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ABSTRACT OF THE DISSERTATION

Image-guided therapeutic intervention in autoimmune diseases

by

Bao Ying Chen
Doctor of Philosophy in Physics and Biology in Medicine
University of California Los Angeles, 2022

Professor Peter M. Clark, Chair

Multiple sclerosis (MS) affects more than 1 million Americans every year and is a chronic,
demyelinating, neurodegenerative disease of the central nervous system. MS is a
challenging disease to diagnose and treat as it can be a heterogenous in both its
biological aspects and clinical presentation. Standard of care for diagnosing patients with
MS is through the use of magnetic resonance imaging (MRI). While this technique is
informative about anatomical structures, an imaging modality that can provide functional
information about the disease will help to elucidate the complex mechanisms involved.
Furthermore, current therapies for MS can have significant side effects on patients and/or
only target a certain subset of patients. New therapies are needed to not only help MS

patients but also patients with other autoimmune diseases.

Chapter one of this dissertation will be a review about the current state of MS, introduction

into positron emission tomography (PET) and the current radiotracers that have been



developed to image different aspects of MS, and the deoxyribonucleoside salvage

pathway in autoimmunity.

Chapter two describes the first project that | worked on in which | utilize [*8F]FAC to image
brain-infiltrating leukocytes in the experimental autoimmune encephalomyelitis (EAE), a
mouse model of MS. Brain-filtrating leukocytes contributes to MS pathology and have
been shown to contribute to pathology in other neurological diseases including
autoimmune encephalomyelitis. Because of its role in disease pathology, it is of

importance that a strategy is available to image these pathogenic immune cells.

Chapter three will talk about understanding the functional aspect of the
deoxyribonucleoside salvage in EAE and the broader implications of this pathway for MS
disease. Through our previous work on imaging this pathway in EAE, we found that this
pathway is upregulated during disease onset and progression. | show that in this chapter
the deoxyribonucleoside salvage is functionally-relevant for EAE and that specifically
targeting this pathway in EAE leads to improvement of clinical symptoms in MS.
Discoveries made here can be translated into understanding and developing therapies
for other autoimmune diseases. The result of this work demonstrates the potential of
targeting the deoxyribonucleoside salvage in autoimmune diseases and the success of
this target in MS mouse models support further evaluation into the clinical for patients

with autoimmune diseases.



In chapter 4, | draw conclusions to my work during this PhD and in chapter 5, | highlight

some of the works that | have contributed to during my time at UCLA.



The dissertation of Bao Ying Chen is approved.

Harvey R. Herschman
Allan Mackenzie-Graham
Oluwatayo Ikotun

Peter M. Clark, Committee Chair

University of California, Los Angeles
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Chapter 1: Introduction

1.1 Overview of multiple sclerosis (MS)

1.1.1 Epidemiology of MS

Multiple sclerosis (MS) affects over a million people in the United States (1) and over 2.3
million people around the world (Fig. 1.1) and has an onset of between 20-40 years old
((2,3)). This disease is characterized demyelination and neurodegeneration in the central
nervous system. MS can lead to lifelong symptoms including physical disability, cognitive
impairment, and a decrease in the quality of life. Factors that lead to an increase risk of
MS includes environmental, lifestyle, and genetics. In studies where the prevalence of
MS is mapped out, it has been suggested that MS prevalence increases with increasing

latitude(4). Individuals of European descent are more prone to having MS (5).

Several factors can contribute to MS. For example, the presence of HLA-DR1*15:01 allele
is one of the genetic factors most associated with MS (6). Childhood obesity, cigarette
smoking, and previous infection with Epstein-Barr virus have all been associated with

increased risk of MS (7-9) (Table 1).

MS is more prevalent in females than males (2). females with MS are more likely to have
a better prognosis than males and their disease severity tends to be lower. For example,
females diagnosed with remitting-relapsing MS have less severe of MS when compared
to males, with longer time to reach severe disability. based on the expanded disability
status scale criteria or secondary progressive MS (10,11).

1



Number of people with MS.
Prevalence per 100,000 people ..
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=200 Lo N

Ifigure 1.1. Prevalence of MS worldwide.
The MS international Federation’s Atlas of MS. 2013.

Risk factor Odds HLA gene Combined odds  Effect during Immune system  Level of
ratio interaction ratio® adolescence implied evidence
Smoking ~1.6 Yes 14 No Yes 4+

EBV infection

(seropositivity) ~3.6 Yes ~15 ‘Yes Yes +++
Vitamin D level <50 mM ~14 No NA Prabable Yes 4+
Adolescent obesity® ~2.0 Yes ~15 Yes Yes 4+
(Cszllr\é‘i)gf:ififji;) 07 No NA Unknown Yes ++
Night work ~1.7 No NA Yes Yes ++
Low sun exposure ~2.0 No NA Probable Yes ++
Infectious mononucleosis ~2.0 Yes 7 Yes Yes ++
Passive smaoking ~13 Yes 6 No Yes +
Organic solvent exposure | ~1.5 Unknown Unknown Unknown Unknown +
SJELE?;;Z% or nicatine 05 No MNA Unknown Yes +
Alcohol ~0.6 No NA Unknown Yes +
Coffee ~0.7 No NA Unknown Yes +

Table 1. Lifestyle and environmental risk factors for MS.



1.1.2 Types of MS

Clinically, MS is displayed in patients in two forms: relapsing or progressive. The relapsing
form of MS (RRMS) is characterized by discrete episodes of neurological dysfunction
followed by complete, partial, or no remission. Relapses can occur and these relapsing
episodes can last for over days or weeks, reach peak severity, and remit either to some
recovery or complete recovery (12). Typically, most MS patients present with a relapsing-
remitting course of disease and, eventually, about 50% of those patients will develop the
secondary, progressive form of MS (SPMS). However, in 15% of MS cases, patients will
present a primary progressive course (PPMS) in which neurological dysfunctions
continually get worse with time and with no remission (13). Some patients will present
clinical isolated symptoms (CIS), in which a single episode of MS-like symptoms will
appear but is unclear whether those symptoms will happen again. Figure 1.2 shows an
overview of the clinical course for MS disease. The length of disease and the timing of

relapses can vary between patients.



Pre-symptomatic Relapsing-remitting
- NCIS 7 N\ Secondary progressive
A F ; ]

Inflammatory
relapses

— Clinical
disability
(RRMS and
SPMS)

— Clinical

disability
H ; (PPMS)
L B mE R R Clinical

threshold

Clinical disability

»
»

Time

Figure 1.2. Clinical course of MS: relapsing-remitting (RRMS), secondary progressive
MS (SPMS), primary progressive MS (PPMS), and progressive-relapsing MS (PRMS)
Clinically isolated symptoms (CIS) (13).



1.1.3 Clinical presentation of MS

The clinical symptoms of MS are often heterogenous and can depend on the location of
the demyelinating lesions in the central nervous system and the severity of the lesions.
Onset of MS is defined as an episode of neurological dysfunction due to demyelination
areas in the central nervous system (such as the optic nerve, spinal cord, and brain).
Optic neuritis, one of the first symptoms experienced by over 25% of MS patients, is
characterized by either partial or complete vision loss, loss of color vision, or eye pain
(14-16). Other symptoms that can also arise with initial MS onset include sensory
symptoms (such as numbness and pinks-and-needles feeling), motor symptoms (e.qg.

muscular weakness and spasticity), and cognitive impairment.

Focal plaques are a standard MS phenotype, characterized as demyelination. These
plaques can occur in white and gray matter and can be found throughout the brain, optic
nerve, and spinal cord (17-19). In early stages of MS, active demyelinating lesions,
defined as significant leukocyte infiltration, activated microglia and macrophages, and
reactive astrocytes, are present in patients with CIS or RRMS. In contrast, PPMS or
SPMS patients have more inactive lesions that are better-defined, less densely populated
by infiltrating immune cells, less dense axons, astrocytic gliosis, inconsistent microglial
activation (20-24). Other forms of plaques can also exist in MS including chronic active
plaques and slow expanding lesions. Chronic plaques tend to be more frequent in MS
patients with longer disease course and can be characterized by more macrophages at
the edge rather than the center of the lesion (Fig. 3). Slower-expanding plaques have an

inactive center containing demyelination and transected axons (20,22—-24).
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Figure 1.3. Brain tissue of MS patient with secondary progressive multiple sclerosis
(25).

