomers in Tg Tau P301S mice. The a-sheet peptide AP506d was
well tolerated and did not induce any learning or memory deficit in the mice. However, AP506d
had no statistically significant impact on the learning and memory deficits induced by A
oligomers, although some positive trends were observed. Western blot analysis of two tau
antibodies, PH1 and DA9, showed that co-injections of AP506d+Af oligomers resulted in a
reduction of tau phosphorylation for both human and murine tau compared to Tg Tau P301S mice

intracranially injected with A oligomers only. Finally, neuroinflammation was observed in brain
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homogenates from Tg Tau P301S mice as compared to wild-type mice but the intracranial

injections of AP oligomers and AP506d did not significantly affect cytokine levels.

6.2 Introduction

Alzheimer’s Disease (AD) affects over 50 million people worldwide and estimates predict
that this number will grow to 150 million by 2050 [28]. AD is characterized by extracellular
amyloid plaques and intracellular neurofibrillary tangles in the brain but diagnosed by progressive
and irreversible memory loss and cognition changes.

The accumulation of the B-amyloid peptide (AB) outside of neurons is a hallmark of AD.
Monomeric AP is involved with critical biological functions such as memory, learning, and
neuroprotection [29-32]. The modified amyloid cascade hypothesis posits that accumulation of
soluble AP oligomers, not the resultant amyloid fibrils, is the primary trigger of AD pathogenesis
as defined by the production of hyperphosphorylated tau tangles, activation of neuronal death, and
dementia [33-37]. There is evidence that the toxic soluble oligomers, not the amyloid burden, are
associated with disease progression and that damage begins prior to amyloid plaque deposition
[33-37].

In conjunction with the accumulation of AP plaques, hyperphosphorylation of tau is a major
contributor to AD. Tau is a microtubule-associated protein involved in microtubule assembly and
stabilization [199]. Precise regulation is required to maintain tau structure and function and there
are a wide range of neurodegenerative disorders, called tauopathies, resulting from dysregulated
phosphorylation of tau. In AD brains, hyperphosphorylated tau form fibrils in neuronal cell bodies,

referred to as neurofibrillary tangles (NFTs), leading to cell damage and inflammation.
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Previous data have shown that the intracranial infusion of AP oligomers can affect the
propagation of the tau pathology in transgenic mouse models overexpressing tau [200]. This
suggests that soluble A oligomers could be the toxic peptides responsible for the induction of the
tau pathology as posited in the modified amyloid cascade hypothesis of AD. It has been shown
that a single intracranial injection of AP oligomers in mice is sufficient to activate neuronal
GSK3b, one of the main tau kinase responsible for tau phosphorylation [201]. In addition, a single
intrahippocampal injection of AP42 protofibrils has been shown to cause long term memory deficit
and anxiety in rats [202]. Interestingly, intrathecal administration of soluble AP oligomers also
induces persistent tau hyperphosphorylation and a reduction in hippocampal volume 12 weeks
after its administration in non-human primates [203, 204], further highlighting that soluble AP
oligomers can affect the tau pathology in vivo.

Critically, the A11 oligomer-specific antibody binds to the oligomeric form of multiple
amyloid systems, including the AP oligomer, indicating a shared conformation among amyloid
species [52]. Atomistic molecular dynamics simulations from the Daggett group revealed a
nonstandard secondary structure called o-sheet and demonstrated that unrelated proteins in
amyloid diseases form a-sheet structure under amyloidogenic conditions [74, 191, 192]. a-Sheet
structure is defined by the alignment of a-sheet carbonyl oxygens on one strand and alignment of
the NH groups along the other, instead of alternating as in -sheets. Identification of a-sheet
structure led to the design of a library of novel synthetic a-sheet peptides of both monomer and
dimer structure [6, 7]. These a-sheet peptides are numbered and denoted as “AP#m” for monomer
peptides and “AP#d” for dimer peptides.

These APs bind to AP oligomeric intermediates and inhibit AP aggregation in vitro, protect

against toxicity and recover viability in cells, and inhibit AB aggregation in two animal models
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[38]. Additionally, in transgenic APPsw mice that express human AP, treatment with AP5 caused
a dose-dependent reduction in detectable oligomers, with reductions up to 79% [38]. Four APs
(APS, AP90, AP407, and AP421) significantly delayed paralysis due to AP in a transgenic C.
elegans model commonly used to assess the effect of exogenous compounds on A toxicity [38].

It was hypothesized that this AP mediated reduction in toxic AP oligomers could be
attributed to the APs altering the rate by which toxic AP oligomers are phagocytosed, as the APs
do not directly impact AB production [17]. Subsequent work demonstrated that the administration
of seven APs, including AP506d (a dimer peptide), increased phagocytosis of Af oligomers by
macrophages and microglial cells (Chapter 5).

Here, we used transgenic Tg Tau P301S mice (line PS19) to investigate whether AP506d
affects the impact of AP oligomers on tau pathology in vivo. Tg Tau P301S mice overexpress
human tau with the P301S mutation and progressively develop neurodegeneration, intraneuronal
tau hyperphosphorylation, and aggregation that closely mimics neurofibrillary tangles [205]. We
performed bilateral intrahippocampal injections of soluble AB1-42 oligomers in Tg Tau P301S
mice to study the effects of AP oligomers on the propagation of the tau pathology. To assess the
effects of AP506d, we stereotaxically injected AP506d alone in both hippocampi of Tg Tau P301S
mice. Finally, some Tau P301S mice were co-injected with AP506d and AP oligomers to determine

whether AP506d can neutralize the impact of AB oligomers in Tg Tau P301S mice.

6.3 Results
Figure 6.1 depicts the timeline for the intracranial experiments. 25- to 26-week-old Tg Tau
P301S mice were anesthetized with 3% isoflurane in oxygen and placed on a thermoregulated

stereotaxic instrument. Intracranial injections of sterile saline, AP506d, AB1-42 oligomers, or
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AP506d+AP oligomers were performed in both hemispheres in the hippocampus of anesthetized

mice.

