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English Abstract

In Alzheimer’s Disease (AD) the atrophy and degeneration of the cholinergic
neurotransmitter system, beginning with the basal forebrain cholinergic neurons (BFCNs),
is central to the onset of cognitive symptoms. These BFCNs rely solely on mature nerve
growth factor (mNGF) for their trophic support. Our McGill lab has discovered a metabolic
system controlling the availability of mNGF and found this brain metabolic
pathway compromised in AD at clinical as well as preclinical stages, resulting in a
substantial loss of mNGF. Thus, a dysregulation of this NGF metabolic cascade leads to the
deprivation of adequate trophic support of BFCNs, therefore resulting in the well-
established atrophy of these neurons and loss of their synaptic terminations in the cerebral
cortex and hippocampus. Our lab hypothesizes that a pharmacological correction of this
metabolism, through neuroserpin inhibition, could serve as a therapeutic route for
normalizing the rate of endogenous mNGF production. Thus, restoring trophic support to
the BFCNs and ameliorating the downstream cognitive decline incited by their
atrophy. This Thesis covers the in silico identification, and in vitro testing (applying an in-
house neuroserpin activity assay), of small molecule candidate neuroserpin inhibitors. It
also covers the initial exploration of the structural activity relationships between successful
neuroserpin inhibitors and their respective binding pocket.

French Abstract

Dans la maladie d’Alzheimer (MA), I'atrophie et la dégénérescence du systeme de
neurotransmetteurs cholinergiques, a commencer par les neurones cholinergiques dans le

cerveau antérieur basal (BFCNs), sont au cceur de I'apparition des symptémes cognitifs. Ces



BFCNs dépendent uniquement du facteur de croissance nerveuse mature (mNGF) pour leur
soutien trophique. Notre laboratoire de McGill a découvert un systéme métabolique
controlant la disponibilité du mNGF et a constaté que cette voie métabolique cérébrale était
compromise dans la MA aux stades cliniques et précliniques, entrainant une perte
considérable de mNGF. Selon nos conclusions donc, une dérégulation de cette cascade
métabolique du NGF se solde par la privation d'un support trophique adéquat des BFCNs,
entralnant ainsi une atrophie bien établie de ces neurones et une perte de leurs
terminaisons synaptiques dans le cortex cérébral et 'hippocampe. Notre laboratoire émet
I’hypothese qu’'une correction pharmacologique de ce métabolisme, via I'inhibition de la
neuroserpine, pourrait servir de voie thérapeutique pour normaliser le taux de production
endogeéne de mNGE et ainsi restaurer le soutien trophique des BFCNs et ralentir le déclin
cognitif provoqué par leur atrophie. Cette thése couvre l'identification in silico, ainsi que les
tests in vitro (en appliquant en interne un test d'activité de la neuroserpine) de petites
molécules potentiellement capables d'inhiber la neuroserpine. Elle couvre également
'exploration initiale des relations structure-activité entre les inhibiteurs efficaces de la

neuroséprine et leur poche de fixation respective.
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Introduction

Historical perspective

Dementia is a condition that has been with humanity since the onset of recorded
history. Commentary on the cognitive loss associated with aging is seen as early as 25t
century BCE hieroglyphs, and was discussed by classical thinkers such as Pythagoras, Plato,
and Hippocrates 7.8, Later, Cicero proposed that dementia was not an inevitable aspect of
growing old. In his work "De Senectute" (On Old Age), Cicero argued that age-related
memory loss was a pathology in and of itself, a deviation from the course of normal aging.
He believed that this condition could be prevented through a combination of healthy living

and mental activity as discussed in °.



Medieval scholars continued to explore dementia. The famous physician Galen
utilized terminology like "the rarefaction and diminution in quantity of the animal spirits"
and "the coldness and humidity of the brain" to explain dementia as discussed in 7. As
Europe entered the early modern period, the empiricist Roger Bacon wrote a treatise on
preventing senility. Importantly, he associated dementia with a defect in the posterior part
of the brain again discussed in 7. This period marked the transition in the west from purely

philosophical and theoretical discussions of dementia to more empirical approaches.

The late 19th century brought about significant advancements in histology,
providing the means for more in-depth investigations into dementia. In particular, the
pioneering work of Oskar Fischer, a Czech neuropathologist, marked a turning point in the
history of dementia. Fischer identified a specific form of dementia, which he called
"presbyophrenic dementia" characterized by confusion and episodic memory disturbance.
Importantly, Fischer, aided by Bielchowsky’s novel silver staining technique, showed the
existence of plaques specific to cases of presbyophrenic dementia 0. This breakthrough
provided the first specific, albeit incomplete, characterization of what would later be

known as Alzheimer's disease (AD).

Dr. Alzheimer's contribution

The same year that Fischer published his groundbreaking report, another pivotal
moment occurred in the history of dementia. In 1906, Auguste Dieter, a woman only fifty-
one years old, began to experience severe and progressive memory loss, accompanied by
paranoia, confusion, and aggression. Her husband took her to the Psychiatric Hospital in

Frankfurt when her symptoms made cohabitation impossible. Dr. Alois Alzheimer was the
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attending psychiatrist for Auguste. Dr. Alzheimer took detailed notes of his conversations
with Auguste, who had severe memory impairments. She couldn't recall her address, her
husband’s name, and couldn't even name the eleventh month. After Auguste passed away
from pneumonia, Dr. Alzheimer was granted permission to analyze her brain histologically.
Dr. Alzheimer was working with a renowned group of expert pathologists, histologists, and
psychiatrists in Munich, led by Emil Kraepelin. Alzheimer also worked with Franz Nissl as
well as Bielchowsky, whose silver stain technique proved crucial to Alzheimer's work, just

as it had been for Fischer’s 1112,

In Auguste's brain, Dr. Alzheimer detailed extracellular plaques throughout the brain
parenchyma, a finding consistent with earlier observations by other neuropathologists.
However, Dr. Alzheimer's most critical discovery was a second pathology, neurofibrils. He
saw neurofibrils in different stages of their development and concluded that neurofibrils
became pathological, forming progressively thicker bundles until they filled the neuron as a
"neurofibrillary tangle" destroying it. In 1906, Dr. Alzheimer presented his groundbreaking
work to the South German Psychiatric Association, who were seemingly uninterested in his
findings. Nevertheless, he published his case report in 1907, a crucial milestone in the

history of dementia 1112,

Confirmation and the naming of Alzheimer's disease

Initially, Dr. Alzheimer put forth the possibility that Auguste's case might have been
unique. Nonetheless, reports by the Italian researchers Sarteschi and Bonfiglio soon
followed describing similar dementia cases in young people featuring plaques, tangles, and

memory impairment 13,14,
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Alzheimer, along with his student Gaetano Perusini, expanded the research by
incorporating two additional cases and conducting a thorough reevaluation of Auguste's
case. The reexamination posited that the vasculopathy observed in her brain could not
adequately explain her early-onset dementia. This seminal investigation marked the first

differentiation between Alzheimer's disease and vascular dementia 15.

The term "Alzheimer's disease" as a distinct clinical entity involving early dementia,
plaques, and tangles began to take shape a bit later. In 1910, it was first introduced in a

popular textbook of psychiatry published by Emil Kraepelin .

Dementia classifications and terminologies

Following these developments, "Alzheimer's disease" initially referred primarily to
"pre-senile” dementia, which we now know to be relatively rare. In 1910 and 1912
however, Fischer elaborated on his previous paper by illustrating that presbyrophrenic
dementia was associated with both tangles and plaques in a broader sample of brains from
individuals with senile dementia. He put forth the term "Sphaerotrichia multiplex cerebri"
to include all cases of presbyophrenic dementia characterized by the presence of tangles
and plaques, distinguishing them from other instances of senile dementia, and indicating
they may represent a large portion of senile dementia cases 17.18. Despite this attempt to put
forth a standard definition, for much of the 20t century different terms and classifications

were used interchangeably 7.

Modern era and advances in understanding

In the 1970s, an increase in United States federal funding brought renewed focus to

age related diseases. Dr. Robert Katzman, in a 1976 paper, put forth that senile dementia
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might be largely identical to Alzheimer's disease. He suggested that Alzheimer's disease
might thus be one of the most prevalent and lethal diseases in all of society 1°. Although this
assertion didn't expand upon the viewpoint Fischer had already proposed fifty years prior,
Fischer's research had tragically fallen into obscurity due to him being a Jewish scientist in

an era marked by widespread anti-Semitism 20,

As the understanding of Alzheimer's disease evolved, it continued to be closely
associated with dementia and the presence of amyloid-beta plaques and neurofibrillary

tangles. By the 1980s, the modern concept of "Alzheimer's clinical syndrome" emerged 2.

The scale of the Alzheimer’s problem

Nowadays, we understand Alzheimer’s Disease (AD) to be the leading cause of
dementia worldwide, and it is currently defined as a progressive neurological disorder
characterized by memory loss, cognitive decline, and behavioral changes, ultimately leading
to severe impairment in daily functioning. With the presence of extracellular amyloid beta-
plaques and intraneuronal neurofibrillary tangles composed of abnormally phosphorylated

tau isoforms serving as the key pathological hallmarks.