(A) Top box: normal- appearing grey and white matter. Lower box: mixed grey and white
matter lesions. (B)- (E): sections stained of normal appearing grey and white matter.
(F)-(): sections stained from grey and white matter lesions. (B and F): Proteolipid
protein staining to quantify myelin, (C and G): Bielchowsky staining to determine axonal
injury. (D and H): NeuN staining to identify neuronal shrinkage and loss. (E and I):
ionized calcium binding receptor molecule 1, a marker for microglia.



1.1.4 Immunobiology of MS

MS is an autoimmune disease characterized by an immune attack on healthy tissues and
cells in the central nervous system. Hallmarks of the MS disease includes demyelination
in areas located around post-capillary venules, axonal loss leading to neurodegeneration,
and breakdown of the blood-brain barrier. The mechanisms of how the blood brain barrier
is broken down are not well-understood, but studies suggest that proinflammatory
cytokines and chemokines from residential immune cells, endothelial cells, as well as the
cytokine-dependent and chemokine-dependent leukocyte mediated injury may have
some effects on the breakdown of the blood brain barrier (4,5). Post-breakdown of the
blood-brain barrier leads to migration of infiltrating activated-leukocytes into the central
nervous system, causing further inflammation and demyelination and eventual

oligodendrocyte loss, reactive gliosis, and axonal degeneration (28,29).

The traditional understanding of MS is that it is a T-cell mediated disease, but current
understanding includes the involvement of several different immune types including B
cells, T cells, myeloid cells, microglia, and (30). Immune cells in the periphery and
resident- immune cells in the CNS secrete pro-inflammatory cytokines to recruit
inflammatory cells into the CNS. This leads to inflammation and demyelination in the
CNS. Residential innate immune cells, microglial cells and astrocytes, can release
neurotoxic inflammatory cytokines that promote axonal damage and neurodegeneration
in MS disease (31). It is also thought that aberrant T cell activation during MS is also due
to an insufficiency in regulatory T cell functions in which regulatory T cells become

effector-like T cells with loss of function (32). Due to success in therapies against CD20+



B cells in MS, a role for B cells in development of MS has been implicated (33). While
patients treated with CD20 therapy showed reduced relapse rate, no differences in B cell
produced immunoglobulin profiles in the cerebrospinal fluid were observed in these
patients (34,35), psuggesting that MS relapses do not depend on B cell-produced
antibodies. However, patients treated with anti-CD20 therapy have reduced pro-
inflammatory responses and B cells that reemerge after discontinuing the therapy have a
more anti-inflammatory profile including increased IL-10 secretion which is a regulatory

cytokine (36-38).
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Figure 1.4. Complex immune system regulatlon in early and late stages of
MS within the central nervous system (25).

Most recently, Epstein-Barr virus (EBV has been thought to play an important role in
priming the immune system to attack the central nervous system, leading to the
development of MS.. Anti-EBV antibody titers in 99% of MS patients suggestsan
epidemiological link between MS and EBV. A longitudinal study comprising of more than
10 million young adults in the US military active duty found nearly 955 individuals who

were diagnosed with MS during their period of service. These individuals had increased

9



levels of neurofilament light chain, a biomarker for neuroaxonal degeneration and that
was only after infection with EBV and not with other viruses (39). A more recent study
found that EBNAL protein of the Epstein-Barr virus mimics the GlialCAM protein, that is
expressed on glial cell adhesion molecules (40). A part of the EBV protein mimics the
host protein, GlialCAM, that is found in insulating sheath on nerves. As a result of this
molecular mimicry, immune cells that attacking the EBV virus to clear it out of the body,

also end up targeting the GlialCAM cells in the myelin (40).
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1.1.5 Current standard of care for MS diagnosis

Current clinical practice to diagnose MS uses 2017 McDonald Criteria. In these criteria,
the main evidence needed to distinguish MS from other neurological conditions is
assessing central nervous system damage that has been disseminated in time and space.
In other words, if damage in the CNS happened across different dates and time, then that
will differentiate MS from other conditions. Details on the specifics of the diagnostic

criteria for MS are compiled below (Table 2).

Current standard of care for diagnosing MS and monitoring the course of the disease is
through MRI. Abnormal lesions as identified through MRI in patients with MS usually
appear multifocal and egg-shaped on T-2 weighted images. Gadolinium-based contrast
agents and acquiring T1-weighted images can be used to distinguish active from inactive
lesions. Hypointense lesions on T-1 weighted images are associated with more severe

tissue damage; this hypointensity may indicate demyelination and axonal loss (41).
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The 2017 revised criteria for the diagnosis of MS

Relapsing—remitting MS

At least two clinical relapses and objective clinical evidence on neurological
examination of at least two lesions with distinct anatomical location, or at least
two clinical relapses and objective clinical evidence of one lesion and clear-cut
historical evidence of a prior relapse involving a lesion in a distinct anatomic
location

At least two clinical relapses and objective clinical evidence of one lesion; in
addition, dissemination in space should be demonstrated by either a second
clinical relapse implicating a different central nervous system site or using MRI.

One clinical relapse and objective clinical evidence of two or more lesions; in
addition, dissemination in time should be demonstrated by a second clinical
relapse, or using MRI or demonstration of cerebrospinal fluid-specific oligoclonal
bands.

One clinical relapse and objective clinical evidence of one lesion; in addition,
dissemination in space should be demonstrated by a second clinical relapse
implicating a different central nervous system site or using MRI, whereas
dissemination in time should be demonstrated by a second clinical relapse, or
using MRI or demonstration of cerebrospinal fluid-specific oligoclonal bands.

Primary progressive MS

A disease course characterized by progression from onset, 1 year of disability
progression (retrospectively or prospectively determined) independent of clinical
relapse and two of the following criteria below:

o One or more T2-hyperintense lesions in at least one area in the brain
characteristic of MS (periventricular, cortical and/or juxtacortical or
infratentorial)

o Two or more T2-hyperintense lesions in the spinal cord with no distinction
between symptomatic or asymptomatic lesions

o Demonstration of cerebrospinal fluid-specific OCBs

Table 2. 2017 McDonald Criteria for MS diagnosis (25).
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1.1.6 Current therapies used to treat MS patients

Disease-modifying treatments (DMTSs) are usually prescribed once a patient is diagnosed
with RRMS or CIS to help reduce the risk of disease progression. The first-line of DMTs
include IFN-beta and glatiramer acetate. IFN-beta is thought to activate the STAT
transcription factors and modulate the immune system through downregulating major
histocompatibility complex (MHC) expression and block T cell migration (42). Glatiramer
acetate can induce anti-inflammatory T cell responses (43). These DMTs have low risk
for severe adverse drug reactions, but are only moderately effective and often have poor

tolerability. Patients often develop flu-like symptoms and injection site inflammation.

The treatment strategy for RRMS is to use escalation therapy in which patients are first
given safe but moderately effective therapies such as IFN-beta and glatiramer acetate. If
the patient is not able to tolerate the first line of therapy, then another form of first-line of
DMT is given such as fingolimod. If new relapses occur or new lesions are present in a
MRI scan, then second and third-line therapies are used (44). Patients who no longer
respond to therapy and have more severe disease will be given an autologous

hematopoietic stem cell transplant (45).

Another treatment strategy to help patients with RRMS is induction therapy in which
patients are treated earlier with more effective DMTs such as alemtuzumab (binds to
CD52 to prevent lymphocytes from circulating in the periphery) and ocrelizumab (anti-
CD20 therapy that depletes circulating B cells) to help prevent severe CNS damage and

clinical disability. This approach is often given to patients who have a negative prognosis
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and are likely to have high disease activity and frequent relapses. While this therapeutic
approach can rapidly eradicate cells associated with inflammation in MS and possibly
shift towards a more tolerogenic immune system, DMTs used here have more adverse
side effects that include respiratory infections, malignancy, and decreased number of
platelets (46). The same DMTSs used for patients with RRMS cannot be used for patients
who have PPMS and SPMS, as most of those therapies are not effective. So far, only
anti-CD20 therapies such as Rituximab have shown some promise in reducing signs of
active inflammation in younger patients and reduced disability progression in PPMS

patients.
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1.2 Positron Emission Tomography (PET) imaging of autoimmunity

1.2.1 Introduction to PET

Positron emission tomography (PET) is a qualitative, non-invasive imaging modality that
images biological processes in vivo. Molecules are radiolabeled with a positron emitting
radioisotope, such as fluoride-18 (F-18), emitting positrons that can travel short distances
and interact with a neighboring electron. This interaction leads to the generation of two

511-keV photons that can be detected in a PET scanner.