Bilateral IC Injections
Bregma, -2.7 mm; lateral, -2.5 mm; depth, -3.5 mm
(5 pL per hemisphere (1 pL per min))
Saline, 1 mM AP506d, 100 uM AB1-42, AP506d+AB Behavior Pathology/Biochemistry

27-28 Week-old mice 35-36 Week-old mice 40 Week-old mice

|
2 Months

Figure 6.1: Timeline of intracranial injection experiments in Tg Tau P301S mice.

6.3.1 Effects of intracranial injections of AP506d and Ap oligomers on the behavior of Tg Tau
P301S mice

We first examined the cognitive behavior of the mice two months after the intracranial
injections. A group of naive wild-type littermates (WT mice) of the Tg Tau P301S mice (Tg Tau
mice) served as a control group. Cognitive behavior was evaluated using the Barnes maze.
Acquisition trials were performed during four consecutive days with four trials per day to assess
learning behavior with three acquisition measure: primary errors, distance travelled to find target
hole, and escape latency. Mice were also subjected to a probe trial 24 hours after the last acquisition
trial to investigate possible impairments to memory retention.

A significant effect of time (p<0.001) for the number of primary errors was observed for
the different treatment groups (Figure 6.2A). Thus, all mice learned the task and performed better
on Day 4 of the acquisition trials than on Day 1. Analysis across the different days of acquisition
did not reveal significant differences between the treatment groups (Figure 6.2A). However, a
trend for an increased number of primary errors was observed in Tg Tau mice intracranially

injected with AP oligomers (Figure 6.2A), suggesting that this variable is poorly sensitive to
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discriminate the different group of mice. A non-significant trend for a reduction of errors was
observed in Tg Tau mice intracranially injected with AP506d+Ap oligomers as compared to Tg
Tau mice receiving AP oligomers only (Figure 6.2A).

Analysis of the distance travelled to find the target hole during the acquisition trials also
showed a significant main effect of time (p<0.007) (Figure 6.2B). Tg Tau mice intracranially
injected with A oligomers performed poorly compared to Tg Tau mice intracranially injected with
saline or AP506d (p<0.001) (Figure 6.2B). In contrast, the Tg Tau mice intracranially injected
with AP506d performed similarly to Tg Tau mice injected with saline or WT mice (Figure 6.2B).
A non-significant trend for a reduction in the distance travelled was observed on Day 3 in Tg Tau
mice co-injected with AP506d+Ap oligomers as compared to Tg Tau mice intracranially injected
with AP oligomers only (Figure 6.2B).

Similarly, the cumulative distance, defined as the total sum of the distance of the center
point of the mouse to the center of the target hole for each sample of the trials, showed a significant
effect of time with a reduction observed for all groups (p<0.001) (Figure 6.2C). The cumulative
distance was significantly higher in Tg Tau mice intracranially injected with AP oligomers
compared to Tg Tau mice injected with saline or with AP506d (p<0.001 for both) (Figure 6.2C).
No significant effect of the intracranial injection of AP506d was observed (Figure 6.2C).

The latency to find the target hole and the velocity of the mice were also significantly
reduced as a function of time for all treatment groups (p<0.00! and p<0.02 for latency and
velocity, respectively) (Figure 6.2D-E). A significant increase in the escape latency was observed
in Tg Tau mice intracranially injected with AP oligomers compared to Tg Tau mice injected with
saline or AP506d (p<0.001) (Figure 6.2D). No significant effect of AP506d was observed on the

latency to find the target hole (Figure 6.2D). Additionally, Tg Tau mice intracranially injected
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with AP oligomers exhibited a significantly higher velocity as compared to those injected with
saline or AP506d (p<0.001) (Figure 6.2E). No significant effect of the genotype or of AP506d

was observed on the velocity of the Tg Tau mice (Figure 6.2E).
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Figure 6.2: Cognitive behavior of the mice in the Barnes maze after IC injections. A) Averaged
primary errors in WT and in Tg Tau mice showed a significant effect of time (p<0.001). No
significant effect of the genotype, AP oligomers, or AP506d was seen for the number of errors. B)
Analysis of the distance travelled showed a significant main effect of time (p<0.001) and of the
intracranial injection of AP oligomers (p<0.001). C) Cumulative distance also showed a significant
effect of time (p<0.001) and of the intracranial injections of AP oligomers (p<0.001). D) The
measurement of escape latency revealed a significant main effect of time (p<0.001) and of the
intracranial injection of AP oligomers (p<0.001) but no significant effect of the genotype or of
AP506d. E) Finally, the velocity of mice during demonstrated a significant main effect of time
(»<0.02) and of the intracranial injection of AP oligomers (p<0.001). Values are mean + SEM.
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A probe test was performed 24 hours after the last acquisition trial in the Barnes maze to
assess memory retention. The number of errors made to find the target hole was highly variable,
with no statistically significant difference between the different treatment groups (Figure 6.3A).
The distance travelled by the mice to find the target hole was significantly greater in the probe trial
in Tg Tau mice intracranially injected with AP oligomers than in those injected with saline
(»=0.02) or with AP506d (p=0.007) (Figure 6.3B). Tg Tau mice intracranially injected with
AP506d performed similarly to those injected with saline. Tg Tau mice co-injected with
AP506d+APB oligomers performed similarly to those injected with AP oligomers only (Figure
6.3B). Escape latency was also quantified during the probe trial but revealed no significant
differences between the different treatment groups (data not shown). Finally, there was no
statistically significant difference observed for the velocity of the mice between the different