As the most common neurodegenerative illness it presents a problem of immense
scale to humanity. A problem that is only getting worse. Indeed, from 2006 to 2016, there
was a significant decline in global age-standardized mortality rates across various
categories. Maternal, developmental, and neonatal deaths saw a reduction of twenty-five
percent, communicable diseases thirty percent, and cancer-related deaths ten percent.
Cardiovascular disease mortality rates also declined by fifteen percent, and there was a

fifteen percent decrease in mortality rates due to injuries. Additionally, chronic respiratory
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disease mortality rates decreased by twenty percent during this period. However, there was
a concerning 45% increase in deaths attributed to Alzheimer's disease during the same
period, which was higher than any other disease considered, with the exception of Dengue
fever. Ultimately resulting in remarkably unchanged age-standardized death rates 22. As we
continue to address various global health challenges, with the aging of our population ages,

the burden of Alzheimer's disease is expected to rise steadily.

Indeed, with such growing numbers the burden of AD is great. AD sufferers typically
die within ten years of the onset of cognitive symptoms, and spend those years in
increasing states of disability 23. This, however, is just for those suffering from the disease
directly, it says nothing of the massive burden on healthcare systems, or on caretakers. It is
estimated that those with dementia in Canada will receive two billion hours of care from
friends and neighbors in 2023. This is not an insignificant burden, those who provide care
to a person with dementia have greater likelihoods of medication use, hospitalization, and
mortality, than demographically-matched controls 2¢. Therefore, this problem extends
beyond just symptomatic individuals, it is truly a problem affecting all society,

demonstrating the importance of AD research.

Definition of the stages of Alzheimer’s disease

Preclinical AD:

Preclinical Alzheimer's Disease refers to the initial, asymptomatic phase of the
disease. During this stage, individuals exhibit no overt cognitive or functional impairments
but may demonstrate underlying pathological hallmarks of the disease, such as the

accumulation of beta-amyloid oligomers and abnormal tau isoforms in the brain. Detection
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and characterization of preclinical AD in the general population is primarily based on
neuroimaging, cerebrospinal fluid (CSF) biomarker assessments, and the reports of subtle

cognitive and behavioral changes by a relative of the patient as discussed in 25.

Prodromal AD:

The prodromal phase of AD, also recognized as mild cognitive impairment (MCI) due to AD,
is marked by observable cognitive deficits that surpass age-appropriate norms but do not
meet the formal criteria for diagnosing dementia. For a prodromal AD diagnosis individuals
must meet the criteria for MCI and also have a clinicians assessment identify that the MCI is
likely due to progressing AD pathology as discussed in 2¢. The standard MCI criteria include
the presence of concerns regarding cognitive changes, impairment in one or more cognitive
domains beyond what is expected based on the individual's age and educational
background, the loss of ability to maintain independence in activities of daily living, and the
absence of notable impairments in social or occupational functioning (i.e., the absence of
dementia) 7. The early detection of prodromal AD facilitates timely diagnosis and
intervention for individuals at risk of progressing to clinically overt AD 25.

Clinical AD:

Clinical AD refers to the symptomatic and diagnosable stage of AD. At this stage, individuals
exhibit significant cognitive decline, particularly in memory, reasoning, and other higher
order cognitive functions, which impairs their daily activities and functioning 2s. This
diagnosis is based on clinical assessments surrounding measures of underlying

neuropathology (AB, Tau, neuronal loss...etc.) as well as cognitive measures such as a score
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below 23 on the Mini-Mental State Exam (MMSE), or a score below 26 on the Montreal

Cognitive assessment (MoCA), as also discussed in 25.

Current treatment landscape

The immense problem of Alzheimer’s disease has generated much effort in the
scientific community over the last 50 years to provide therapeutics capable of ‘curing’ the
disease. Today however, the U.S. Food and Drug Administration (FDA) approved commercial
treatment options available for those suffering with AD remain merely symptom relief
drugs. Currently these are acetylcholinesterase inhibitors (AChels) (a topic discussed in
more detail in the following section), with the three orally administered ones being the
small molecule (<1000 Daltons) pharmacologics galantamine, donepezil and rivastigmine
28, AChels have been available since the 1980s and relieve some of the major cognitive
symptoms of clinical dementia but do nothing to prolong the lifespan of those afflicted, or

reverse the disease 29-32,

The other FDA approved AD drugs are the small molecule N-methyl-D-aspartate
(NMDA) receptor antagonist Memantine which has been shown to delay, but not prevent,
the worsening of cognitive performance and neuronal loss 3335, as well as two anti-AB
monoclonal antibodies Aducanumab and Lecanemab. Aducanumab had positive trends on
cognition (with the highest dose) in the EMERGE trial of patients with Mild Cognitive
Impairment (MCI) but no such effect was seen in the identical study, ENGAGE 3¢, and
Lecanemab has been shown to moderately slow mild cognitive decline and reduce AB
plaques in patients with early AD 37. There is also the FDA approved AD drug Namzaric™

which includes both Memantine and Donepezil3s.
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In truth, hope is low in the AD scientific community that curing AD dementia is even
possible. The major pathologies thought to underlie Alzheimer’s disease, namely AB and
tau pathology, begin years or decades prior to any detectable cognitive impairment and
have reached or are approaching their maximal levels by the time clinically diagnosable
cognitive impairment appears (figure 1) 2. This, combined with the repeated failures of late-
stage AD clinical trials, has generated a strong consensus in the field that AD is something
that is going to be easier to prevent or delay at early disease or preclinical stages, then to

cure after clinical stages are reached.
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Another strong consensus in the field is that a true AD preventative treatment will
likely be a combination therapy addressing multiple underlying pathologies, rather than
purely focusing on AB which has remained been the major focus of most AD clinical trials 3°.
Thus, we need to explore more pharmaceutical targets outside of amyloid, and with this in
mind there is another key pathology, directly tied to symptom onset, that is receiving less

attention, that of cholinergic involvement in AD.
Cholinergic involvement in AD
The core pathology related to the present Thesis is cholinergic dysfunction: more

specifically, the degeneration of the basal forebrain cholinergic neurons (BFCNs). BFCNs in
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the mature central nervous system (CNS), while modulated by other neurotrophic factors,
rely exclusively on mature nerve growth factor (mNGF) for maintenance of their phenotype
and function, as reviewed in both #, and, as explained in the following section, trophic
support is lost in the pathological progression of AD providing a target for therapeutic

intervention.

Cholinergic dysfunction and basal forebrain cholinergic neuron degeneration in AD:

Cholinergic signaling in the CNS is essential for a wide array of cognitive processes
via regional modulation of neuronal inhibition and excitation #1-43. The identification of a
CNS cholinergic system significant to a broad spectrum of cognitive processes led scientists
to suggest that this system may be compromised in the widespread cognitive deterioration
of aging. This led to multiple researchers demonstrating that cognitive insult induced by
impairing CNS cholinergic signaling (to reduce cholinergic tone) mirrored the cognitive
impairment seen in aging +-51. This lead Bartus and his collaborators to suggest the
“Cholinergic hypothesis of geriatric memory dysfunction’, which posited that a loss of central
cholinergic tone underlay memory decline in aging 52. As findings indicating cholinergic loss
of tone were also found in human post-mortem AD samples 51.53-59, Bartus applied this
hypothesis as a symptomological account for cognitive decline in AD as well 52.
Neuroimaging demonstrating this severe loss of cholinergic innervation (presumptive

cholinergic terminals) over the course of AD is available in figure 2.
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Figure 2: 18F-FEOBV Vesicular
acetylcholine transporter (VAChT) binding
(SUV ratio) using PET in 1 representative
HC (A), mild-AD patient (B), and severe-AD
patient (C) showing lower cortical VAChT
binding depending on severity of AD.
Statistical parametric analysis indicates
significant clusters of lower cortical VAChT

binding in AD compared with HC from 3.

Evidence for the central role of lost cholinergic signaling in AD symptomatology can
be seen in how acetylcholinesterase inhibitors (AChels) are 4 of the now 8 FDA approved
AD drugs. These AChels achieve major AD symptom relief by delaying acetylcholines
breakdown in the synaptic cleft by acetylcholinesterase allowing for increased cholinergic
signaling even at late disease stages where the number of cholinergic synapses is greatly
diminished 60-¢3. However, while initially effective in preserving cognition, the effects of
anticholinesterase treatment are of limited duration as they do nothing to protect the
synapses that are left from further degeneration ¢+ These drugs’ ability to provide transient
symptomatic relief through boosting the diminished cholinergic signaling within AD
demonstrates that cholinergic signaling is directly utilized in the types of cognitive circuitry

that are hindered in AD.

As of now, due to this and other lines of evidence, it has become well accepted that,
in AD, the atrophy and degeneration of the cholinergic neurotransmitter system is central

to the onset of symptoms 53.56.65-70, In particular the degeneration of the BFCNs appear to
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play an important role 4271, These are the cholinergic inputs to the cortex and hippocampus
which are important for multiple higher order CNS functions such as learning, attention,
and memory 7273, Further, their potentiated signaling in particular is key to the effect of

AChels s0-62,

For a long time, a relatively early and severe atrophy of BFCNs has been consistently
observed in AD 535670, This is the earliest cholinergic degeneration in the AD continuum 74,
and further, degeneration of BFCNs predicts atrophy of the brain regions innervated by
their projections. Moreover, BFCNs early degeneration associates with advancing preclinical

AD pathology 757, as reviewed in both 63.77.

Could a lack of NGF be responsible for BFCN degeneration in AD?