PET imaging is an informative way to identify, study, and diagnose a disease in its early
stage, and throughout its course. ®F-FDG, a radiolabeled analogue of glucose, has been
used to study alterations in glucose consumption in Alzheimer’s, cardiovascular disease,
and cancer (47). 8F-FDG is transported into the cells through glucose transporters and
is phosphorylated by hexokinases. The product FDG-6-POs4 cannot be used for

downstream reactions and is retained in the cell, in proportion to the rate of glycolysis

(Fig 1.5).
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Figure 1.5. 8F-FDG transport into tissues (47).
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1.2.2 PET imaging to study different aspects of MS

MS is a chronic disease that affects the brain and spinal cord and results in multifocal
lesions and damages to what would be normally-appearing tissues. Relapsing and
remitting MS is characterized by inflammatory activity in the CNS and the progressive
form is defined as neurodegeneration that will result in clinical progression and
accumulation of disability. Neurodegeneration is a complex process in MS and is defined
as an interplay between extraneuronal processes and intraneuronal mechanisms.
Activation of the innate and adaptive immune system underlie the neurodegeneration in
MS. Mitochondrial damage combined with the energy needed for nerve conduction in

demyelinated state leads to hypoxia within the neurons, leading to chronic necrosis (48).

Important biological processes in MS all suggest potential therapeutic targets to stop
disease progression of MS. However, many of these processes have been identified in
post-mortem studies or in animal models. PET imaging can provide important functional
information  regarding neuroinflammation, demyelination, remyelination, and
mitochondrial dysregulation and neuronal damage. In the following sections, | will review

some the work in the PET imaging side to image MS in vivo.

Neuroinflammation

One aspect of MS is understanding how macrophages and microglia contribute to
neurodegeneration in MS. 18-kDa translocator protein (TSPO) is located on the outer
membrane of the mitochondria; higher expression levels of TSPO is associated with

activated macrophages and microglia (49,50). Several generations of TSPO-based
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radiotracers were developed to asses activated macrophages and microglia in vivo such
as 1'C-PK11195 and *¥F-PBR06 and *'C-PBR28 (51,52). Important insights were learned
from TSPO-based PET imaging. Microglia and macrophages are not only important in
progressive phases of disease but also crucial to pathology starting at disease onset
(49,53-55). Increased TSPO tracer binding was observed in lesions, perilesional areas,
and normal-looking white and gray matter in MS patients during all stages of disease
(49,53-56) (Fig. 1.6). TSPO-based PET have also shown that inflammation also exist in
white matter area outside of visible lesions (57). This suggests that being able to image
innate immune activation using PET in MS can predict clinical progression of disease
(58). Furthermore, TSPO PET also has provided insights into the heterogenous nature of
innate immune infiltration into lesions and healthy-looking tissues, an advantage in which
techniques like MRI cannot do. However, TSPO has its limitations, including sensitivity to
polymorphism, lack of specificity for microglia and macrophages, and lack of ability to
differentiate between pro and anti-inflammatory innate immune cells. Radiotracers that

bind to novel targets and are specific for specific types of immune cells are needed.

On the preclinical level, new radiotracers are currently being developed and tested to
image different aspects of radiotracers such as %Cu Rituximab to image B cells (59), 1C-
CPPC to image colony-stimulating factor 1 receptor on microglia cells, and *Cu-TREM1

mAD for infiltrating myeloid cells.
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Figure 1.6. Example PET/MR imaging of healthy and MS patients injected with TSPO-
based radiotracers 'C-PK11195 and '8F-DPA714.

Astrocytes

Astrocytes are involved in the innate immune system in MS pathology and can promote
neurodegeneration and inflammation through activation of microglia and neurotoxic
activities (60). Current PET imaging strategies to image and quantify astrocytes in
humans are in development. One method that has been tested for imaging astrocytes is
1C-acetate, which is supposedly taken up by astrocytes and readily accumulates in white
and gray matter of MS patients compared to healthy controls, suggesting that this could

reflect activation of astrocytes (61,62).

Another target for imaging astrocytes is monoamine oxidase B (MAO-B). MAO-B is an

enzyme that resides in the outer membrane of mitochondria and is preferentially
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expressed on astrocytes (63,64). ®F-THK5351 and 'C-deuterium-L-deprenyl are PET
radiotracers that inform MAO-B expression in activated astrocytes. These PET
radiotracers were accumulated in a subset of inactivate plagues in MS patients,
potentially suggesting that these radiotracers can be used to discriminate between gliotic

and non-gliotic lesions in the brain(63,64).

Other PET approaches include imaging A2A purinergic receptor (A2AR) with 11C-TMSX.
A2AR |, expressed in brains of MS patients, is associated with reactive astrocytes in
chronic active lesions (65). Other approaches include using 'C-BU99008 to target
imidazoline 2 binding site (12BS), a protein that is localized in the outer membrane of the

mitochondria on glial cells and can be overexpressed in activated astrocytes (66).

Demyelination and remyelination

Various techniques using MRI have been suggested for quantification of myelin content
in MS. However, pathological features of MS cannot always be visualized with MRI. Using
PET to image demyelination or remyelination will provide a more direct and specific
measures of the myelin content in MS. Several Pet radiotracers have been developed to
image myelin content. Stilbene and benzothiazole-derived PET tracers are examples of
that bind to myelin (67-70). The stilbene compound C-BMB interacts with beta sheets
of myelin proteins but more studies need to be done to further confirm this (67). Another
radiotracer that can bind to myelin is a thioflavin derived 'C-PiB in which it has been
shown that in a mouse model of demyelination, accumulation of '!C-PiB was decreased

and increased with myelin recovery (71). Newer generations of radiotracers such as 8F-
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florbetapir and 8F-florbetaben have greater selectivity for myelin (72). These radiotracers
have shown promise in that accumulation of these radiotracers were reduced in MS
patients when compared to healthy controls. PET imaging of myelin can be informative
but these radiotracers have limitations. Some radiotracers that are used to image myelin
are repurposed beta-amyloid tracers which suggests that signal from the images may

also reflect white matter signal and not exclusively myelin.

Neurodegeneration

In MS, secondary to inflammation and demyelination is neurodegeneration, a process in
which there is axonal loss that leads to permanent clinical disability. PET imaging can
help provide important information regarding neurodegeneration in MS. One of the first
radiotracers that was used to understand neuronal function was 8F-FDG. Patients with
MS showed decreased accumulation of 8F-FDG in the gray matter areas of the brain
which has been associated with fatigue and cognitive dysfunction, suggesting that there
may be some loss in neuronal function(73,74). Another tracer that provides information
on neuronal function is flumazenil (FMZ), which is an antagonist of GABAa receptor and
is located throughout the gray matter in axosomatic and axodendritic synapses. MS
patients with *C-FMZ show neuronal damage at the cortical level and in the deep parts
of the gray matter (75). Newer radiotracers such as 'C-UCB-J bind to glycoprotein 2A
(SV2A) that is expressed in presynaptic vesicles. Quantification of 1*C-UCB-J can provide
information about the early stages of neurodegeneration through the dysfunction or loss
of neuronal synapses (76). This imaging technique has been used to study Alzheimer

disease, Parkinson disease, epilepsy, depression, and schizophrenia.
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Another aspect of neurodegeneration is virtual hypoxia, a process in which neurons go
through before leading to irreversible damage. ®F-BCPP-EF is a PET radiotracer that

aims to image mitochondrial complex 1 (MC1), an early component of oxidative

phosphorylation (77).
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1.3 Deoxyribonucleoside salvage in autoimmunity

1.3.1 What is deoxyribonucleoside salvage

Deoxyribonucleotide triphosphates (ANTP) are needed for DNA replication and synthesis.
These dNTPs can be produced through two pathways, either through the de novo
pathway or the deoxyribonucleoside salvage (78). During deoxyribonucleoside salvage,
extracellular deoxyribonucleosides are transported into the cell for intracellular
metabolism for biosynthesis of dNTPs (78). In the salvage pathway,
deoxyribonucleosides are transported through the cell membrane by concentrative and
equilibrative nucleoside transporters. Purines and pyrimidines are phosphorylated by
deoxycytidine kinase (dCK), the rate-limiting enzyme in this pathway (78-81) (Fig 1.7).
dCK is one of the two important enzymes that controls deoxyribonucleoside flux in the

salvage pathway (78). The other enzyme is thymidine kinase 1 (TK1) (82).

dCK, a dimer in cells, can phosphorylate deoxycytidine, deoxyadenosine, and
deoxyguanosine. dCK is also important for activating several nucleoside analogue drugs
for cancer including cladribine and gemcitabine(83,84). In response to ionizing radiation
and DNA damage, dCK is activated in cancer cells through phosphorylation of serine 74
by ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related (ATR)
enzymes. dCK activation is required for DNA damage repair and G2/M checkpoint

(85,86).
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Figure 1.7. Deoxyribonucleoside salvage schematic.