treatment groups (Figure 6.3C).
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Figure 6.3: Probe test of Barnes maze to assess memory retention. A) The average number of
errors by the mice in the probe trial showed no statistically significant difference between the
different group of mice. B) For the average distance travelled, Tukey’s multiple comparison test
revealed statistically significant differences between Tg Tau mice injected with AB oligomers
compared to Tg Tau mice injected with saline (p=0.02) and with AP506d (p=0.007). C) The
average velocity of the mice during the probe trial revealed no statistically significant difference
between the different groups of mice.
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Mice were also tested for anxiety-like behavior in the elevated plus maze (EPM). We
observed that the distance and the velocity travelled by the mice in the EPM were similar between
groups, with a non-significant trend for an increase in velocity for Tg Tau mice intracranially
injected with AP506d (Figure 6.4A). The frequency of entry in the closed arms of the EPM was
also similar between the different treatment groups (Figure 6.4B). However, a statistically
significant increase in the frequency of entry in the opened arms was observed in the Tg Tau mice
compared to WT mice (p<0.05). Tg Tau mice intracranially injected with A oligomers performed
similarly to Tg Tau mice injected with saline in the EPM (Figure 6.4B), although a trend for a
reduction in the exploration of opened arms was observed. The frequency of entry in the opened
arms was significantly reduced in Tg Tau mice injected with AP oligomers compared to Tg Tau
mice injected with AP506d (p=0.028) and co-injected with AP506d+Ap (p=0.037) (Figure 6.4B).
Similar data were obtained by measuring the amount of time spent by the mice in the closed and
opened arms of the EPM (Figure 6.4C). A trend for a reduction in the amount of time spent in the
opened arms was observed in Tg Tau mice intracranially injected with AP oligomers, while an

increase in opened arm exploration was noted for mice treated with AP506d (Figure 6.4C).

6.3.2 Impact of IC injections on soluble Tau hyperphosphorylation in Tg Tau P301S mice

Tg Tau mice were euthanized three months after the bilateral intracranial injections (40-
week-old mice) and the brains were collected. One brain hemisphere was fixed in
paraformaldehyde for pathological examinations and the other brain hemisphere was snap frozen
in liquid nitrogen for biochemical evaluations. Brain homogenates were obtained and a supernatant
containing M-PER soluble proteins and a pellet containing insoluble proteins including tau

aggregates was collected.
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Figure 6.4: Mice were tested for anxiety like behavior in the elevated plus maze (EPM). A)
For average distance travelled and velocity, no significant main effect of Ap oligomers, AP506d,
or the genotype was observed. B) For closed arm frequency, no differences were observed between
treatment groups. For opened arms frequency, a statistically significant difference was observed
between the WT and Tg Tau mice (p<0.05), WT and Tg Tau mice injected with AP506d (p<0.01),
and WT and Tg Tau mice co-injected with AP506d+A oligomers. Frequency of entry in the
opened arms was significantly reduced in Tg Tau mice injected with AP oligomers compared to
Tg Tau mice injected with AP506d (p=0.028) and to Tg Tau mice co-injected with AP506d+Af
oligomers (p=0.037). C) A trend for a reduction in the amount of time spent in the opened arms
was observed in Tg Tau mice intracranially injected with AP oligomers, while an increase in
opened arm exploration was noted for mice treated with AP506d. Values are mean = SEM.
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We analyzed the impact of the intracranial injections with AP oligomers and AP506d on
tau hyperphosphorylation by western blotting using the soluble fraction of the brain homogenates.
Tau hyperphosphorylation was quantified using the PHF1 antibody which recognizes tau that is
phosphorylated on serine amino acids 396 and 404 on the C-terminus [206]. PHF1 recognizes
neurofibrillary tangles and pre-tangles in various tauopathy models and in AD brains. Western
blots were also immunostained with the CP13 antibody which detects tau phosphorylated at serine
202 and DAY as a measure of total tau.

As shown by Western blot, intracranial injections of AP506d and AP oligomers stimulated
the phosphorylation of human tau and murine tau in the Tg Tau mice (Figure 6.5A) at the PHF1
epitope (S396/S404) in the soluble fraction of brain homogenates. The co-injection of AP506d+Af3
oligomers did not result in additive effects. In contrast, a non-significant trend for a reduction of
PHF1 tau phosphorylation for both human and murine tau was observed in Tg Tau mice co-injected
with AP506d+Ap oligomers as compared to Tg Tau mice solely injected with AR oligomers
(Figure 6.5B-C). Interestingly, AP506d did not induce the formation of PHF1 immunoreactive
truncated tau species, while the intracranial injection of AP oligomers significantly increased the
production of these truncated forms of tau (Figure 6.5). A non-significant trend for a reduction in
PHF1 tau truncated species was observed in Tg Tau mice co-injected with AP506d+Ap oligomers

compared to mice injected with AP oligomers only (Figure 6.5D).
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Figure 6.5: The impact of intracranial injections of AP506d and AP oligomers on tau
phosphorylation at ser396/ser404 (PHF1) and on PHF1 truncated forms of tau in Tg Tau P301S
mice (soluble fraction of brain homogenates) was assessed with Western Blot. A non-significant
trend for a reduction of PHF1 tau phosphorylation for both human and murine tau was observed
in Tg Tau mice co-injected with AP506d+A oligomers as compared to Tg Tau mice solely injected
with AP oligomers. Values are mean + SD.

We further analyzed tau phosphorylation at serine 202 using the CP13 antibody. The signal
obtained with CP13 was weaker than the chemiluminescent signals observed with PHF1. Only the
human tau isoform was measured with this antibody as the murine tau could not be detected.
Truncated tau species were only weakly immunopositive with the CP13 antibody, requiring a long

exposure time to be revealed on the western blots. We did not detect a significant increase in tau