Early findings on this BFCN atrophy in AD led Dr. Stanley Appel to hypothesize that a
loss of trophic support to BFCNs is present in AD, and the cause of a good portion of its
symptomatology 78. As BFCNs solely rely on nerve growth factor (NGF) for maintenance of
their phenotype and function, this would mean that there must be some change to NGF
availability. However, initial studies showed the levels of NGF transcripts are not found to
be changed in the AD continuum 7981, and that the protein levels of the NGF are greatly
elevated in AD post-mortem brain samples 8166, These findings seemed paradoxical to
scientists at the time, because if this were the case and there was plenty of NGF, why were

these cells becoming atrophic?

A number of ideas were proposed, such as deficits in axonal transport ¢ or a loss of
NGF’s TrkA receptors ¢7. Then, the Cuello lab offered a new paradigm of understanding,

resolving the paradoxical findings with the discovery of an extracellular NGF metabolic
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pathway and its dysregulation in AD as the source of the trophic disconnect of BFCNs in the

disease ss,

The NGF metabolic cascade and its failure in AD

Work done by Dr. Martin Bruno and Dr. Claudio Cuello discovered that mNGF is
produced transiently in the synaptic cleft via an NGF metabolic cascade in which proNGE,
zymogens, convertases, and endogenous regulators are co-secreted from BFCN-target

neurons in an activity-dependent manner 8s.

In brief, upon the extracellular release of these factors, the inactive zymogen
plasminogen is cleaved into its active enzyme form plasmin by tissue plasminogen activator
(tPA), in a process regulated by the tPA inhibitor, neuroserpin 8. Plasmin is then
responsible for the cleavage of the pro-domain off proNGF resulting in the production of
mNGF. This mNGF then binds to its high affinity receptor TrkA and low affinity receptor
p75NTR on the presynaptic cell where it is internalized and retrogradely transported to the
cell body where it stimulates multiple pathways centered around synaptic maintenance.
These include the control of the expression of housekeeping proteins, transcription factors,

ribosomal proteins, and cytoskeletal proteins responsible for axonal transport 4 8%,

Degradation of the receptor-unbound mNGF is accomplished by the
metalloproteases MMP-3 and MMP-9. Their precursors, proMMP-9 and proMMP-3, are
released from the BFCN target cells alongside tissue inhibitor of metalloproteinases-1

(TIMP-1) which regulates the cleavage of these precursors into their mature forms 8s 1.,

Initial studies by the Cuello lab following the discovery of the extracellular metabolic

NGF pathway illustrated that in AD post-mortem brain tissue, the NGF metabolic pathway is
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dysregulated in a dual pronged nature. Specifically, that there is reduced maturation of
proNGF to mNGEF as well as excessive degradation of mNGF. The decreased maturation is
caused by increased levels of neuroserpin which drive down tPA activity which, combined
with the reduced plasminogen levels in the AD brain, result in a lack of plasmin availability
to cleave proNGF into mNGF. The increased degradation of receptor unbound mNGF is
caused by increased levels of MMP-3 and MMP-9. This two-pronged attack on the NGF
metabolic cascade in the AD pathology, leads to a substantial decrease in mNGF
bioavailability, and thus a substantial decrease in the trophic support of BFCNs, leading to
their atrophy 8692, A schematic representation of this healthy metabolism and pathological

dysmetabolism is seen in figure 3.

Figure 3: The NGF pathway
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More recently, work from our lab has revealed the existence of this dual pronged
NGF dysmetabolism at preclinical stages as assessed by human post-mortem brain tissue,

plasma, and CSF. Preclinical AD patients were defined as those having a high amyloid
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burden (within 2 SD of the average AB scores of the MCI group from the same study), but
no diagnosed cognitive impairment (HA-NCI) 5. Specifically at this preclinical stage, as seen
in figure 4, while neuroserpin levels are not yet elevated, there is decreased tPA expression
and protein levels, which nonetheless result in a lack of plasmin activation and thus a lack
of proNGF>mNGF maturation. Further, much like the MCI and clinical AD dementia stages,
there are increased MMP-9 and MMP-3 levels and activity at this preclinical stage,
increasing the degradation of mNGF and further exhausting this already smaller than

normal supply of mNGF in the synaptic cleft 5 o1.
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Importantly, our lab has demonstrated that NGF dysmetabolism in patients with HA-
NCI correlates to decreased cognition, as assessed by global cognitive score (GCS), and
decreased cholinergic synapse number, as assessed by VAChT staining (figure 5). This
demonstrates that the NGF dysmetabolism has relevance to even preclinical changes in

cognitive ability, as well as preclinical changes in cholinergic tone.
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Figure 5: Normal NGF synthesis in the continuum of
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Lastly, our lab has validated this pathway pharmacologically, demonstrating in
rodent models that applying neuroserpin or blocking plasmin activity compromises the
conversion of proNGF to mNGF leading, as in the AD pathology, to increased proNGF brain
levels, atrophy of BFCNs, loss of cholinergic synapses, and cognitive impairment 893,94, As
such, our lab hypothesizes that it is this exhausted supply of mNGF which results in the

progressive atrophy of cholinergic synapses within the cortex, as well as the

somatodendritic atrophy of those same BFCNs.
History of NGF as a therapeutic target in AD

Prior to the discovery of the NGF metabolic cascade, findings that atrophy of BFCNs
were central to the symptomatology of AD led to attempts to utilize the BFCNs sole trophic
factor NGF to restore BFCN maintenance in hopes of restoring cognition. Indeed, exogenous
application of NGF recovered atrophic BFCNs and rescued cholinergic tone in animal lesion

models and in models of aging and AD 95106,

In fact, due to this abundant experimental evidence that the application of

exogenous NGF recovered cholinergic tone, in 1992, Olson and collaborators published a
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case report where NGF brain infusions in an AD patient caused a transient upregulation of
cortical nicotinic binding sites (presumptive cholinergic terminals) and maintained
enhanced blood flow, accompanied later by improved verbal episodic memory 107. This
created much expectation that this was going to be a major success. However, consecutive
studies with three patients revealed back and muscle pain as well as a loss of weight.
Results which sparked caution in view that the intracerebral infusion of NGF in the AD
therapy could have “off target” effects such as the stimulation of primary nociceptive

terminations as well as other unknown receptor sites 108 109,

From this evidence it was clear that an exogenous application of NGF, while able to
restore BFCN trophic support, was undesirable due to the vast known and unknown other

roles of NGF, thus a targeted approach is needed.

More recently, approaches have been attempted trying to circumvent these issues.
For example, Dr. Capsoni and collaborators have attempted to replace NGF with a mutant
‘painless’ NGF which maintains its trophic capabilities, and intra-nasal application of this
mutant NGF has been shown to be neuroprotective and reduce AB plaque burden in the

5xFAD mouse model] 110,

Further attempts include the work of Dr. Maria Eriksdotter and colleagues to target
NGF delivery to the relevant brain circuits via the targeted implantation of genetically
modified cells releasing NGF, or the intracerebral gene delivery of NGF to relevant sites as
discussed in both 63111, Clinical trials utilizing such strategies revealed moderate

improvements in cognitive outcomes and cholinergic markers 112,
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However, the therapeutic correction of the NGF dysmetabolism presents a route to
normalize endogenous mNGF levels at physiological sites providing an even more targeted

and less invasive intervention than these strategies.

Specific rationale for neuroserpin inhibition, aims and hypothesis

In the context of the NGF metabolic cascade and its alteration in AD described above,

the inhibition of neuroserpin was chosen as an excellent point for intervention.

The rationale for inhibiting neuroserpin is that this serpin is elevated in the AD
pathology where it blocks tPA’s ability to convert plasminogen into plasmin, thus
downregulating the cleavage of proNGF into mNGF. Such an inhibition of neuroserpin
should therefore lead to a restoration of proNGF maturation into the trophically active

mNGFE.

In preclinical AD (HA-NCI) neuroserpin is not yet elevated, but there is decreased
tPA levels, expression, and activity, as well as failed NGF maturation, which correlate with
cholinergic degeneration 5. Therefore, decreasing neuroserpin activity through inhibition,
allowing for increased tPA activity, should lead to a restoration of mNGF levels and
cholinergic trophic support at this stage. At MCI and AD stages tPA protein and mRNA levels
normalize, however tPA activity is not normalized, as at these stages there is increased
neuroserpin levels which brings down tPA activity. Again downregulating the maturation of
NGE, and correlating to cholinergic degeneration 5. This means that inhibiting neuroserpin
at any of these stages (preclinical, MCI, or AD) should have a similar effect on elevating tPA

activity in order to normalize NGF maturation.
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Further support for neuroserpin as the choice of target, is that its expression (unlike
the other altered factors in the NGF metabolic pathway) is confined to the brain regions
most affected by AD pathology 113114, indicating a lower chance of off-target effects. Further
still, preclinical experimentation demonstrates that a lower gene dosage of neuroserpin in
rodent models of amyloid pathology has pro-cognitive effects 115. These effects are likely

achieved via restoration of NGF maturation.

Therefore, based on the above rationale, we hypothesize that inhibiting
neuroserpin should lead to the restoration of NGF maturation, and a normalization of the

proNGF/mNGF ratio.

As no neuroserpin inhibitor currently exists, the specific hypothesis of this Thesis
is that inhibition of neuroserpin’s tPA inhibitory effect is achievable through small molecule

pharmacological methods.