1.3.2 Deoxyribonucleoside salvage in development and autoimmunity

Deficiencies in purine and pyrimidine metabolism are responsible for a variety of diseases
that include effects on the immune system (87). For example, mutations in adenosine
deaminase enzyme and purine nucleoside phosphorylase can lead to severe T
lymphocyte deficiency and recurrent infections(88,89). Disorders related to pyrimidine
metabolism such as orotic aciduria and pyrimidine nucleotide depletion syndrome lead to

increased susceptibility to infections (87).

Deoxyribonucleoside salvage is utilized in lymphoid organs and rapidly proliferating
tissues even though most other tissues using the de novo pathway (90).
Deoxyribonucleoside salvage is enriched in lymphoid organs such as bone marrow,
spleen, and the lymph nodes (91). Loss of dCK function in mice leads to impairment of T
and B lymphocyte development in mice but embryogenesis and development of other
organs were not affected (81). Furthermore, lack of dCK function results in depletion of
(deoxycytidine triphosphate) dCTP pools, replication stress, and cell cycle arrest in mice

(92). In vitro results suggest that deoxyribonucleoside salvage is increased in T cells
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when activated and in lymphoid organs of various mouse models including autoimmune
hepatitis (93), systemic lupus erythematosus (94), inflammatory bowel disease (95), and

anti-tumor immunity (91).

1.3.3 PET imaging of deoxyribonucleoside salvage

Monitoring immune function with PET imaging can have an important impact on
diagnosing and treatment for disorders related to the immune system, such as
autoimmune diseases. 1-(2'-deoxy-2'-18F-fluoroarabinofuranosyl) cytosine (**F-FAC) is
a radiolabeled analogue of deoxycytidine that measures deoxyribonucleoside salvage, a
pathway that is enriched in leukocytes and accumulates at high levels in lymphoid
tissues.. Similar to how deoxycytidine is transported into the cells and metabolized for
downstream processes such as DNA replication and repair, 1®F-FAC is also transported
into the cells through similar mechanisms and is phosphorylated by dCK. However,
phosphorylated FAC is cannot be utilized and is accumulated in the cell (Fig. 1.8),

allowing for the PET signals that see in the PET images.
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Figure 1.8. Deoxyribonucleoside salvage with deoxycytidine and '8F-FAC schematic.

BE-FAC enables PET imaging of deoxyribonucleoside salvage in mice but is rapidly
deaminated due to high levels of cytidine deaminase (CDA) in humans (96). CDA
converts 18F-FAC into ¥F-FAU, a metabolite that cannot be phosphorylated by dCK. To
solve this issue, ®F-CFAwas developed to image deoxyribonucleoside salvage in

humans (97).
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1.4 Conclusion

MS is a chronic autoimmune disease that can severely affect a patient’s quality of life.
Current method used to monitor MS and therapeutic effectiveness is through magnetic
resonance imaging (MRI).While this imaging modality can provide important anatomical
information regarding MS, it does not provide functional information in terms of the biology
of MS, such as the cells that are activated and contributing to disease onset and
progression. Furthermore, therapies that are currently used to treat MS patients only help
a subset of patients. There is a need for a method to image key pathogenic immune cells
in MS and new therapeutic options that can meet the needs of a larger subset of MS

patients.

In this dissertation, | evaluate the use of image-guided therapeutic intervention for
autoimmune diseases. In chapter 2, | evaluate the use of [*®F]JFAC to image brain-
infiltrating leukocytes in a mouse model of MS and determined the use of [*¥F]FAC in
monitoring therapeutic intervention. In chapter 3, | targeted the deoxyribonucleoside
salvage pathway through the use of a novel dCK inhibitor, TRE-515, in multiple models
of MS and evaluated the specific immune cell types affected by the pharmacological
inhibition. In chapter 4, | draw my conclusions regarding image-guided therapeutic
intervention for autoimmune diseases. Finally, in chapter 5, | discuss some of the other

works that | have contributed to throughout my PhD process.
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Chapter 2: [*8F]JFAC PET visualizes brain-infiltrating
leukocytes in a mouse model of multiple sclerosis

2.1 Introduction

Brain-infiltrating leukocytes drive pathology in multiple sclerosis (MS) and autoimmune
encephalomyelitis (31,98-100). During MS brain-infiltrating T cells, B cells, and
macrophages promote neurodegeneration (31,98,99). In addition, disease-modifying
therapies modulate the immune system (100). Leukocytes are also found in the brains of
murine models of traumatic brain injury, stroke, and seizure and of postmortem
Parkinson’s disease and P301L tau frontotemporal dementia patients (101-108).
Inhibiting leukocyte migration into the brain or depleting lymphocytes in these animal
models can slow disease progression (102—108), suggesting a functional role for the
immune system in these diseases. Although PET assays have been developed to image
and quantify different aspects of neuroinflammation (59,109-112), there is no PET assay
to visualize brain-infiltrating leukocytes. A non-invasive method to selectively image and
guantify brain-infiltrating leukocytes would complement current approaches and provide
information on tleukocyte ocation during the development and treatment of neurological

diseases.

The radiotracer 1-(2'-deoxy-2'-18F-fluoroarabinofuranosyl) cytosine ([*8F]FAC) is a
deoxynucleoside analogue that measures deoxynucleoside salvage, a biochemical
pathway enriched in leukocytes. ([*8F]JFAC)accumulates at high levels in lymphoid
tissues; and is increased in these same tissues in mouse models of immune activation

(91,93,94). Additionally, [*8F]JFAC accumulates at higher levels in activated T lymphocytes
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than in effector-memory T cells, CD11b+ innate immune cells, or B220+ B cells and at

low levels in the healthy brain (91,93,94).

We hypothesized that [*®FJFAC PET could non-invasively visualize brain-infiltrating
leukocytes. In this chapter, [*8F]JFAC PET imaging results in an experimental autoimmune
encephalomyelitis (EAE) mouse model of MS are presented. Our results suggest that

['8F]FAC PET can visualize brain-infiltrating leukocytes during disease and treatment.
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2.2 Methods

2.2.1 EAE mouse model and induction

10-week-old, female C57BL/6 and NOD scid gamma (NSG) mice were used for all
experiments. All mouse experiments were approved by the UCLA Animal Resource
Committee. Mice were injected with an emulsion of myelin oligodendrocyte glycoprotein
(MOGss-55) in Freund’s complete adjuvant (100 pL) and with pertussis toxin (80 ng) 2
hours and again 24 hours later (Hooke Laboratories). EAE treatments were conducted
and scored similarly to reported (111,113). All experiments were conducted 13 to 15 days
post-immunization. Fingolimod (0.5 mg/kg; Selleckchem S5002) or vehicle were injected
intraperitoneal daily starting immediately post-immunization. Immunocompetent EAE

mice were used at an average clinical score of 3.0.

2.2.2 Immunohistochemistry

Sagittal brain sections (4 um) were immunostained as described (20) except for the
additional inclusion of anti-CD45 (Clone 30-F11; 1:00; Novus Biologicals), imaged at 1X
and 40X magnification, and quantified using the llastik software (Version 1.3.2). Boxes in
the 1x magnification images outline from where the 40x magnification images were taken.
To evaluate correlations, two independent 40X magnification images were scored using

an H-score (114).