phosphorylation at serine 202 in Tg Tau mice intracranially injected with Ap or AP506d (Figure
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6.6A). However, a significant increase in CP13 levels was observed in Tg Tau mice co-injected
with AP506d+Ap oligomers (Figure 6.6B). We also did not observe an increase in truncated tau
species immunopositive for CP13 in Tg Tau mice intracranially injected with AP oligomers and
AP506d either alone or in combination (Figure 6.6C).
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Figure 6.6: Analysis of tau phosphorylation at serine 202 using the CP13 antibody. A) We
measured the effects of intracranial injections of AP506d and AP oligomers on tau phosphorylation
at ser202 (CP13) and on CP13 immunopositive truncated forms of tau in Tg Tau P301S mice
(soluble fraction of brain homogenates). A significant increase in tau phosphorylation at serine 202
in Tg Tau mice intracranially injected with Af or AP506d was not detected. B) A significant
increase in CP13 levels was observed in Tg Tau mice co-injected with AP506d+A oligomers. C)
No increase in truncated tau species immunopositive for CP13 was observed in Tg Tau mice
intracranially injected with AP oligomers and AP506d either alone or in combination. Values are
mean + SD.
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We then analyzed the levels of total tau in the soluble fraction of brain homogenates by
western blots using the DA9 antibody which recognizes a tau epitope between amino acid 102 and
140. We could not differentiate the murine tau from human tau isoforms on these western blots as
the human tau chemiluminescent signal with DA9 was very strong and overlapped with the murine
tau band. However, we detected DA9 immunopositive truncated tau species (Figure 6.7A). The
intracranial injections with AP506d and with AP resulted in an increased accumulation of full-
length total tau and truncated tau species in the soluble fraction of brain homogenates from Tg Tau
mice (Figure 6.7B-C). The intracranial injections of AP oligomers induced a greater accumulation
of total tau and truncated tau species than the intracranial injections of AP506d (Figure 6.7B-C).
Interestingly, the co-injections of AP506d+Ap oligomers resulted in a significant reduction in the
accumulation of full-length tau and truncated tau species compared to Tg Tau mice intracranially

injected with AP oligomers only (Figure 6.7B-C).
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Figure 6.7: Effects of intracranial injections of AP506d and AP oligomers on total tau levels
(DA9) and DA9 immunopositive truncated forms of tau in Tg Tau mice. Intracranial injections
with AP506d and with AP resulted in an increased accumulation of full-length total tau and
truncated tau species in the soluble fraction of brain homogenates from Tg Tau mice. The
intracranial injections of AP oligomers induced a greater accumulation of total tau and truncated
tau species than the intracranial injections of AP506d. Interestingly, the co-injections of
AP506d+AP oligomers resulted in a significant reduction in the accumulation of full-length tau
and truncated tau species compared to Tg Tau mice intracranially injected with AP oligomers only.

Values are mean + SD.
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Next, we used a dot-blot approach [207] under native conditions to quantify the amount of
tau pathogenic conformers (misfolded tau) in the soluble fractions of the brain homogenates using
the MC1 antibody. MC1 is a tau conformational antibody that detects an aberrant conformation of
tau shown to be present in a soluble form of the protein and in neurofibrillary tangles. The MCl1
antibody recognizes a misfolded conformation of tau containing amino acids 2-10 and 312-342.
Importantly, the levels of MC1 appear to correlate with the severity and progression of Alzheimer’s
disease [208]. The data was standardized with the CP27 antibody which detects total human tau.
We observed a reduction in MC1 immunoreactivity in the soluble fraction of brain homogenates

obtained from mice that were intracranially injected with AP506d (Figure 6.8).
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Figure 6.8: Impact of the IC injections on levels of MC1 tau pathogenic conformers/misfolded
tau in the soluble fraction of brain homogenates. Dot-blots revealing the amount of total human
tau (CP27), and pathogenic tau conformers (MC1) are shown. The histograms represent the
average MC1/CP27 ratios of chemiluminescent signals quantified by dot-blots using the soluble
fraction of brain homogenates. A reduction in MC1 immunoreactivity in the soluble fraction of
brain homogenates was observed in mice that were intracranially injected with AP506d. Values
are mean + SD.
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To assess the potential impact of the intracranial AP oligomers and AP506d injections on
neuroinflammation, we analyzed multiple cytokine levels in the soluble fractions of brain
homogenates using a multiplex ELISA (MesoScale Discovery, USA). Levels of interferon-g,
interleukin-4 (IL-4), and IL-5 were below the detection level of the ELISA (data not shown). A
significant increase in IL-1 and a trend for an increased in KC/GRO and TNFa were observed in
brain homogenates from Tg Tau mice as compared to WT mice (Figure 6.9). No significant effect
of the intracranial injections of AP oligomers and AP506d was observed on cytokine levels using

brain homogenates (Figure 6.9).

6.3.3 Immunofluorescent Staining of Brain Sections

We then analyzed the possible impact of the intracranial injections with AP oligomers and
AP506d on the intraneuronal accumulation of misfolded tau aggregates via triple
immunofluorescent staining of brain sections with MC1, GFAP, and Ibal. Brain section images
were acquired by laser confocal microscopy and covered the entire hippocampus. The average
fluorescent intensity of the different fluorescent stains was quantified by image analysis with
Imagel for the entire hippocampus. Figure 6.10 shows a representative laser confocal microscopic
field of the CA1 region of the hippocampus for mice of the different groups.

Data revealed a significant increase in MC1 immunopositive misfolded tau aggregates in
Tg Tau mice compared to WT mice in the hippocampus (p<0.001) (Figure 6.11A). A significant
decrease in the amount of misfolded MCI1 tau aggregates was observed in the hippocampi of Tg
Tau mice co-injected with AP506d+A oligomers as compared to Tg Tau mice injected with saline
(p=0.03) (Figure 6.11A). However, no significant impact of the intracranial injections with

AP506d or with AP oligomers alone was observed on MC1 immunopositive tau aggregates
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(Figure 6.11A). A significant increase in GFAP and Ibal immunostaining was observed in the

hippocampi of Tg Tau mice compared to WT mice, showing the presence of microgliosis and

astrogliosis in the hippocampi of Tg Tau mice (p=0.007 for GFAP and p=0.011 for Ibal,

respectively) (Figure 6.11B-C). We did not observe a significant effect of AP506d and of AB

oligomer on microgliosis and astrogliosis in Tg Tau mice which aligns with the cytokine data