Therefore, the overarching aim of my work has been to validate small molecules capable of

selectively inhibiting neuroserpin in vitro. The specific aims are:

Aim 1: Identify target pockets on the neuroserpin protein amenable for small
molecule inhibition of tPA inhibitory effect, and utilize in silico methods to identify

molecules for in vitro testing.

Aim 2: Develop and validate an assay to measure neuroserpin activity for the

assessment of candidate inhibitors in vitro.

Aim 3: Assess the capacity of inhibitor candidates identified in silico for the ability to

selectively inhibit neuroserpin in vitro.
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Aim 4: Elaborate the structural activity relationships (SAR) of each target pocket
based on the differential capacity of molecules analogous to initial hits to bind to and

inhibit neuroserpin.

Body Of Thesis

Aim 1: Identify target pockets on the neuroserpin protein amenable for small
molecule inhibition of tPA inhibitory effect, and utilize in silico methods to identify

molecules for in vitro testing.
Aim 1A: Pocket identification
Background

Our lab chose to focus efforts for a neuroserpin inhibitory therapeutic towards small
molecules due to well recognized benefits for preclinical drug discovery. These include a
low-likelihood of off-target interaction, high blood brain barrier (BBB) and cell membrane
penetration, inexpensive synthesis storage and shipping, and access to a large library of
known drug like molecules 116. Indeed, as mentioned in the current treatment landscape

section of the introduction, a majority of the FDA approved AD drugs are small molecules.

Also important to our lab is the concern of equity. We live in a time where many
treatments for diseases are only available in wealthy countries. While focusing on how to
effectively get already validated medications to those who need them is an important way
to address medical equity around the world. Equity is easier to manifest in pharmacology if
it is considered in the beginning of the drug development process. Here, focusing on small
molecules as the route to neuroserpin inhibition ensures our drug, when/if validated, will
likely not need proper temperature storage, expensive synthesis, or complex methods of

administration.
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Once a specific protein has been identified as a target for inhibitory small molecule
therapeutics, the first step is to identify functionally significant portions of the protein

which can serve as receptor sites to be targeted with small molecules in docking screens.

Neuroserpin belongs to the serpin family of proteins, the serpins are all SErine
PRotease INhibitors and were one of the earliest defined protein superfamilies 1. Serpins
are understood to have two structural components which play an important role in the
inhibition of their cognate proteases. First, is an exposed peptide loop (which in
neuroserpin is 18 amino acids in length) termed the reactive center loop (RCL) that
contains a protease cleavage site, and the second is a 5/6 stranded Beta sheet. With serpins
the RCL serves as a false substrate for their cognate proteases, upon binding of the protease
to the RCL, the RCL is cleaved leading to a conformational change of the serpin in which the
RCL is internalized as a new strand in the center of the beta sheet complex. The
internalization of the RCL traps the protease inside the serpin protein in a covalent serpin-
proteinase acyl-enzyme complex, obscuring the protease active site, rendering it inactive 117-
119, Indeed, neuroserpin follows this mouse-trap strategy for inhibiting tPA, and as the RCL
is exposed in the native form of neuroserpin 129, initial search for a receptor site was focused

on the RCL.

As the RCL is thought to be relatively unstructured and does not resolve on
crystallography, adjacent and accessory pockets were targeted. This should not be an issue
for the ultimate goal of reducing neuroserpins ability in inhibiting tPA as there are findings
that the high affinity displayed by serpins for cognate proteases is determined in part by

regions neighboring RCL 121, Additionally, the crystal structure of native human neuroserpin
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has been solved at 3.15 A resolution, yielding a good-quality model as judged by commonly

accepted criteria amenable for receptor building for translation into in vitro pharmacology.
Methodology

Our lab utilized two separate crystal structures of human neuroserpin to generate
models of the neuroserpin molecule within the softwares used to identify receptor sites
(PDB codes 3FGQ and 3F5N) and pockets on the neuroserpin protein were identified

utilizing two methods.

First, the program Apopdb2receptor (OpenEye) was employed to generate roughly
100 pockets randomly around the reactive center loop, then a small 10,000 molecule
database of drug-like compounds (provided by ZINC15) was docked into these pockets
(utilizing the software FRED) to assess their general binding capacity as a method of
assessing plausibility before dedicating the necessary resources for larger screens. The use
of ApopdbZreceptor to identify pockets was done by previous lab member Dr. Rowan Pentz,

prior to my joining the lab.

Alternatively, binding hot spots were identified blind to the RCL utilizing the Boston
University system FTMAP. FTMAP distributes small organic probe molecules of varying
size, shape, and polarity across the global surface of the protein of interest. Regions that
bind several different probe clusters are called consensus sites (CSs), and the sites
containing the largest number of probe clusters are considered hot spots 22. These hot-
spots detail the sites on the proteins surface with the most ligand binding free energy,
identifying sites likely to have higher affinity tom various kinds of small molecules, and thus

the sites most amenable to small-molecule pharmacology. After the design of several
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receptor sites around ‘hot-spots’ with proximity to the RCL a small 10,000 molecule
database of drug-like compounds (provided by ZINC15) was docked into these pockets
(utilizing the software FRED), again, to assess their general binding capacity. The FRED
software will be further explained in Aim 1B.

Results and discussion

Out of 100 pockets designed with Apopdb2receptor (method one), two promising

pockets were identified.

Pocket defined by Alanine 54. This pocket has good binding properties and inserts behind
the parallel beta-sheets that form the backbone of the neuroserpin molecule and are
paramount to the trapping of tPA; as such it may have a significant impact on the overall
geometry of the neuroserpin molecule and its binding affinities, as well as the specific
ability to internalize tPA. The 10,000 molecule initial screens identified chemgauss4 scores

(for top hits) of -10 to -11, scores high enough to provoke larger molecular screens.

Pocket defined by Glutamine 227. This pocket has excellent binding properties and inserts
near to the unstructured reactive center loop that forms the false substrate for tPA; as such
it may have a significant impact on the presentation of the RCL, as well as the geometry of
the neuroserpin molecule and its binding affinities. The 10,000 molecule initial screens
identified chemgauss4 scores (for top hits) of -14 to -15, scores high enough to provoke

larger molecular screens.

In method two, FTMAP identified numerous binding hotspots on the neuroserpin
protein. Of these hotspots the one with the most hydrogen and non-hydrogen bonded probe

clusters with adjacency to the RCL is defined by a Glutamine 220 residue (figure 10). This
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pocket had similar positive attributes to that of Glutamine 227. Further, the 10,000-
molecule initial screen identified chemgauss4 scores (for top hits) of -12 to -14, scores high

enough to provoke larger molecular screens.
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All identified pockets had receptor sites designed in the OpenEye software

MAKERECEPTOR to form files amenable to docking screens (Aim 1B).

In summary, this work successfully identified 3 pockets on the neuroserpin protein
with both confirmed plausibility to act as the ligand-site for small molecules, and high

functional relevance to neuroserpins mechanism of tPA inhibition.
Aim 1B: Screening compounds for predicted affinity
Background

Now that the work in aim 1A identified promising target pockets on the neuroserpin
protein where small molecule binding could lead to inhibition of neuroserpin’s tPA

inhibitory activity. We next ran virtual docking screens to identify candidates promising
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enough to take into in vitro assessment. Specifically, in collaboration with Dr. Grant
Churchill we used both ligand-based and structure-based virtual screening to identify
small-molecule inhibitor candidates of neuroserpin. This approach has been successfully

used by Dr. Churchill both academically 123125 and commercially (Intrabio.com).

Methods results and discussion

For both structure-based and ligand-based virtual screening, we utilized the drug-
like subset of 350 million purchasable molecules from the ZINC15 database. Drug-like
means that through in silico work the molecules were determined to likely be orally
bioavailable and absent of any known pan-reactive elements or pan-assay interference

compounds, and thus amenable for taking directly into in vitro work and further

translational studies 116, This ZINC15 database was further concentrated into a cohort of 10

million small molecules utilizing criteria such as a lack of color (as to not confound the
absorbance based assay developed in aim 2), synthetic accessibility (inexpensive to
synthesize and store) and high predicted blood brain barrier (BBB) permeability (logP

value between 1.5 and 2.7) 126,

Specifically for the ligand-based screening, this cohort was docked against the
ALA54, GLU220, and GLU227-defined pockets using the 3D docking software FRED
(OpenEye) to assess their affinity to each pocket. The FRED tool docks molecules (each in
multiple confirmations) into a single receptor using an optimized and exhaustive search,
and evaluates the steric and electrosteric complementarily between a ligand (small
molecule) in a given orientation and a target pocket and then ranks the input database of

molecules by predicted affinity via Chemgauss4 score, with the highest scoring molecules
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being recommended for biological or in vitro testing.
Exhaustive search:

The exhaustive search aspect of the FRED system enumerates every possible
rotation and translation of each conformer of the ligand being docked within a box
enclosing the active site, these spatial variations of a conformer are dubbed ‘poses’. It then
discards poses that either overlap with the protein in 3D space, or alternatively extend too
far from the binding site as these poses would be unable to bind. FRED then scores all

remaining poses by Chemgauss4 score and passes the top scoring poses to optimization.
Optimization:

The optimization aspect of the FRED system enumerates nearby positions of each
successful pose by having the initial pose take one positive and one negative step for each
translational and rotational degree of freedom, and redocks them. The best scoring of this
increased pool of poses are retained, becoming the overall score of a given molecule, used

to rank the molecule against other molecules in the docking database for predicted affinity.