2.2.3 [*®F]FAC PET/CT
Mice injected with either [*®F]FAC (1.85 MBq) or with [*®F]FAC (1.85 MBq) plus 10 mg of
non-radiolabeled FAC were imaged for an hour or imaged one-hour post-injection for 10
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min on a G8 PET/CT. The one-hour post-injection time point was chosen as this is the
earliest time point at which [*¥F]JFAC accumulation in the brain and blood no longer rapidly
changes. Images were 6 analyzed using AMIDE (Version 1.0.4), and the MRM
neurological atlas was fitted to the mouse skull (115,116). Regions of interest (ROI) were
drawn at the interface of the hippocampus, thalamus, and midbrain as demarcated by the
neurological atlas. [*®F]JFAC blood levels were determined from a ROl drawn within the

left ventricle of the heart.

2.2.4 Ex vivo biodistribution studies
Mice were injected with FAC (1.85 MBqQ). One-hour post-injection, blood (100 pL) was
collected, the mice were perfused, and organs were extracted and rinsed in 1x PBS.

Activity and weight of the blood and organs were measured.

2.2.5 Autoradiography
Autoradiography was performed as previously described (117). Briefly, pre- and
postimmunization EAE mice were injected with [*®F]JFAC (18.5 MBq) and sagittal brain

sections (10 um) from perfused mice were cut.

2.2.6 Ex vivo accumulation assay

Brain leukocyte isolation was conducted similar to previously described (118), and CD4+
and CD11b+ cells were isolated by flow cytometry cell sorting (118). Ex vivo deoxycytidine
accumulation was performed as previously described (93) by incubating ~20,000 of each
cell type in a 96-well filter plate with [*H]deoxycytidine (0.037 MBq per well) for 30 min.
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2.2.7 Statistical analysis
Data was analyzed using GraphPad Prism (Version 7.03). Statistical comparisons were
performed using two-sided t-tests and one-way ANOVA analyses with multiple

comparison testing. Data is reported as mean + standard error.
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2.3 Results

2.3.1 [*®F]FAC crosses the blood brain barrier in healthy mice

To develop a PET assay to quantify brain-infiltrating leukocytes in neurological diseases,
we needed a PET radiotracer that accumulates in leukocytes and crosses the BBB.
['8F]FAC is a pyrimidine deoxynucleoside analogue radiotracer that accumulates in
leukocytes (91,94). Generally, pyrimidine ribonucleosides except for uridine, do not cross
the BBB, but studies suggest that [®F]JFAC accumulates at ~2 %ID/g in the brain of

healthy mice (94,119).

[*8F]FAC accumulated at nearly uniform levels throughout the healthy mouse brain as
evaluated by PET and autoradiography one-hour post-injection (Fig. 2.1A, 2.1B).
['8F]FAC levels in the healthy mouse brain, corrected for blood volume in the brain (120),
were slightly lower than [*8F]FAC levels in the blood (brain-to-blood ratio quantified from
the PET images: 0.84+0.05 — brain: 2.54+0.2 %ID/g, blood: 3.04+0.3 %ID/g; brain-to-
blood ratio quantified from isolated tissue and blood: 0.76+0.05; Figs. 2.1C, 2.1D;
['8F]FAC time-activity curves: Fig. 2.2, correlation between brain-to-blood ratios
quantified from the PET images and from isolated tissue and blood: R?=0.89, Fig. 2.3).
[*F]FAC has a logP value of -1.33, well below the 2 — 3.5 logP value of most radiotracers
that diffuse into the brain, suggesting that [*8F]FAC is transported across the BBB (121).

Collectively, these data suggest that ['®F]FAC crosses the healthy BBB.
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Figure 2.1. [*®F]FAC crosses the blood brain barrier in healthy mice.

(A) Sagittal [\®F]FAC PET/CT image of a healthy C57BL/6 mouse. Representative image
of n=5. Brain outlined in white. (B) [*®F]FAC autoradiography and H&E staining of a
sagittal brain section from a healthy C57BL/6 mouse. Scale bar: 3 mm. c: cerebellum, n:
neocortex. Representative image of n=5. (C) Blood and brain [*®F]FAC levels, quantified
from PET images of healthy C57BL/6 mice. n=5. (D) Normalized blood and brain [*8F]JFAC
levels, quantified from extracted blood and brain. n=6. *: P<0.05, ns: not significant.
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Figure 2.2. Time activity curves of [*8F]FAC accumulation.

Time activity curves of ['®F]FAC accumulation in blood and brains of healthy mice. n=5.
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Figure 2.3. Brain-to-blood ratios of [*®F]FAC in healthy mice.

Brain-to-blood ratios of [*8F]FAC in healthy mice, as measured from the PET/CT images
and ex vivo biodistribution studies. n=4.
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2.3.2 Brain-infiltrating leukocytes are present in EAE mice.

EAE is a well-established MS model with leukocyte infiltration into the spinal cord and
brain (122,123). EAE was induced in immunocompetent C57BL/6 and
immunocompromised NSG mice by co-injecting MOGass-s5in Freund’s complete adjuvant
with pertussis toxin (111,113). NSG mice are immunodeficient due to scid and IL2rgm!
mutations that result in B and T cell deficiency and lack of cytokine signaling for functional
NK cells. Consistent with literature (111,113), immunocompetent mice began to display
EAE symptoms ~9 days post-immunization that peaked ~13 days post-immunization and
which included a limp tail, hind leg paralysis, and severe head tilting (Fig. 2.4A).
Immunocompromised mice treated to induce EAE never displayed symptoms (Fig. 2.4A).
Immunohistochemistry of immunocompetent mouse brain sections demonstrated
significant perivascular and periventricular leukocyte infiltrates characterized by an
abundance of CD11b-positive innate immune cells and CD4 T cells with few B220-
positive B cells and CD8 T cells (Fig. 2.4B). 37+2% of infiltrating leukocytes in these
sections were dividing as suggested by Ki67 immunostaining. No infiltrating leukocytes
were observed in the immunocompromised EAE mouse brains (Fig. 2.4B). Isolated
leukocytes from immunocompetent EAE mouse brains were similarly enriched for CD11b-

positive innate immune cells and CD4 T cells (Fig. 2.4C).
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Figure 2.4. Brain-infiltrating leukocytes are present in EAE mouse model.

(A) Time course of EAE symptoms in immunocompetent and immunocompromised mice.
n=4. (B) H&E and immunohistochemical stains of brain sections of mice pre- and post-
immunization. 1X and 40X magnification images. Scale bar: 50 microns. n=2. (C) Immune
cell populations isolated by fluorescence-activated cell sorting from immunocompetent
EAE mouse brains. n=3.
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2.3.3 [*®F]FAC accumulates at higher levels in EAE mice

Immunocompetent and immunocompromised pre-immunization and EAE mice were
injected with [*8F]JFAC and imaged by PET/CT one hour later. [*8F]FAC accumulation in
the brains of immunocompetent EAE mice was 180% of the levels of [*¥F]FAC
accumulation in pre-immunization immunocompetent mice, based on a ROI drawn at the
interface of the hippocampus, midbrain, and thalamus, where a high concentration of
infiltrating leukocytes resides (pre-immunization immunocompetent mice: 2.4+0.15
%ID/g; immunocompetent EAE mice: 4.4+0.66 %ID/g; Fig. 2.5A; Fig. 2.6). [*®F]FAC
accumulation in this same brain region of immunocompromised EAE mice was not
significantly different from pre-immunization immunocompromised mice (pre-
immunization immunocompromised mice: 3.2+0.31 %ID/g; immunocompromised EAE
mice: 2.4+0.15 %ID/g; Fig. 2.5B; Fig. 2.6). [*®F]FAC brain accumulation was lower in
immunocompetent mice than in immunocompromised mice pre-immunization, and lower
in post-immunization than in preimmunization immunocompromised mice. We cannot
readily explain either of these results, although neither result reached statistical
significance. [*F]JFAC accumulation was also significantly increased in the spleen and
lymph nodes but not the femur, bone marrow, or spinal cord of the immunocompetent
EAE compared to pre-immunization mice (quantified from the PET images: spleen — pre-
immunization mice: 11.8+2.1 %ID/g, EAE mice: 21.3£3.2 %ID/g; lymph nodes — pre-
immunization mice: 2.3£0.06 %ID/g, EAE mice: 9.1+0.84 %ID/g; bone marrow —
preimmunization mice: 14.7+1.1 %ID/g, EAE mice: 11.9£1.5 %ID/g; spinal cord — pre-
immunization mice: 4.910.24 %ID/g, EAE mice: 5.7+0.70 %ID/g; Fig. 2.7; ex vivo