obtained using brain homogenates (Figure 6.11B-C).
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Figure 6.9: Quantification of cytokines in brain homogenates from WT and Tg Tau mice
intracranially injected with saline, AP506d, and A oligomers. ANOVA revealed a significant main
effect of the genotype on IL-1B and KC/GRO. Values are mean = SD.
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Figure 6.10: Representative laser confocal microscopic images of the CA1l region of the
hippocampus following immunostaining of brain sections with MC1, GFAP, and Ibal antibodies
(quantification in Figure 6.11). Brain sections were counterstained with DAPI.
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Figure 6.11: Quantification of MC1 antibodies in brain sections. A) Average MC1 intensities
in the hippocampus showed a significant main effect of the genotype (p<0.001), of the IC
injections of AP oligomers (p<0.04), and of AP506d (p<0.04) on MCI levels. Post-hoc
comparisons with Bonferroni’s correction showed statistically significant differences between WT
and Tg Tau P301S mice and between Tg Tau mice injected with saline and Tg Tau mice injected
with AP506d+Ap oligomers (p=0.03). B-C) Only a statistically significant main effect of the
genotype on GFAP (p=0.007) and Ibal (p=0.011) immunoreactivities was noted. Values are mean
+ SD.
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Brain sections were also stained with PHF-1 to detect tau aggregates immunopositive for
PHF-1 (Figure 6.12). As expected, imaging of the entire hippocampus by laser confocal
microscopy revealed increased levels of PHF-1 tau aggregates in Tg Tau mice compared to WT
(Figure 6.12A). No significant effect of the intracranial injections of AP506d or AP oligomers was

found on the amount of PHF-1 tau aggregates, although a trend for a reduction was observed

.
(Figure 6.12B).
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Figure 6.12: Immunostaining of brain sections with PHF-1, GFAP, and Ibal antibodies. A)
Representative laser confocal microscopic images of the CA1l region of the hippocampus
following immunostaining. Brain sections were counterstained with DAPI. B) Average PHF-1
fluorescent intensities in the hippocampus. A significant main effect of the genotype (p<0.003)
and of the intracranial injections of AP oligomers (p<0.04) on PHF-1 fluorescent intensities was
observed. Post-hoc comparisons revealed significant differences between WT and Tg Tau mice but
no difference between Tg Tau IC saline mice and Tg Tau IC A3 mice and between Tg Tau IC Saline
mice and Tg Tau IC AP506d+A mice. Values are mean + SD.
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We then investigated whether the synaptic loss induced by the tau pathology in Tg Tau
mice was affected by the intracranial injections of AP506d and AP oligomers, as measured by
synapsin-1. Synapsin-1 levels were significantly reduced in the CA1 region of the hippocampus
in Tg Tau mice as compared to WT mice (p<0.02) (Figure 6.13). However, intracranial injections
of AP506d or AP oligomers did not significantly impact synaptic loss in Tg Tau mice (Figure
6.13B).
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Figure 6.13: Assessment of synaptic loss induced by the tau pathology in Tg Tau mice. A)
Representative laser confocal microscopy images of the CAl regions of the hippocampus
depicting synapsin-1 immunofluorescent staining. B) Average synapsin-1 intensities in the CAl
region of the hippocampus. ANOVA showed a significant main effect of the genotype on the
average synapsin-1 intensity levels (p<0.02) but no significant effect of the IC injections of Af or
AP506d. Values are mean + SD.

Finally, we observed a very good -correlation between the Ibal and GFAP

immunoreactivities in the hippocampi of the mice (p<0.001) (Figure 6.14A). There was also a
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positive correlation observed between the levels of tau aggregates and the amount of astrogliosis

and microgliosis, but no correlation with soluble tau species (Figure 6.14B). We observed a

statistically significant negative correlation between the amount of PHF-1 soluble tau and

synapsin-1 levels (p=0.033), between the amount of total soluble tau (DA9) and synapsin-1 levels

(p=0.011), and between total soluble tau truncated species amount and synapsin-1 levels (p=0.004)

(Figure 6.
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Figure 6.14: Correlation measurements. A) Correlation between Ibal and GFAP levels in the
hippocampus. Each dot represents the average intensities of GFAP and Ibal for each mouse.
Pearson correlation showed a statistically significant correlation (p<0.001) between GFAP and
Ibal levels. B) Correlation between MC1 immunopositive tau aggregate levels and microgliosis
and astrogliosis in the hippocampus of Tg Tau mice. Each dot represents the average amount of
MC1 immunopositive tau aggregates, GFAP, and Ibal intensities for each mouse. Pearson
correlation showed a significant correlation (p<0.001) between MC1 tau aggregates levels and the
amount of microgliosis and astrogliosis in the hippocampus of Tg Tau mice. C) Correlations
between soluble tau levels and the synaptic loss in the hippocampus. Pearson correlation showed
a statistically significant negative correlation between the amount of PHF-1 soluble tau and
synapsin-1 levels (p=0.033), between the amount of total soluble tau (DA9) and synapsin-1 levels
(p=0.011) and between total soluble tau truncated species amount and synapsin-1 levels (p=0.004).
No correlation was observed between insoluble/aggregated PHF-1 or MC1 tau and synapsin-1
levels.

6.4 Discussion

In this study, we used transgenic Tg Tau P301S mice to investigate whether AP506d affects
the impact of AP oligomers on tau pathology in vivo. No cognitive deficit was observed between
the WT and Tg Tau mice. The intracranial injections of AP oligomers induced long-term learning
deficit and memory impairment in Tg Tau mice. The a-sheet peptide AP506d was well tolerated
and did not induce any learning or memory deficit in the Tg Tau mice. However, AP506d had no
statistically significant impact on the learning and memory deficits induced by AP oligomers,
although some positive trends were observed with AP506d when the number of errors and the
distance travelled to find the target hole were considered.