The Chemgauss4 score used to rank the molecule measures the complementarity of

ligand poses within the active site based on the following types of interactions:

1. Shape
2. Hydrogen bonding between ligand and protein
3. Hydrogen bonding of protein/molecule interactions with implicit solvent

4. Metal-chelator interactions.

The implicit solvent is a complicated mathematical representation of the mean force

of many highly dynamic solvent molecules that is commonly used in this sort of molecular
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dynamic simulations geared towards pharmaceutical applications. While the brain is an
appreciably different environment than the rest of the body. There is limited rationale to

believe this type of simulation hinders the drug discovery of neuropharmaceuticals.

The ranked output of all the FRED screens were manually inspected and the top 50
compounds per pocket were purchased (minimum purity 90%) and tested in vitro, as will

be detailed in aim 3.

For the structure-based screening our lab attempted to find molecules with a similar
3D shape but with a different 2D chemical scaffold to known neuroserpin modulators. Our
lab utilized the program ROCS (OpenEye) with the query molecule embelin, which binds
neuroserpin 127, but as a Michael acceptor capable of binding to numerous off-target
molecules, is chemically unsuited for therapeutic use 128. Our lab also queried with other
reported modulators such as beta-sheet insertion peptides with homology to the
neuroserpin RCL, as well as using truncated versions of the bound conformation 2%, or

known inhibitors of other serpins.

The ROCS program screens an input library of molecules against a queried
compound and ranks them for predicted bioactive similarity utilizing the Tanimoto
composite score 130, [ utilized the same input database containing more than 10 million
drug-like compounds to screen for molecules with high predicted bioactive similarity to

known neuroserpin (or other serpin) modulators.

The Tanimoto composite score is a mathematical measure commonly used in
cheminformatics and bioinformatics to assess the similarity between two sets, particularly

in the context of chemical compounds, genes, or other molecular entities. It quantifies the
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degree of overlap or similarity between these sets as determined by their physical and

chemical properties.

The top 2000 Tanimoto-ranked hits from ROCS were screened for further
electrostatic similarity with EON 131, to further identify candidates which mimicked the
electrostatic properties of known neuroserpin (or other serpin) modulators. The ranked
output of these screens were manually inspected, and the top 25 compounds were

purchased for in vitro testing alongside those identified via the ligand-based screening.

Aim 2: Develop and validate an assay to measure neuroserpin activity for the

assessment of candidate inhibitors in vitro.

Background:

As there is no direct neuroserpin activity assay, in the effort to validate small
molecule neuroserpin candidate inhibitors identified in silico (Aim 1) I developed an in-
house (indirect) high-throughput neuroserpin activity assay, modified from 132 in which the
ability of neuroserpin candidate inhibitors to normalize tPA activity in a neuroserpin
dependent manner was taken as evidence of the small molecules ability to inhibit

neuroserpin.

Briefly, in a structural elaboration study to assess the structural importance of the
hydrophobic patch between helix F and B-Sheet A on the neuroserpin protein to its tPA
inhibitory function, Dr. Mohammad Farhan Ali and collaborators invented and validated a
tPA activity assay where they took a measurement of neuroserpin inhibitory capacity. In
this case, to measure how tPA activity is differentially affected by mutant neuroserpin

isoforms with mutations surrounding this hydrophobic patch 32, Our lab felt that we could
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utilize this as a starting point to develop an indirect neuroserpin activity assay where we
can test if small molecules impact neuroserpin’s ability to downregulate tPA activity,

providing a measure of inhibition.

The assay was generated surrounding the kinetic reading of the cleavage of

plasminogen into plasmin, by tPA, utilizing a chromogenic version of plasminogen (T2943

Sigma-Aldrich) which releases a fluorophore upon cleavage, to give a measure of tPA

reaction velocity. With this we obtain a baseline level of tPA activity. Next, we downregulate

this tPA activity with a standardized dosage of neuroserpin to form a control value for the
effect of such a dosage of neuroserpin on tPA activity. Finally, we see if co-incubating the
neuroserpin, tPA, and plasminogen interaction, with a candidate inhibitor results in a
change to tPA rate of reaction (RoR) towards that of the non-neuroserpin inhibited tPA

activity.

These measurements were taken along with the following negative controls:

e Application of candidate inhibitor to wells containing just buffer to control for any
inherent absorbance of the compound.
e Application of candidate inhibitor to wells containing tPA and plasminogen, to

ensure any effect on tPA activity is dependent on the presence of neuroserpin.

A graphical representation of the assay’s principles can be seen in figure 6.
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Figure 6: A graphical representation of the principle behind the in-house developed neuroserpin activity assay.

The following section addresses the initial testing and standardization of this assay.

Methodology, results, and discussion

First, [ tested whether I could reliably read baseline tPA activity levels utilizing the
protocol developed by Ali and collaborators 132, with their listed concentrations of 100nM
tPA (>85% sctPA, Molecular Innovations, USA), 1mM chromogenic substrate (T2943
[CH3S02-D-HHT-G-R-pNA.AcOH] from Sigma-Aldrich, St. Louis MO, USA) in kinetic buffer
(50 mM HEPES [pH 7.4], 150mM Nac(l, and 0.1% Tween-20) at 25 °C 132. Then, in order to be
more in-line with the end-goal of this endeavor we changed the temperature and pH to a

more physiologically relevant 37°C and 7.4.

[ then noticed that there was a high variability in the slope of the tPA-plasminogen
reaction, beyond the inherent variability expected in such a kinetics experiment (figure 7).
The variability, across seven replicates, included a 500% difference in RoR between the

replicate with the smallest slope, and the replicate with the largest. This was deemed high
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enough that it would interfere with analysis. After intensive troubleshooting, we deemed

that the solution was to utilize a 2ZmM concentration of the substrate (chromogenic

plasminogen (T2943 [CH3SO2-D-HHT-G-R-pNA.AcOH] from Sigma-Aldrich, St. Louis MO,

USA). This greatly reduced RoR variability to 50% across seven replicates utilizing different

batches of substrate (figure 8), which was deemed sufficient to not compromise the ability

to measure slope normalization upon co-incubation of neuroserpin and inhibitor candidate.
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Figure 7: The slope of tPA activity in replicate wells
containing 100 nM tPA (>85% sctPA, Molecular
Innovations, USA), 1 mM chromogenic substrate
(T2943 [CH3S02-D-HHT-G-R-pNA.AcOH] from
Sigma-Aldrich, St. Louis MO, USA) in kinetic buffer
50 mM HEPES [pH 7.4], 150 mM Na(l, and 0.1%
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Figure 8: The slope of tPA activity in replicate
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2mM (6)
2mM (7)

chromogenic substrate (T2943 [CH3S02-D-

Louis MO, USA) in kinetic buffer 50 mM HEPES
[pH 7.4], 150 mM NaCl, and 0.1% Tween-20 at
37 °C, all with 0 nM of neuroserpin. The
variability in the initial rate of reaction (first 10
minutes) was a multiplicative factor of 1.5

between the smallest slope and largest.
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Finding the ideal concentration of neuroserpin

In order for the assay to give us an appreciable range of data for the comparison of
different candidate inhibitors, the gap in tPA activity rate between uninhibited and
neuroserpin application conditions needed to be large enough such that the incubation of

neuroserpin with a neuroserpin inhibitor would reveal a level of recovery of tPA activity.

Towards this end, I tested differential neuroserpin concentrations of 100, 200, 400,
600, and 750uM to bring down tPA activity. As expected, tPA activity decreased with
increasing neuroserpin concentrations in a consistent manner. Further it was determined
that 600nM neuroserpin was the ideal concentration to bring down tPA activity effectively
for our purposes, while still maintaining cost concerns. As the slope of the tPA curve, once
concentrations of neuroserpin reached 600nM, trended quite close to 0 and the application
of further neuroserpin concentrations provided minimal increase in the range between

uninhibited and neuroserpin reduced tPA levels (figure 9).
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Figure 9: tPA activity (absorbance) over time for plate wells containing 100nm tPA (Innovative Research), 2mM tPA

chromogenic substrate (T2943), and differing concentrations of neuroserpin ranging from Onm-750nM (ProSpec

SERPIN1). Rate of reaction and total absorbance over time decrease the higher the concentration of neuroserpin present

in the wells, with this effect plateauing around 600nM.

Additionally, I validated that the negative controls were indeed negative, i.e., that

lanes of just neuroserpin (at the highest concentration), just tPA, just substrate, just DMSO,

or any combination of which is not uninhibited tPA control or experimental, produced no

signal per se.

I then determined the time necessary to read differential tPA activity by assessing

how long it took the 600nM neuroserpin infused wells to exhaust their substrate and
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plateau with the same amount of absorbance as the tPA-plasminogen wells, determining it

to be 3 hours.

The resulting assay was applied for the in vitro testing of candidates identified in
silico for neuroserpin inhibitory capacity. A more streamlined version of this protocol is

seen in the aim 3 methodology section.

Aim 3: Assess the capacity of inhibitor candidates identified in silico for the ability to

selectively inhibit neuroserpin in vitro.