biodistribution data: Fig. 2.8). EAE mice suffer BBB breakdown, leading to the slow
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exchange or pooling of blood fluids in areas with significant leukocyte infiltration and a
compromised BBB (124). Our results in the EAE model could be due to [*®F]FAC in these
blood pools and not to specific cellular [*®F]JFAC accumulation. Immunocompetent EAE
mice were injected with [*F]JFAC supplemented with 10 mg non-radiolabeled FAC.
Cellular FAC accumulation can be saturated but FAC accumulation in blood pools cannot.
Co-injection of [*¥F]JFAC and non-radiolabeled FAC decreased brain [*®F]FAC
accumulation in immunocompetent EAE mice by 57% compared to immunocompetent
EAE mice injected with only [*F]JFAC and to 78% of the levels of pre-immunization
immunocompetent mice (pre-immunization immunocompetent mice: 2.4+0.15 %ID/g;
immunocompetent EAE mice: 4.4+0.66 %ID/g; immunocompetent EAE mice injected with
[*8F]FAC and non-radiolabeled FAC: 1.9+0.15 %ID/g; Fig. 2.5A; Fig. 2.6). This suggests
that the increased [*8F]JFAC accumulation in the immunocompetent EAE mouse brains is

due to specific cellular [*®F]JFAC accumulation.
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Figure 2.5. [*F]FAC accumulates more in the brains of EAE mice than control mice.

Sagittal [\®F]FAC PET/CT images (left) and quantification (right) of (A) immunocompetent
and (B) immunocompromised pre- and post-immunization mice. FAC block: co-injection
of mice with [*8F]JFAC and non-radiolabeled FAC. All experiments: n=4. *; P<0.05, **:
P<0.01, ns: not significant. Brains outlined in white.
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Figure 2.6. Whole body PET/CT of mice pre and post-immunization.

[*8F]FAC accumulation in immunocompetent and immunocompromised mice pre- and
post-immunization, and co-injected with non-radiolabeled FAC (FAC block) or treated with
vehicle or fingolimod. H = heart, S = spleen, B = bladder.
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Figure 2.7. Monitoring peripheral immune activation in EAE at 14 days post-
immunization.

['8F]FAC PET can be used to monitor peripheral immune activation at specific locations
throughout the body in EAE mice and following treatment with an immunomodulatory
drug. Representative transverse [®F]JFAC PET/CT images of immunocompetent mice
pre-immunization, post-immunization, and postimmunization and treated with fingolimod.
Spleen, lymph nodes, bone marrow, and spinal cord encircled in a white dotted line (top).
Quantification (bottom). Preimmunization and post-immunization: n=7; postimmunization
and treated with fingolimod: n=3. *:P<0.05; ****: P<0.0001, ns: not significant.
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Figure 2.8. [*F]FAC biodistribution immunocompetent mice pre- and post-immunization.

[*F]FAC biodistribution, measured ex vivo in organs from immunocompetent mice pre-
and post-immunization. n=4 except for spinal cord which is n=3. *: P<0.05, **: P<0.01,
ns: not significant.
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2.3.4 [*®F]FAC accumulates in brain-infiltrating leukocytes in EAE mice.

Deoxycytidine kinase (dCK) phosphorylates [*8F]FAC and is a rate-limiting enzyme in the
cellular accumulation of this radiotracer ((81,94). Brain sections of pre-immunization or
EAE mice were immunostained with an antibody targeting dCK. Strong dCK
immunostaining was apparent in 68+5% of the infiltrating leukocytes in the brain sections
of the immunocompetent EAE mice and the intensity and number of immunostained
leukocytes correlated with brain [*8F]JFAC accumulation (R?=0.85; Fig. 2.9A; Fig. 2.10). In
contrast, 37+12% of leukocytes in the spinal cord of immunocompetent EAE mice, a
tissue in which [*8F]JFAC accumulation did not increase compared to pre-injection mice,
stained strongly for dCK (Fig. 2.11). Weak dCK immunostaining was present in the brain
parenchyma across all conditions, and the degree of dCK immunostaining in the brain
parenchyma was unaffected by the EAE treatment (Fig. 2.9A). This suggests increased
brain [*8F]JFAC accumulation in the immunocompetent EAE mice may be due to the tracer
accumulating in the brain-infiltrating leukocytes. Consistent with this model,
autoradiography of brain sections of immunocompetent EAE mice injected with [*8F]FAC
shows the greatest enrichment in [*8F]JFAC accumulation specifically in areas coincident
with significant leukocyte infiltration in the EAE mouse brain (Fig. 2.9B). Brain-infiltrating
leukocytes in this model consist mostly of CD11b-positive innate immune cells and CD4
T cells (Fig. 2.4B, C). Deoxynucleoside salvage activity was similar between CD11b
positive innate immune cells and CD4 T cells isolated from the immunocompetent EAE
mouse brains (Fig. 2.9C). Insufficient B220-positive B cells and CD8 T cells could be
isolated for analysis. The number of leukocytes in the brain correlated with [*8F]FAC

accumulation (R?=0.82; Fig. 2.12). Whether activated microglia also consume [*¥F]FAC
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remains a topic for future study. However, the overlap between the strong [*®F]FAC
accumulation identified in the autoradiography and the areas identified by
immunohistochemistry as having significant leukocyte infiltration (Figs. 2.4B, 2.9B)
supports our interpretation that [*8F]JFAC accumulates in and [*8F]JFAC PET images brain-
infiltrating leukocytes. Collectively this suggests a model in which elevated [*®F]FAC
accumulation in brain regions of immunocompetent EAE mice with significant leukocyte
infiltration is due to [*F]JFAC accumulation in all of the brain-infiltrating leukocyte

populations.
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Figure 2.9. [*F]FAC accumulates in brain-infiltrating leukocytes in an EAE mouse
model.

(A) Mouse brain sections immunostained for deoxycytidine kinase pre- and post-
immunization. 1X and 40X magnification images. Scale bar: 50 microns. n=2. (B)
['8F]FAC autoradiography images and H&E staining of sagittal brain sections of
immunocompetent mice pre- and post-immunization. 1X and 40X magnification images.
Scale bars: 50 microns. c: cerebellum, n: neocortex, x: regions where the tissue wrinkled.
n=2. (C) Deoxycytidine (dC) accumulation in leukocyte populations isolated from
immunocompetent EAE mouse brains. n=2. ns: not significant.
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Figure 2.10. dCK immunostain and [*8F]FAC accumulation correlation.

dCK immunostaining (as measured by an immunohistochemistry H-score) and [*®F]JFAC
accumulation in the brains of immunocompetent mice. n=7.
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Figure 2.11. dCK immunostain of spinal cord tissue.

Immuno-
competent

dCK immunostaining of spinal cord tissue sections from immunocompetent mice pre- and
post-immunization. 40x magnification images. Scale bars: 50 microns. Representative

images of n=2.
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Figure 2.12. CD45 immunostain and [*8F]JFAC accumulation correlation.

CD45 immunostaining (as measured by an immunohistochemistry H-score) and [*8F]FAC
accumulation in the brains of immunocompetent mice. n=7.
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2.3.5 Monitoring immunomodulatory therapies using [*F]FAC in EAE mice

The small molecule fingolimod modulates the sphingosine-1-phosphate receptor,
sequesters lymphocytes in lymph nodes and the spleen, and limits autoimmune diseases
such as MS (100,125). Fingolimod decreased leukocytes in the brain of
immunocompetent EAE mice compared to vehicle treatment (Fig. 2.13A). Fingolimod also
significantly decreased brain [*®F]JFAC accumulation compared to vehicle treatment in
these same mice (pre-immunization mice: 2.0+0.13 %ID/g, EAE mice treated with vehicle:
4.2+0.25 %ID/g, EAE mice treated with fingolimod: 2.7+0.08 %ID/g; Fig. 2.13B, Fig. 2.6).
Consistent with its mechanism of sequestering lymphocytes to lymph nodes and the
spleen (4,35), fingolimod had no effect on [*8F]JFAC accumulation in the lymph nodes and
spleen of immunocompetent EAE mice (lymph nodes — EAE mice: 9.1+0.84 %ID/g, EAE
mice treated with fingolimod: 6.5+0.26 %ID/g; Spleen — EAE mice: 21.3+3.2 %ID/g, EAE

mice treated with fingolimod: 26.2+1.8 %ID/g; Fig. 2.6, Fig. 2.7).
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Figure 2.13. [*®F]FAC PET monitors immunomodulatory drug treatments in EAE.