As shown in Figure 6.2A-C, learning over time was apparent across all the groups as
measured by each of the three acquisition measures (primary errors, distance travelled to find target
hole, and escape latency). All measures tended to be reduced after four days of training as
compared to the first day. Specifically, analysis of the distance travelled indicated that the
intracranial injection of AP oligomers caused learning impairment while the intracranial injection
of AP506d did not have a deleterious impact (Figure 6.2B). A non-significant trend in distance

traveled by in Tg Tau mice co-injected with AP506d+Ap oligomers suggested that the a-sheet
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peptide AP506d may slightly reduce the learning impairment induced by AP oligomers. For
cumulative distance, all mice progressively learned to find the target hole in the Barnes maze
(Figure 6.2C). However, the AP oligomers caused a learning deficit in the mice as indicated by
increased distance traveled from the Tg Tau mice intracranially injected with AP oligomers. No
effect was observed from the AP506d mice. While AP506d did not reduce the impact of AP
oligomers on learning in the Barnes maze, it also did not impair learning like the AP oligomers.
A reduction in the latency to find the target hole for all groups likewise demonstrated that
all animals exhibited learning in the Barnes maze (Figure 6.2D). An increase in the escape latency
was observed in Tg Tau mice intracranially injected with AP oligomers, confirming that AP
oligomers induced a learning deficit in the mice. In contract, no significant effect from AP506d
was observed, showing that AP506d was not able to reverse the learning deficit induced by AP
oligomers. Finally, the increase in velocity for Tg Tau mice intracranially injected with AP
oligomers indicated that AP oligomers may induce hyperactivity in Tg Tau mice (Figure 6.2E).
Next, the number and variability of errors measured by the probe test suggested the variable
was not sensitive enough to assess the performance of the mice in the Barnes maze (Figure 6.3A).
However, the increased distance traveled during the probe trial in Tg Tau mice injected with AP
oligomers indicated that AP oligomers are inducing memory impairment (Figure 6.3B). In
contrast, AP506d did not appear to have a deleterious impact as the AP506d mice performed
similarly to those injected with saline (Figure 6.3B). The lack of a rescue effect seen from co-
injected mice suggested that AP506d cannot reverse the memory deficit induced by AP oligomers
(Figure 6.3B). Finally, the lack of a difference between treatment groups for the velocity test
showed that the locomotor activity of the different group of mice was comparable during the probe

test of the Barnes maze.
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In the EPM, Tg Tau mice showed disinhibition compared to WT mice. Injection of AP
oligomers increased anxiety in the Tg Tau mice while AP506d decreased anxiety induced by AP
oligomers in Tg Tau mice. Specifically, the locomotor activity of the mice in the different treatment
groups was comparable as indicated by velocity and distance travelled in the EPM (Figure 6.4A).
The Tg Tau mice had decreased anxiety, or increased disinhibition, as compared to WT mice as
indicated by frequency of entry in the opened arms (Figure 6.4B). Additionally, mice co-injected
with AP506d+AP showed significantly reduced anxiety as indicated by the opened arms frequency
(Figure 6.4B). Overall, the data further demonstrated that AP506d reduced the anxiety induced by
AP oligomers in Tg Tau mice, suggesting that AP506d may reduce some of the impact of the
intracranial injection of AP oligomers in Tg Tau mice.

Next, we analyzed the levels of murine and human tau, truncated and total, with western
blot using three antibodies (PHF1, CP13, and DA9). PHF1 recognizes neurofibrillary tangles and
pre-tangles in various tauopathy models and in AD brains. As indicated by the PH1 antibody,
injection of AP506d increased soluble PHF-1 Tau species but not PHF-1 truncated tau species.
Injection of AP oligomers increased both full length soluble PHF-1 tau species and PHF-1
truncated tau species. However, AP506d did not significantly affect soluble PHF-1 tau levels
induced by AP oligomers (Figure 6.5). The CP13 antibody, which detects tau phosphorylated at
serine 202 and DAY, was used as a measure of total tau. A significant increase in CP13 levels was
observed in Tg Tau mice co-injected with AP506d+Ap oligomers (Figure 6.6).

The DAY antibody also served as a measure of total tau. DA9 levels indicated that the total
soluble tau species were increased by AP506d injections and injection of AP oligomers increased
total soluble tau species and total truncated tau levels. AP506d injection also significantly reduced

the total soluble tau and total truncated tau species induced by AP oligomers (Figure 6.7).
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Next, dot blot analysis revealed MCI1 tau aggregates in Tg Tau mice but did not detect
aggregates in WT mice. It also revealed that AP506d intracranial injections significantly reduced
MC1 immunoreactivity in AP injected Tg Tau mice (Figure 6.8).

It was previously demonstrated that AP peptides can promote pathological tau filament
assembly in neurons by triggering caspase cleavage of tau and generating a proteolytic product
with enhanced polymerization kinetics [209]. These data therefore link AP exposure to tau
cleavage and argue for a pathogenic role of caspase-cleaved tau in AD as tau truncation promotes
its pathological assembly into filaments. The proteolytic cleavage of tau has been shown to induce
a toxic gain of function by hindering axonal transport and promoting dendritic atrophy and tau
oligomerization [210]. Truncated tau species can be phosphorylated by GSK3b and recognized by
the PHF1 antibody, and these truncated tau species are associated with both early and late markers
of neurofibrillary tangles and are correlated with cognitive decline in AD [211, 212].

Next, we analyzed cytokine levels as a measure of the effect of injections on
neuroinflammation. Neuroinflammation occurred in the Tg Tau mice as indicated by an increase
in select cytokines (L-1p, KC/GRO, and TNFa) (Figure 6.9). However, there was no increase in
cytokine levels in brain homogenates from mice receiving injections, suggesting that the
intracranial injections did not exacerbate the neuroinflammation in Tg Tau mice (Figure 6.9).

We then performed triple immunofluorescent staining of brain sections with MC1, GFAP,
and Ibal (Figure 6.10). MC1 staining revealed a significant increase in tau aggregates in Tg Tau
mice compared to WT mice in the hippocampus (Figure 6.11). A significant decrease in the amount
of misfolded MC1 tau aggregates was observed in the hippocampi of Tg Tau mice co-injected with
AP506d+AP oligomers as compared to Tg Tau mice injected with saline. For PHF-1 staining, PHF-

1 immunoreactivity, insoluble tau species, was largely increased in Tg Tau mice compared to WT
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and not affected by AP506d injections (Figure 6.12). A non-significant trend for a reduction in
PHF-1 immunoreactivity in AP and AP506d+ AP injected Tg Tau mice was also observed.

For, GFAP and Ibal immunostaining, a significant increase in GFAP and Ibal was
observed in the hippocampi of Tg Tau mice compared to WT mice, indicating the presence of
microgliosis and astrogliosis in the hippocampi of Tg Tau mice (Figure 6.12). However,
astrogliosis/microgliosis were. not significantly affected by AP506d or AP injections (Figure
6.12).