Background

Utilizing the assay generated in aim 2, we first tested the inhibitory capacity of the
small molecule candidate neuroserpin inhibitors identified in silico through aim 1. Further,
as cross-reactivity of validated neuroserpin inhibitory molecules (hit compounds) with
other serpins would compromise efficacy, we then assessed the specificity of hit
compounds by testing if their presence altered the activity of closely related serpins
thrombin and trypsin. Most known for its procoagulant function, thrombin is a serine
protease with both procoagulant and anticoagulant roles, mainly expressed in the liver and
brain 133134, Trypsin on the other hand, which is primarily expressed in the pancreas, is a
major digestive proteinase. While serpins in general have poor sequence homology
between family members, these two serpins have greater homology to neuroserpin then
other family members 117. Thus, it was determined that this was the optimal initial set of

proteins to use to assess specificity of hit compounds.

Methodology
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Neuroserpin activity assay:

Uninhibited tPA wells contained 100nM tPA (>85% sctPA, Innovative Research) and
2mM tPA chromogenic substrate (T2943 Sigma-Aldrich) suspended in a buffer of 50mM
HEPES (pH 7.4), 150mM Nac(l, 0.1% Tween-20. Neuroserpin control wells (i.e., wells
containing neuroserpin downregulated tPA activity with no candidate inhibitor) contained
the same ratio of tPA to substrate but with the addition of a 600nM concentration of
recombinant human neuroserpin (SERPIN1 HUMAN, ProSpec). Initial screening of
candidate inhibitors was done at 100uM concentrations utilizing a 10mM stock solution of
the molecules dissolved in DMSO. Dose response curve testing was done with various
ranges of small molecule concentrations, some of which required serial dilutions of these
stock solutions (in assay buffer). All reagents came lyophilized and were dissolved and
stored in either ddH20 or a buffer of 50mM HEPES (pH 7.4), 150mM Nac(l, depending on
manufacturer instructions. Utilizing a minimum of 3 replicates per condition, the reaction
was initiated via the injection of the 2mM substrate, and the absorbance was read at 405nm
every minute for 3 hours utilizing a SPECTROstar OMEGA plate reader by BMG LABTECH.
Negative controls included the application of candidate inhibitors to wells containing just
buffer to control for any inherent absorbance of the compound, and application of
candidate inhibitors to wells containing tPA and plasminogen, to ensure any effect on tPA
activity is dependent on neuroserpin. All wells were completed to a final volume of 100uL

with buffer.

Analysis was done utilizing an in-house developed Excel template to convert the files

generated from the SPECTROstar plate reader into temporally stratified values arranged by
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well classification. The initial identification of candidates as having neuroserpin inhibitory
capacity was done by measuring the fold change in tPA RoR between the small molecule
inhabited and intra-run neuroserpin control wells. A value of 1 would indicate no change in
tPA RoR when small molecules were applied, and thus no effect on neuroserpin. A value
over 1 would indicate the molecule inhibited neuroserpin’s tPA inhibitory effect (for
example a value of 1.45 would be equivalent to a 45% increase in the tPA RoR when a small
molecule was applied), and a value under 1 would indicate a neuroserpin activation effect
by the small molecule. Molecules which affected tPA activity in wells without neuroserpin,
or had appreciable absorbance values in wells of purely buffer and small molecule were
discounted. Validated neuroserpin inhibitors then underwent dose response testing as

outlined above.

Due to these being all technical replicates with no biological component, significance
testing was not done. Instead, molecules were validated as successful neuroserpin
inhibitors if, at 100uM, they increased the tPA RoR by at least 15% (within the lower bound

of the SEM) in comparison to the neuroserpin reduced tPA activity.

As the indirect nature of our assay provides no standard measurement of percent
inhibition, we thus decided not to use the traditional IC50 analysis for graphing of our dose
response curves. Instead, analysis of dose response was done using Michealis Menten (MM)
kinetics. By substituting substrate concentration for small molecule concentration in the
MM kinetics curve we can analyze how each candidate increases tPA RoR as its
concentration increases. This allows us to take a MM constant value (Km) which details the

substrate concentration at which half the maximum tPA slope recovery occurs (i.e., half the
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total neuroserpin inhibition capacity of that candidate) which we can use to compare
candidates. This strategy of utilizing MM kinetics has limitations such as ignoring the
uninhibited tPA curve data and therefore providing no information as to the specific degree
of normalization, as well as not providing an IC50 value which can be utilized to compare
the strength of our candidates to standard inhibitory therapeutics. Despite this it was
deemed enough for the initial validation and comparison of candidate inhibitors identified
in silico.

Thrombin activity assay:

The specificity of validated neuroserpin inhibitory compounds to neuroserpin was
assessed in part by testing their effect on the closely related serpin thrombin. For this, a
commercially available thrombin activity kit was used (ab197006). 12ng of the thrombin
standard was utilized per well along with 0.2ng of the thrombin substrate suspended in the
proprietary assay buffer to achieve a baseline of thrombin activity. Parallel to this, identical
wells were composed to which 600uM of small molecule were added. These molecules
were suspended in the assay buffer and all wells were completed to 100puL with buffer.
Plates were read on a BioTek Synergy 2 Microplate reader with fluorescence at Ex/Em =

350/450 nm in a kinetic mode, every 2 - 3 minutes, for 60 minutes at 37°C.

Due to a change in availability between specificity testing of different compounds a
second, absorbance based, thrombin activity assay was used (ab234620). For this assay 5ng
of Human Thrombin Standard was used per well alongside 0.4ng of thrombin substrate
suspended in 65uL of the assay buffer to get a baseline for thrombin activity. Then, as in the

previous assay, identical wells with the addition of 600uM of small molecule suspended in
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assay buffer (with the equivalent volume of buffer removed) were composed. The plate was
then read on a Spectrostar Omega microplate reader every 2-3 minutes for 1 hour and 40

minutes at 405nm at 37*C.

Trypsin activity assay:

The specificity of identified neuroserpin inhibitory compounds to neuroserpin was
assessed in part by testing their effect on the closely related serpin trypsin. For this, a
commercially available trypsin activity kit was used (ab10253). Baseline trypsin levels
were measured via wells containing 12pL of the 2ZmM trypsin standard was utilized
alongside 0.2ng of the trypsin substrate, suspended in 86uL of assay buffer to achieve a
100pL final volume. Identical wells were composed with the addition of 600uM
concentrations of small molecule suspended in assay buffer, again completed to 100pL final
volume. The plates were incubated for 1 hour at 25*C and then read every 2 minutes for 60

minutes at 405nm on a Spectrostar Omega microplate reader.

Results and discussion

Of the over 100 molecules assessed in vitro for neuroserpin inhibitory capacity, nine
molecules displayed such capacity. This success rate of 9% when confirming in silico
predicted hits in vitro is to be expected 6. Of these 9 hit compounds, 5 inhibited
neuroserpin in a dose-dependent manner and had properties which made them amenable
to continued use in drug discovery. These properties included the presence of structural
attributes amenable to increasing affinity, such as a modifiable alkyl chain or a fragment
like nature, as well as properties related to the ease of use in the drug discovery process

such as chirality, high ease of synthesis, high aqueous solubility, and the lack of open rings.
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These 5 molecules are dubbed 31615, which (at 100uM concentration) increased
tPA reaction velocity in the presence of 600nM neuroserpin by 37.5% (+3.12%), and upon
testing at multiple dosages had a Michaelis Menten constant (Km) of 288.7uM. 526, which
(at 100uM concentration) increased tPA reaction velocity by 31.6% (¥1.58%) and had a Ku
of 176.1uM. 2746, which (at 100puM concentration) increased tPA reaction velocity by
31.4% (£2.91%) and had a Km of 132.6uM. 392, which (at 100uM concentration) increased
tPA reaction velocity by 34.8% (+3.26) and had a Km of 287.6uM. As well as molecule 573
which increased tPA reaction velocity by 29.9% (£3.48) and had a Km of 163.3uM.
Importantly, these were neuroserpin dependent effects as none of these molecules had an
effect on the activity of tPA when neuroserpin was not present in the well, nor had any non-
zero absorbance values in wells of just molecule and buffer. Table 1 contains all these
compounds, their structure, their MM curves, their Michaelis Menten constant (Km) and the
RZ value for the MM regression. The high R2values (minimum 0.9476) indicate a high

likelihood that these are single site inhibitors.
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Table 1: Table containing the ID, structure, Michealis Menten curve, Km and R2 values for molecules 31615, 526, 2746, 392

and 573.

To go more in depth on one example, figure 11 shows the tPA activity over time

curves when multiple concentrations of molecule 573 are applied. There is a clear dose-
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tPA activity

dependency as in the context of neuroserpin inhibition we have increasing levels of tPA

activity with increasing dosages of 573.

=— Positive Control

= 600nM neuroserpin control
— 600uM 573

3= = 400uM 573

= 250uM 573

— 100uM 573

N
1

Figure 11: Dose-dependent normalization of tPA
activity/time by small molecule candidate 573. This figure
shows the ability of compound 573 to increase tPA activity as
compared to baseline neuroserpin-inhibited tPA activity
14 (orange). Uninhibited tPA activity appears in blue. There was
no effect of equivalent concentrations of compound 573 alone
(without neuroserpin) on tPA activity, demonstrating this is a
neuroserpin-dependent and dose-dependent effect.
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The total inhibition of the highest dosages of these initial hit compounds fails to
reach a 50% slope normalization between neuroserpin reduced and uninhibited tPA
conditions. Consequently, these molecules lack the potency required for immediate
application to next steps such as primary target engagement studies (further elaborated on
in general discussion). For this, we are aiming for molecules with a sub 10uM Kum. However,
utilizing low potency hits as the basis for finding high potency leads through hit=>1ead
optimization is at the core of small molecule drug development, and forms the basis of the

following aim.
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Still, before taking initial hits into hit->lead optimization, we must assess specificity
as discussed in the background for this aim. Findings were that all initial hit compounds
were specific to neuroserpin with the exceptions of 2746, which inhibited thrombin, and

392 which inhibited trypsin (figure 12).
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Figure 12: Cross-reactivity of hit compounds to closely related serpins. Thrombin activity kit shows thrombin activity is
not affected by the application of 600uM compound 573 (A). Trypsin activity kit shows that trypsin activity is not affected
by the application of 600puM compound 573 (B). Different activity kits were used for the same serpins and demonstrated
that no hit compound effected thrombin activity at 600uM except for 2746 (C) and that no hit compound effected trypsin
activity at 600uM except for 392 (D). The use of different assays was done due to availability issues in the time between
testing specificity of different initial hit compounds. Trypsin testing was done first and thus the cross-reactive 392 was
removed before thrombin testing occurred.