(A) H&E stains of brain sections and (B) sagittal PET/CT images and quantification of
[*®F]JFAC accumulation in the brains of mice pre-immunization, and post-immunization
and treated with vehicle or fingolimod. 1X and 40X magnification images. Scale bar: 50
microns. H&E: n=2, PET/CT: Pre-immunization: n=4, Post-immunization + vehicle: n=4;
Post-immunization +fingolimod: n=3. **: P<0.01, ***: P<0.001. Brains outlined in white.

51



2.3.6 ['®F]CFA does not cross the blood brain barrier in humans
[\®F]JFAC is deaminated in humans but 2-chloro-2'-deoxy-2'-18F-fluoro-9-B-
Darabinofuranosyl-adenine  ([*8F]-CFA), a radiotracer that also measures

deoxynucleoside salvage (97,126,127). Accounting for blood volume in the brain(128),
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Figure 2.14. [*8F]CFA accumulation in healthy patients.
[*8F]CFA accumulates in the brain at 11.0+1.4% of the levels of 18F-CFA found in the

blood (135 min post-injection: brain SUV: 0.08+0.01; blood SUV: 0.54+0.07; Fig. 2.14),
suggesting that [*8F]CFA does not cross the BBB in healthy human patients.

[*®F]CFA does not readily cross the blood-brain barrier in healthy human subjects.
Representative coronal PET images of healthy volunteers injected with [*8F]CFA at 135
min post-tracer injection (left). Blood and brain [*8F]JCFA accumulation, quantified from
the PET images of healthy volunteers (right). The PET scans analyzed here are the same
as those reported in (129). 45- and 90-min time point: n=2; 135 min time point: N=3. ***:

P<0.001.
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2.4 Discussion

Despite studies showing that [*8F]JFAC selectively accumulates in activated lymphocytes
in mouse models of autoimmune hepatitis and antitumor immunity (91,93,94), in the EAE
mouse model we do not identify selective ['®F]JFAC accumulation in brain-infiltrating
lymphocytes. In the mouse model of antitumor immunity, the rate of 18F-FAC
accumulation in T cells was proportional to the rate of cellular proliferation (91). One
explanation for our results is that brain-infiltrating lymphocytes are not rapidly dividing and
thus do not consume high [*F]FAC levels. Only 37+2% of the brain-infiltrating leukocytes
in our model are dividing, similar to the number of dividing liver-infiltrating leukocytes in a
viral hepatitis model in which no enhanced hepatic [*8F]FAC accumulation was observed
(93). [*8F]FAC is likely able to image infiltrating leukocytes in the EAE model but not the
viral hepatitis model due to the ~50% lower basal accumulation of [*8F]FAC in the brain
than the liver. [*8F]JFAC may show selectivity for lymphocytes in other models with more

actively dividing lymphocytes in the brain.

We show higher [*®F]JFAC accumulation in brain-infiltrating leukocytes and in lymphoid
organs such as the spleen and lymph nodes in the EAE model. [*F]JFAC measures
deoxynucleoside salvage, for which dCK is a rate-limiting enzyme, and genetic knockout
of dCK in healthy mice leads to decreased lymphocyte levels (81,94). Small molecule
dCK inhibitors with in vivo efficacy have been developed (130). Our data may suggest

that dCK inhibitors could limit disease in this model.
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A previous study found that [*8F]FDG accumulation in the spinal cord increased by 200%
compared to control mice in this exact EAE model at the exact time point we studied
(111). We identify no significant increase in spinal cord [*8F]FAC accumulation in the EAE
mice, suggesting that in this model, immune cells in the spinal cord increase glucose but
not deoxynucleoside consumption. This result is supported by the lower percentage of
leukocytes in the spinal cord relative to the brain of EAE mice that stain strongly for dCK.
This data suggesting that immune cells at different anatomical locations have different
metabolic needs is consistent with data showing a much larger increase in [\8F]FDG than
[*8F]FAC consumption in the draining lymph nodes of a mouse rhabdomyosarcoma model
(92).

Implications for Human Studies. Brain-infiltrating leukocytes contribute to neurological
diseases, and can be treated with immunomodulatory drugs (31,98-105). Many
immunomodulatory drugs cause significant side effects. In MS, the primary effects of
these drugs on the immune system are assessed indirectly with MRI and clinical
evaluations (131). PET assays with radiotracers that measure deoxynucleoside salvage
could directly monitor the effect of these drugs on brain-infiltrating leukocytes. We
demonstrate how this might work with the drug fingolimod. Both [*®F]FAC and [*®F]CFA
measure deoxynucleoside salvage (94,97). [*®F]CFA works poorly in mice due to high
plasma deoxycytidine levels but is resistant to deamination in humans (97,127). However,
[*8F]CFA does not cross the BBB in humans, suggesting that a different radiotracer will
need to be tested in humans. These could include the [*F]FAC derivatives ['8F]-L-FAC

and 2'-deoxy-2'-*8F-fluoro-5-methyl-B-L-arabinofuranosylcytosine, which are resistant to
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deamination (126). Additional studies would have to be conducted with these radiotracers

to determine whether they cross the human BBB.
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Chapter 3: Targeting deoxycytidine kinase, dCK, in
deoxyribonucleoside salvage improves EAE clinical
symptoms

3.1 Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease in which cells of the immune
system attack myelin in the central nervous system (CNS) leading, to neuroinflammation,
demyelination, and neurodegeneration (25,132-134). MS pathology is likely driven
primarily by T cells that recognize myelin autoantigens with additional involvement of B
cells(30,31). Currently approved therapies for MS patients such as the anti-CD20
antibody ocrelizumab, the anti-CD52 antibody alemtuzumab, and the dihydroorotate
dehydrogenase (DHODH) inhibitor teriflunomide are immunomodulatory and target
various aspects of the immune system including B and T lymphocytes. These therapies
can be effective, but they all cause significant side effects such as an increased risk of
malignancy and infection, and they only cover a subset of patients (132). Additional

therapeutic strategies to treat MS patients are needed.

The deoxyribonucleoside salvage pathway utilizes extracellular deoxyribonucleosides for
intracellular metabolism, including the biosynthesis of deoxyribonucleoside triphosphates
(dNTPs) for DNA synthesis. The salvage pathway complements dNTP production from
the de novo pathway(78). In the salvage pathway, deoxyribonucleosides are transported
across the cell membrane by concentrative and equilibrative nucleoside transporters and
are subsequently phosphorylated by deoxycytidine kinase (dCK), the rate-limiting

enzyme in this pathway(78-81). The PET radiotracers [*¥F]JFAC and ['®F]CFA can
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visualize the deoxyribonucleoside salvage pathway and quantify deoxyribonucleoside

salvage activity in mice and humans, respectively (94,97).

In mice and in humans, the deoxyribonucleoside salvage pathway is enriched in lymphoid
organs, including the bone marrow, spleen, and lymph nodes, and the development of T
and B cells is blocked in dCK knockout mice (81,94,97). The deoxyribonucleoside
salvage pathway is increased in T cells during activation in culture and in the spleen and
lymph nodes in mouse models of systemic lupus erythematosus, autoimmune hepatitis,
and inflammatory bowel disease and in a mouse model of anti-tumor immunity(91,93—
95). In addition, we previously showed in the experimental autoimmune
encephalomyelitis (EAE) model of MS that the deoxyribonucleoside salvage pathway is
activated in the lymph nodes and spleen at one time point in the disease(135). These
data suggest a potential functional role for deoxyribonucleoside salvage in autoimmune
diseases including MS. Here we show that dCK is required for and can be targeted to

block clinical symptoms in the EAE model of MS.
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3.2 Methods

3.2.1 Mice

10-week-old, male and female C57BI/6N mice were used for experiments at UCLA. 10-
week-old female C57BL/6N mice were used for experiments at Crown Biosciences. 7-
week-old female C57BI/6J mice were used for experiments at Charles River Laboratories.
All mice were purchased from Charles River Laboratories. All mouse studies at UCLA
were approved of by the UCLA Animal Resource Committee. All mouse experiments at
Crown Biosciences and Charles River Laboratories complied with local animal welfare

guidelines.