Synapsin-1 is a presynaptic protein found in mature synapses and often used as a synaptic
marker. It has been shown previously that synapsin-1 levels are reduced in Tg Tau mice and
associated with synaptic loss [213]. Here, reduced levels of synapsin-1 in the CA1 region of the
hippocampus in Tg Tau mice compared to WT mice confirmed that synaptic densities are
decreased in Tg Tau mice (Figure 6.13). Additionally, a non-significant trend for more synaptical
density reduction was observed in Tg Tau mice injected with AR oligomers. Finally, a non-
significant trend was noted for increased synaptical density in AP506d injected Tg Tau mice
(Figure 6.13).

Correlation between the Ibal and GFAP immunoreactivities in the hippocampi of the mice
indicated that the presence of activated microglia is associated with the astrogliosis (Figure
6.14A). Additionally, the positive correlation between the levels of tau aggregates, but not soluble
tau species, and the amount of astrogliosis and microgliosis, suggested that either the aggregated
form of tau contributed to the induction of microgliosis and astrogliosis in Tg Tau mice or that the
neuroinflammatory processes exacerbated the accumulation of tau aggregates in Tg Tau mice

(Figure 6.14B). Finally, the negative correlation between the soluble tau species and the levels of
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synapsin-1 suggested that soluble forms of tau, rather than tau aggregates, are implicated in the

loss of synapses in Tg Tau mice (Figure 6.14C).

6.5 Conclusion

The intracranial injections of AP oligomers resulted in long-term behavioral impairments
in Tg Tau mice, whereas AP506d intracranial injections appeared to be safe. Interestingly, AP506d
reduced the anxiety induced by the intracranial injection of AP oligomers in Tg Tau mice,
suggesting it opposed some of the impairments induced by AP oligomers. Western blot analysis of
the PH1 and DAY antibodies showed that the co-injections of AP506d+A oligomers resulted in a
reduction of tau phosphorylation for both human and murine tau and full-length tau and truncated
tau species compared to Tg Tau mice intracranially injected with AP oligomers only. In dot blots,
AP506d intracranial injections also reduced the amount of soluble misfolded tau in Tg Tau mice
but had no significant impact on the levels of tau aggregates. Again, the co-injection of
AP506d+AP oligomers resulted in a significant reduction in the accumulation of full-length tau
and truncated tau species as compared to Tg Tau mice intracranially injected with AP oligomers
only. No significant effect of the intracranial injections of AP oligomers and AP506d was observed
on cytokine levels using brain homogenates or on synapsin-1 levels. Overall, these data suggest
that the AP506d peptide may have some ability to reverse the effects of AB oligomers on tau

pathology.
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6.6 Materials and Methods

6.6.1 Synthesis and Preparation of o-Sheet Peptides

Synthetic a-sheet peptide inhibitors were designed in silico as previously described [6, 8,
9, 54], using backbone dihedral angle constraints derived from MD simulations [103, 158] and
synthesized as previously described by Bleem, et al [9]. Briefly, peptides contain two a-strands of
seven residues each, with amino acids alternating sequentially between L-conformation and D-
conformation in each of the strands. The a-strands are connected by a five residue turn comprised
of all L-amino acids or all D-amino acids, which gives the peptide a hairpin shape. Finally, the tail
of each strand consists of a Gly and an Arg residue, followed by acetyl and amide caps at the N-
and C-terminus, respectively. Peptides were assembled by solid phase peptide synthesis on Rink
amide resin with Fmoc chemistry and HBTU activation using the Liberty Blue Microwave Peptide
Synthesizer (CEM Corporation; Charlotte, NC). Peptides were cleaved from the resin and side
chain deprotected by TFA/TIPS/H20 (95:2.5:2.5) and precipitated by cold ether. Crude peptides
were purified to >95% by RP-HPLC using 5 pM C12 or C18 130 A columns (Waters Corporation;
Milford, MA) and atomic masses were confirmed by electrospray mass spectrometry on a Bruker
Esquire Ion Trap (Bruker; Billerica, MA). All peptides were lyophilized after purification and
stored at -20 or -80°C until use.

For dimeric peptides, purified and lyophilized monomer was dissolved in 1 mL of DMSO
per 100 mg of peptide before resin cleavage.19 mL of carbonate buffer at pH 9.6 was then added
per mL of DMSO. The solution was covered in parafilm with holes to allow for airflow and stirred
for 4 hours at 37°C, followed by 48 hours at room temperature. Crude peptides were then purified

again to >95% by RP-HPLC using 5 uM C12 or C18 130 A columns (Waters Corporation; Milford,
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MA) and atomic masses were confirmed by electrospray mass spectrometry on a Bruker Esquire
Ion Trap (Bruker; Billerica, MA). Dimers were lyophilized after purification and stored at -20 or -

80°C until use.

6.6.2 IC Injections

Figure 6.1 depicts the timeline for the intracranial experiments. 25- to 26-week-old Tg Tau
P301S mice were anesthetized with 3% isoflurane in oxygen and placed on a thermoregulated
stereotaxic instrument. Intracranial injections of sterile saline, AP506d, AP oligomers, or
AP506d+AP oligomers were performed in both hemispheres in the hippocampus of anesthetized
mice using the following coordinates: Bregma, -2.7 mm; lateral -2.5 mm; depth, -3.5 mm. The
volume injected in each hemisphere was 5 pL at a speed of 1 pLL per minute. The concentration of

AP506d in saline was 1 mM and the concentration of AB1-42 oligomer was 100 mM.