High blood brain barrier (BBB) permeability is also a necessary quality of hit
compounds in this context. While in vivo confirmation of BBB penetration of neuroserpin
inhibitory molecules will come when lead compounds have been identified, and is outside
the scope of this Thesis, there is valuable information giving us confidence in the BBB
penetration of these hit compounds. Indeed, as stated part of the parameters of our small

molecule input database were that compounds had a logP value between 1.5 and 2.7. Meta-
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analyses of studies related to neurological drugs and CNS active substances identify a logP
value between 1.5 and 2.7 as optimal for BBB penetration 126. According to our suppliers

each of our specific neuroserpin inhibitory hit compounds have a logP between 2 and 2.5.

Aim 4: Elaborate the structural activity relationships (SAR) of each target pocket
based on the differential capacity of molecules analogous to initial hits to bind to and

inhibit neuroserpin.

Background

Based on the identification of an initial set of in silico derived molecules and subsequent
testing for neuroserpin-specific inhibitory capacity as detailed in the previous aims, three
neuroserpin specific inhibitory compounds were identified. All, interestingly, happened to

be targeted to different pockets on the neuroserpin protein.

e Molecule 573 for pocket ALA54
e Molecule 526 for Glu220

e Molecule 31615 for Glu227

While these molecules were able to specifically inhibit neuroserpin in a dose dependent
manner, as discussed in the previous section their potencies were too low for immediate
applicability to in vitro (cell culture) or in vivo applications, therefore we will explore the
structural activity relationships present in each pocket to gain a better understanding of

how to build potent ligands in the effort of hit->lead optimization.
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Exploring structural activity relationships (SAR) between a target pocket of a protein
and its ligands is the main method of hit->1ead optimization in small molecule drug design
135138, By testing compounds analogous to hit compounds but with slight structural
variations across a number of different axes, and measuring the increased or decreased
potency of these analogous molecules, we can explore the specific structural activity
dynamics of a given pocket to determine what structures drive/reduce potency. The
increased knowledge of what chemical properties drive the affinity between ligand and
target receptor, combined with the cumulative knowledge of the small molecule drug
discovery field, allows for the characterization of ideal traits both for ligand-receptor
interaction and drug-like properties related to aqueous solubility, stability, permeability,
and lack of toxicity. Thus, through exploring SAR we can derive the design of more potent

drug-like molecules, in this case, for neuroserpin inhibition.

Methodology

To find commercially available molecules with similar 3D shapes but with a
different 2D chemical scaffold, we used the program ROCS (OpenEye) with each of our
three hit compounds as query molecules. Utilizing relevant ZINC15 databases of drug-like
small molecules we ranked 1.5 million small molecules for their predicted bioactive

similarity to each of our hit compounds by Tanimoto-composite score.

Concurrently, to find molecules with a similar 2D shape (>85% structural similarities)
but different 3D structure we utilized the small molecule catalogues ZINC15 and
Chembridge, which have built-in 2D structural similarity algorithms. From both methods a

minimum of 15 analogous compounds per initial hit were purchased for in vitro testing of
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neuroserpin inhibitory capacity. Measurement of neuroserpin inhibitory capacity was done

as outlined in aim 3, and all the same negative controls were utilized.
Results

In the testing of 26 commercially available analogues of compound 573 (green) at
100pM we identified two candidates which had a stronger neuroserpin inhibitory capacity

(>20% greater effect on tPA RoR increase than 573) (figure 13).
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Figure 13: Fold change in the tPA rate of reaction when a small molecule candidate inhibitor is applied. All candidates
identified as analogues to 573. The values are derived from taking the tPA activity slope of wells containing tPA,
plasminogen, neuroserpin, and 100puM of a given compound, divided by the average of the intra-run control wells
containing just tPA, plasminogen and neuroserpin. The value of 1, indicated as the dashed blue line, represents the value
at which there is no change in tPA RoR from neuroserpin control when 100uM of candidate is applied (N=3, SEM).
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In the testing of 15 commercially available analogues of compound 526 (green) at
100uM we identified 2 candidates which had a stronger neuroserpin inhibitory capacity

(>10% greater effect on tPA RoR increase than 526) (figure 14).
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Figure 14: Fold change in the tPA rate of reaction when a small molecule candidate inhibitor is applied. All candidates
identified as analogues to 526. The values are derived from taking the tPA activity slope of wells containing tPA,
plasminogen, neuroserpin, and 100uM of a given compound, divided by the average of the intra-run control wells
containing just tPA, plasminogen and neuroserpin. The value of 1, indicated as the dashed blue line, represents the value
at which there is no change in tPA RoR from neuroserpin control when 100uM of candidate is applied (N=3, SEM).

In the testing of 15 commercially available analogues of compound 31615 (green) at
100uM we identified 1 candidate which had a stronger neuroserpin inhibitory capacity

(>30% greater effect on tPA RoR increase than 31615) (figure 15).
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Figure 15: Fold change in the tPA rate of reaction when a small molecule candidate inhibitor is applied. All candidates
identified as analogues to 31615. The values are derived from taking the tPA activity slope of wells containing tPA,
plasminogen, neuroserpin, and 100uM of a given compound, divided by the average of the intra-run control wells
containing just tPA, plasminogen and neuroserpin. The value of 1, indicated as the dashed blue line, represents the value
at which there is no change in tPA RoR from neuroserpin control when 100uM of candidate is applied (N=3, SEM).

Discussion

This initial SAR work identified at least 1 molecule, per pocket, with greater
neuroserpin inhibitory capacity than the initial hit from that pocket. This work also
identified numerous compounds, analogous to initial hits, which had no effect on
neuroserpin activity, and thus likely no affinity to neuroserpin. Further, this work
identified molecules, analogous to initial hits, which upregulated neuroserpin activity,

demonstrating maintained affinity but with a reversal of effect. While elaboration of these
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‘neuroserpin activators’ is outside the scope of this Thesis, they may also have clinical

relevance.

Due to our lab not having a resident medicinal chemist, a limitation of this work is
that the analogues tested were restricted to those which were currently commercially
available, which meant studying molecules which had multiple chemical changes to a given
hit compound, obscuring interpretation of SAR. Future in silico work will elaborate on
which specific changes are ultimately responsible for alteration of affinity and effect.
Specifically, utilizing the software Flare (Cresset) following work can utilize data generated
in the above results section to specifically perform sequential chemical changes between an
initial hit and a commercial analogue which had greater neuroserpin inhibitory capacity,
docking after each change to measure altered binding affinity, to assess what changes may

have been responsible for the increased effect.

Further, to explore molecules in series with our hit compounds which are not
available from commercially existing analogues, future work can utilize in silico elaboration
and enumeration of the hit scaffold using the software Flare (Cresset). Examples of this
structural elaboration could be using Flare to introduce heteroatoms at all possible
positions in each hit compound to elaborate the structure, and dock and rank these new
molecules for predicted target binding. Further, Flare can be used to perform in silico
chemical reactions exploring several areas for each compound. For example, by
disconnecting the central amide bond of hit compound 573 and then attaching panels of
available amine/carboxylate fragments to generate new analogues for docking. The best

performing analogues from this process could then be run in the neuroserpin activity assay
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developed in aim 2 to confirm their increased neuroserpin inhibitory capacity. These
strategies would allow for the exploration of a wide range of chemical space with a clear
hypothesis for target interactions and will allow us to build a robust picture for SAR in each

predicted binding site.

The lack of CRYO-EM confirmation of initial hit compounds to bind to their
respective target pocket may serve as another limitation of the interpretation of SAR. It was
simply outside the capacity of this project to perform CRYO-EM for each hit compound-
neuroserpin interaction. However, our lab is confident in utilizing these initial hits and their
analogues to explore the SAR of their respective pockets as this strategy, even without
CRYO-EM confirmation, has been a key step in the drug development for clinically valuable
small molecule medications currently applied in cancer, diabetes, arthritis as well as other

diseases 129, 136,139,140,

Lastly, in the search for molecules with increased potencies to our original hits, due
to the unfunded nature of the project, we are merely assessing trends and thus do not make
statements regarding statistical significance. Statistical significance testing will come as the
lab identifies lead compounds exhibiting potencies in the desired range and acquires the

needed funding.