6.6.3 Western Blot and Dot Blot Assays

Tg Tau mice were euthanized three months after the bilateral intracranial injections (40-
week-old mice) and the brains were collected. One brain hemisphere was fixed in
paraformaldehyde for pathological examinations and the other brain hemisphere was snap frozen
in liquid nitrogen for biochemical evaluations. Brain homogenates were obtained by sonication
using Mammalian Protein Extraction reagent (M-PER, Thermo Fisher Scientific) containing a
cocktail of proteases and phosphatases inhibitors. Following centrifugation at 20,000 g for 30
minutes at 4°C, a supernatant containing M-PER soluble proteins and a pellet containing insoluble

proteins including tau aggregates were collected.
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Western blotting was then performed using the soluble fraction of the brain homogenates.
Tau hyperphosphorylation was quantified using the PHF1 antibody which recognizes tau that is
phosphorylated on serine amino acids 396 and 404 on the C-terminus [206]. PHF1 recognizes
neurofibrillary tangles and pre-tangles in various tauopathy models and in AD brains. Western
blots were also immunostained with the CP13 antibody which detects tau phosphorylated at serine

202 and DAY as a measure of total tau.

6.6.4 Cytokine Analysis
Multiple cytokine levels were measured in the soluble fractions of brain homogenates using
a multiplex ELISA (MesoScale Discovery, USA). Levels of interferon-g, interleukin-4 (IL-4), and

IL-5 were below the detection level of the ELISA (data not shown).

6.6.5 Triple Immunofluorescent Staining

The intraneuronal accumulation of misfolded tau aggregates was assessed via triple
immunofluorescent staining of brain sections with MC1, GFAP, and Ibal. Brain section images
were acquired by laser confocal microscopy and covered the entire hippocampus. The average
fluorescent intensity of the different fluorescent stains was quantified by image analysis with

Imagel for the entire hippocampus.
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Conclusion

This dissertation investigates the inhibition of amyloid fibrilization by designed a-sheet
peptides in the context of both bacterial biofilms and Alzheimer’s Disease (AD). Synthetic a-sheet
peptides bind to amyloid oligomers and prevent the formation of mature amyloid fibrils,
subsequently inhibiting biofilm formation in bacteria or neutralizing toxicity in mammalian cells.

Many bacteria produce functional amyloid as part of their biofilm extracellular matrix.
These proteins help the bacteria to resist physical and chemical dispersion of their biofilm and to
reduce the efficacy of traditional antibiotics. However, the a-sheet peptides inhibit amyloid and
biofilm formation in both gram-negative and -positive species, presenting a novel prevention
method for bacterial biofilms. Medical biofilms are a persistent problem as the usage of biomedical
devices rises and bacterial resistance to traditional antibiotics increases.

In Chapter 2, the effect of the co-administration of two a-sheet peptides and five
antibiotics was studied in clinical isolates of gram-negative E. coli and gram-positive S. aureus.
When biofilms were initially treated with a-sheet peptides, they were more susceptible to all
antibiotic types, even those with traditionally low efficacy. Interestingly, the two peptides, which
have the same sequence but differ in the chirality of each amino acid, showed varying efficacy for
the gram-negative versus -positive bacterial species. This suggests that the efficacy of the peptides
1s somewhat species dependent, likely due to differing bacterial proteases which could cleave the
a-sheet peptides. These results suggest that the peptides may be a useful tool for extending the
efficacy of existing antibiotics with potential application to a broad range of bacterial species.
Future work will focus on testing additional peptide and antibiotic combinations in different

bacteria.
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In Chapter 3, the a-sheet peptides were applied to the problem of bacterial biofilm
infection at a wound site. Biofilm formation in a wound exacerbates infection and impairs healing,
frequently leading to chronic wounds which require long-term treatment and systemic antibiotic
usage. Here, the peptides were incorporated into a cotton gauze functionalized with alternating
layers of chitosan and alginate which are natural, biocompatible, and antibacterial polymers. The
gauze showed good cytocompatibility with human fibroblasts and demonstrated anti-biofilm
activity against clinical isolates of E. coli and S. aureus. As previously observed, the gauze with
synthetic a-sheet peptides also increased the biofilm antibiotic susceptibility for both species of
bacteria. Potential future work will focus on additional testing of the biocompatibility of the gauze
as well as in vivo testing of the gauze anti-biofilm properties in a rat burn model.

In Chapters 2 and 3, the a-sheet peptides were administered to bacterial biofilms in solution
or released from a material. In Chapter 4, it was proposed that the peptides could be attached to a
surface to prevent biofilm formation at an implant site. A polydopamine (PDA) coating was thus
investigated for peptide tethering to dental implants to prevent oral biofilm infection. The peptides
inhibited amyloid and biofilm formation by S. mutans and were eftectively coupled to a surface
using PDA. Future work will continue material development of the implant coating with additional
assessments of anti-biofilm action, material strength and stability, and biocompatibility.

In contrast to bacterial amyloid which functionally support bacterial growth and biofilm
formation, mammalian amyloid proteins are associated with over 40 diseases, including AD. AD
is characterized by the accumulation of insoluble B-amyloid peptide (AP) in the brain. Previous
work from the Daggett lab showed that multiple a-sheet peptides inhibit A aggregation in both in
vitro and in vivo AD models. In Chapter 5, the effect of the peptides on the phagocytosis of AP

oligomers was tested in microglia, the primary immune cells of the central nervous system, and in
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macrophages. All seven peptides tested increased the phagocytosis of AP oligomers by
macrophages and microglial cells. This work provides a basis for an increased understanding of
the mechanisms that contribute to the clearance of toxic AP oligomers by APs, highlighting their
therapeutic potential in neurodegenerative diseases.

Finally, in Chapter 6, the peptides were further explored in the context of AD progression
and disease mechanism. The peptides, along with AP oligomers, were injected into transgenic mice
that overexpress the human tau protein. The intracranial injections of AP oligomers resulted in
long-term behavioral impairments in the transgenic mice, whereas AP506d intracranial injections
appeared to be safe. Interestingly, AP506d reduced the anxiety induced by the intracranial injection
of AP oligomers in the transgenic mice, suggesting it opposed some of the impairments induced
by AP oligomers.

Together, this dissertation work presents a study of designed a-sheet peptides and amyloid
inhibition with applications in bacterial and mammalian amyloid systems. Significant work
remains to be done to further examine the effect of the peptides on antibiotic susceptibility and to
develop materials for peptide delivery to potential biofilm sites in the human body. Likewise,
additional work is required to fully understand the effect of the peptides on AP phagocytosis and

toxicity with critical implications for the understanding and treatment of AD.
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