General Discussion

Summary and future directions

The work detailed in the above body of the Thesis represents a major step-forward

towards the realization of a therapeutic aimed at maintaining cholinergic signaling in AD
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via the modulation of mNGF availability. Not only has the neuroserpin protein been proved
druggable by small molecule pharmacology 141142, validating our initial hypothesis, but the
in silico and in vitro work utilized to discover and build the potency of neuroserpin
inhibitory molecules takes our labs overarching hypothesis that the pharmaceutical
inhibition of brain neuroserpin in the AD pathology should halt or delay the atrophy of
basal forebrain cholinergic neurons, preserve cholinergic tone, and consequentially
improve cognition, delaying clinical onset, out of the realm of purely theoretical and into

something the lab is close to empirically testing.

While we do not yet have compounds sufficient for the assessment of our
overarching hypothesis that neuroserpin inhibition should restore cholinergic trophic
support and cognitive outcomes in the continuum of the Alzheimer’s pathology, our initial

findings, as described in this Thesis, offer solid grounds to generate such compounds.

Specifically, while we do not yet have lead compounds of sufficient potency for
assessing primary target engagement, as discussed, the lab has strategies of hit->lead
optimization through exploring SAR, and collaborations from which the lab is confident
such lead compounds will be generated. Such compounds (3-5) would then undergo the

necessary steps for evaluating/optimizing those leads for eventual in vivo application.

Namely, the laboratory intends to evaluate the effect of newly identified specific
neuroserpin inhibitory lead compounds on NGF maturation in ex vivo Wistar rat brain
tissue utilizing well validated lab protocols 8¢, as a measure of primary target engagement.
While also monitoring the potential toxicity of lead compounds in these ex vivo blocks by

applying LDH and MTT assays as described in 143. These investigations should culminate
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with the in vivo assessment of leading neuroserpin inhibitors effects on cognition, NGF
metabolism, cholinergic synaptic density, and amyloid pathology in McGill-R-Thy1-APP
transgenic rats exhibiting the AD-like amyloid pathology and replicating the human-like
NGF dysmetabolism resulting in cholinergic synaptic losses following well-established lab

protocols 144148,

Larger context within AD

Briefly, while I discussed in the introduction the strong foundational link between
loss of cholinergic tone and reduced cognitive capacity, in the following paragraphs [ would
like to discuss the role of NGF dysmetabolism in the larger context of the Alzheimer’s
disease pathology in order to drive home the impact a pharmaceutically viable neuroserpin
inhibitory compound could have on AD. Importantly, our lab has generated solid evidence
that NGF dysmetabolism is likely part of a basocortical feedback loop driving NGF
dysmetabolism, AB pathology, and CNS inflammation in AD (figure 16), which will be

discussed briefly in the following paragraphs.
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Figure 16: Early AD pathology is sufficient to impair NGF metabolism by facilitating proNGF accumulation and reduced
mNGF availability. A compromised NGF metabolism leads to downregulation of NGF receptor expression and diminished
cholinergic trophic support, resulting in reduced cholinergic tone. As a consequence of reduced cholinergic
neurotransmission, the generation of toxic Af peptides, inflammation, increased excitatory/inhibitory balance, and
vascular pathology will be favored, contributing to NGF dysmetabolism and therefore the self-propagation of this loop.

Adapted from®.

Our lab poses the hypothesis that NGF dysmetabolism follows primarily from

amyloid pathology and an early stage proinflammatory process. This hypothesis is

supported by the following find

A) The injection of solub

ings:

le AB oligomers into the brain of naive rats induced NGF

dysmetabolism, showing competency se.

B) That Down Syndrome individuals’ (who inevitably develop AD due to the APP

genes location on the trisomied 215t chromosome) foetal tissue shows concomitant

amyloid oligomerization

population 149156,

and NGF dysmetabolism, showing correlation within an AD
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C) The induction of NGF dysmetabolism in the naive rats was rescued by the
application of minocycline, an anti-inflammatory drug . Showing that amyloid beta
oligomers are capable of inducing NGF dysmetabolism through their pro-
inflammatory effect, which is likely how it is mediated in the Alzheimer’s pathology.
As this correlates well with the known pro/anti-inflammatory roles of many of the
NGF metabolic factors which may have their expression and transcription changed

in an environment of chronic neuroinflammation induced by AB pathology57-1%.

Also worth noting is that mNGF signaling with its high affinity receptor TrkA is
responsible for the expression of all NGF “housekeeping” proteins including its own
receptor TrkA. Therefore, this may constitute its own feedback loop where decreased
mNGF-TrkA signaling from the NGF dysmetabolism leads to downregulation of TrkA

expression and thus even less mNGF-TrkA signaling, further driving BFCN atrophy 8 90.160, 161,

As discussed in the introduction section, this NGF dysmetabolism results in a loss of
cholinergic tone, and it is clear from the wider literature that reduced cholinergic tone
induces both amyloidogenic APP processing and pathogenic neuroinflammation as well as
cognitive decline 162166, Therefore, such cholinergic compromise would worsen AD

pathology, CNS inflammation, and dementia.

Further, cholinergic signaling has been implicated as playing a role in other systems
which have relevance to AD pathology. Such as being a mediator of vascular integrity and
functional hyperperfusion 165, and as a neuroprotective signaler through a7-nAChRs 167 or
M1-mAChRs 62, Thus, cholinergic therapies, such as downregulating neuroserpin activity to

restore BFCN trophic support, could impact multiple facets of AD pathology.
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Mitigating and alternative strategies

Some research has indicated that neuroserpin is largely glycosylated in vivo 16170, To
date, all published in vitro studies relating to neuroserpin utilized bacterially expressed
neuroserpin, implicitly ignoring the role of glycosylation ¢, Indeed, the human
recombinant neuroserpin used in aims 2, 3, and 4 in this Thesis is bacterially expressed and
lacks glycosylation, as do the crystallized neuroserpins used in aim 1. The importance of
neuroserpin glycosylation in respect to its tPA inhibitory function is currently unknown as
is the degree to which glycosylation may affect the presentation of the targeted epitopes 168
171, This may complicate the translation of inhibitors from in vitro to in vivo conditions. If the
best performing compounds in vitro do not work as well in vivo one mitigating strategy
could be to start this process over and begin by assessing the ability of small molecule
inhibitor candidates to inhibit neuroserpin in an assay utilizing human purified or

recombinant glycosylated neuroserpin.

If, prior to in vivo application, neuroserpin inhibition by small molecules seems to
plateau before the required potency needed for translatability, one alternative strategy
could be the application of lysosomal targeting chimeras. This class of drugs utilize a small
molecule with target affinity fused to a lysosomal attractor 172, Thus, these drugs reduce a
given proteins population by trafficking them for degradation. Therefore, neuroserpin
attaching small molecules purely need high affinity rather than an ability to effect function
per se, and thus we can explore a larger portion of neuroserpin binding hotspots (identified
in aim 1) without restriction to hotspots where binding is likely to induce inhibition of tPA

inhibitory function. While lysosomal targeting chimeras use in neurological therapeutics
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has, until now, been impossible due to their size prohibiting BBB passage, novel strategies
are being developed to circumvent this in hopes of applying this therapeutic strategy to
neurological targets 173. Therefore, in the near future this may present a viable route for

neuroserpin overactivity reduction in the context of AD.

Applications outside of AD

Neuroserpin modulation via small molecules may have clinical and research
relevance outside of AD. One such example is that it may offer a therapeutic opportunity in
Familial Encephalopathy with neuroserpin inclusion bodies (FENIB). FENIB is caused by a
mutation in the neuroserpin encoding gene, which produces a neuroserpin protein which
polymerizes and forms inclusion bodies destroying neurons 174175, An attached small
molecule either to this polymerization site, or elsewhere affecting the appearance of this
site, could prevent polymerization and thus be used to treat the disorder. This could be
tested by utilizing the same in silico methods of drug candidate identification utilized in the
present Thesis, except applied to the crystallized form of the mutant neuroserpin.
Candidate drugs could then be initially verified in vitro by incubating the mutant
neuroserpin in or outside of the presence of these candidates and then measuring the

aggregation.

Final Conclusion and Summary

The work detailed in the above Thesis represents the accomplishment of the aims
set out for the experimentation. This work details the in silico work of identifying candidate

neuroserpin inhibitory molecules (Aim 1), the generation of an in-direct neuroserpin
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activity assay (Aim 2), and the in vitro testing of molecules to serve as potent and specific

neuroserpin inhibitors (Aims 3 and 4).

It is also worth noting that the reliable neuroserpin activity assay generated in this
work has applicability not only for the Cuello lab in the continuation of this project, but also

other projects with both research and clinical applications.

Lastly, as discussed in the introduction, neuroserpin inhibition could work at any
stage (MCI/AD/preclinical) to normalize BFCN trophic support. However, a neuroserpin
inhibition therapeutic would be most effective as a preclinical disease prevention drug, or
an early-stage disease modification drug that delays the conversion of MCI to AD by
prolonging cholinergic signaling, before significant neuronal death. Either of which would
be impactful, as a treatment that can postpone the clinical onset of AD by five years, much
like L-DOPA in Parkinson’s disease, would result in a 41% reduction in the occurrence of
AD worldwide 176, Moreover, according to Canadian models, if dementia’s onset could be
postponed five years, then the Canadian AD population would rise only 10% by 2041, well

behind population growth 177.

Therefore, the elaboration of this (and other) projects towards impactful
pharmacologics aimed at delaying clinical onset, combined with the growing ability of
biomarkers to diagnose individuals with preclinical AD could allow for a transformational

impact on the clinical treatment of Alzheimer’s disease.
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