3.2.2 EAE induction

MOGazs.s55: Mice were acclimated to the animal facility for at least 7 days before starting
the experiment. At mice were injected subcutaneously at two sites on the back with an
emulsion of MOGss-ss peptide and Complete Freund’s Adjuvant (CFA; 100 uL/injection;
140 pg MOGss-ss/injection; Hooke Laboratories EK-2110). Two hours and again 24 hours

later, the mice were injected intraperitoneally with pertussis toxin (80 ng; 100 puL).

At Crown Biosciences, mice were injected subcutaneously on each leg flank with an
emulsion of MOGasss5 peptide and CFA (100 pL/injection; 50 pg MOGss-ss/injection).
Immediately after and again 48 hours later, the mice were injected intraperitoneal with

pertussis toxin (200 ng; 100 pL).
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At Charles Rivers Laboratory, mice were injected subcutaneously with an emulsion of
MOGss-s5 peptide and CFA (100 pL/injection; 150 pg MOGss-ss/injection) at two sites on
the lower back on Day 0 and two sites on the upper back on Day 7. Immediately after
and again 48 hours after the first set of emulsion injections, mice were injected

intraperitoneal with pertussis toxin (500 ng; 100 pL).

MOGz1.-125: EAE was induced in mice with MOG:-125 following the same protocol as was
used at UCLA for inducing EAE with MOGss-55 except that an emulsion of MOGai-125

peptide and CFA was used (70 pg MOGa-125/injection; Hooke Laboratories EK-2160).

All mice were scored following the standard clinical score that ranges from 0 to 5 where
a score of 1 represents a limp tail; a score of 2 represents a limp tail and hind leg
weakness; a score of 3 represents a limp tail and complete hind leg paralysis; a score of
4 represents a limp tail, complete hind leg paralysis, and partial front leg paralysis; and a

score of 5 represents complete limb paralysis or death.

3.2.3 [*®F]FAC PET/CT imaging

[*®F]JFAC PET/CT imaging was conducted as previously described (135). [*®F]FAC
accumulation was quantified as percent injected dose per cubic centimeter except for the
PET images of the vehicle- and TRE-515-treated mice. To account for the higher
background levels of [*F]FAC in the TRE-515-treated mice, in those experiments results

are quantified as signal/background where background is muscle [*¥F]JFAC accumulation.
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3.2.4 Deoxyribonucleoside salvage ex vivo measurements
Ex vivo measurements of deoxyribonucleoside salvage activity were conducted as
previously described (135) except that cells were isolated from the lymph nodes and

spleen.

3.2.5 TRE-515 treatments

TRE-515 (Trethera Corporation) was dissolved to a concentration of 12.5 mg/mL in 40%
captisol (w/v) vehicle. Mice were treated daily with TRE-515 via oral gavage at a
concentration and frequency of 75 mg/kg BID, 100 mg/kg QD, and 150 mg/kg QD.
Treatments were initiated at Day 1 post-EAE induction (UCLA and Crown Biosciences),
at Day 11 post-EAE induction when all the mice had reached a clinical score of 1 or
greater (UCLA), or at Day 7 post-EAE induction when a third of the mice had reached a

clinical score of 0.5 (Charles River).

3.2.6 Immunohistochemistry

Immunohistochemistry was conducted as previously described except that spinal cord
sections were analyzed (135) . Spinal cord sections were stained with Luxol fast blue by
incubating the tissue in Luxol fast blue solution overnight at 65 °C, differentiating the
tissue with lithium carbonate solution, and counterstaining the tissue using cresyl violet

solution per the manufacturer’s protocol (IHC World).
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3.2.7 Plasma deoxycytidine measurements
EAE mice (14 days post-induction) were treated with vehicle or TRE-515 (75 mg/kg)
and blood was collected at 4 hours post-treatment. Plasma deoxycytidine levels were

analyzed as previously described(97).

3.2.8 TRE-515 pharmacokinetic studies

Naive and EAE mice (14 days post-induction when all the mice had a clinical score>2.5)
were treated with vehicle or TRE-515 (75 mg/kg) and brain, spinal cord, and blood were
collected 1, 4, and 12 hours later. TRE-515 levels in the brain, spinal cord, and plasma

were analyzed similar to previously described (136).

3.2.9 Tetramer studies

An APC-labeled MOG38-49 I-A(b) tetramer and control I-A(b) tetramer were obtained
from the NIH Tetramer Core Facility at Emory University. EAE mice were treated with
vehicle or TRE-515 (150 mg/kg, QD) starting on Day 1 post-EAE induction. On Day 10
post-EAE induction, cells from the inguinal, axial, and cervical lymph nodes were isolated
by grinding the tissue between two glass slides in RPMI-1640 media containing 10% (v/v)
FBS, glutamine (2 mM), and penicillin-streptomycin (100 U/mL). Cells were left unstained
or were stained with either an APC-labeled MOG38-49 I-A(b) tetramer or control I-A(b)
tetramer (NIH Tetramer Core Facility, Emory University; 18 ug/mL; 37 °C; 30 min)
followed by a PE-labeled anti-mouse CD4 antibody (eBioscience 12-0042-81; 1.25
png/mL; 4 °C; 30 min) and DAPI (1.2 uM). Cells were gated for single, live, CD4+ cells,
and the percent tetramer positive cells for each sample was quantified.
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3.2.10 CyTOF experiments

EAE mice were treated daily with vehicle or TRE-515 (150 mg/kg, QD) starting on Day 1
post-EAE induction. On Day 3 and Day 10 post-EAE induction, cells from the lymph
nodes and spleens of the EAE mice were isolated as describe above. Red blood cells in
the spleen were lysed using ACK lysis buffer. Cell were immunostained and analyzed by
CyTOF with the antibodies in Table 1 as previously described(137) except that following
the surface staining, cells were stained with the intracellular markers by fixing the cells
with paraformaldehyde (2%, 10 min, room temperature), washing the cells twice with
Perm-S buffer (2 mL; Fluidigm 201066), adding the intracellular markers in Perm-S buffer
(1 hour, room temperature), and washing the cells twice with Maxpar Cell Staining Buffer
(2 mL; Fluidigm 201068). Data was analyzed using the OMIQ software. Cells were gated
for live, single, CD45+ cells and subsampled so that each sample had equal numbers of
cells. Cells from each time point and organ system were analyzed separately using the
FlowSOM algorithm, which creates self-organizing maps by clustering cells into nodes
and further organizing the nodes by consensus metaclustering into 20 non-overlapping
metaclusters. The Significance Analysis of Microarrays (SAM) software (number of
permutations: 500; FDR cutoff: 0.1) was used to identify metaclusters whose levels
differed significantly with TRE-515 treatments. The SAM software occasionally identified
metaclusters with high variance and small differences between vehicle- and TRE-515-
treated samples. To focus on the most significantly different clusters, we conducted T
tests on each metacluster identified by SAM as significant, and only further analyzed
those with a p-value<0.1. Median marker expression for a given marker represents the

median expression of that marker across all samples.
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Table 3. Markers and antibodies used for CyTOF

Label Target Clone Source

89Y CD45 30-F11 Fluidigm
115In Ki67 SolA15 eBioscience
141Pr TNFa MP6-XT22 Fluidigm
142Nd CD39 24DMS1 Fluidigm
143Nd CD69 H1.2F3 Fluidigm
144Nd IL2 JES6-5H4 Fluidigm
145Nd CD4 RM4-5 Biolegend
146Nd CD150 W19132B Biolegend
147Sm CD163 S15049I Biolegend
149Sm CD19 6D5 Fluidigm
150Nd Ly6C HK1.4 Biolegend
151Eu Ly6G 1A8 Biolegend
152Sm CD3e 145-2C11 Fluidigm
153Eu CD335 29A1.4 Fluidigm
155Gd CD25 3C7 Biolegend
156Gd CD14 Sal4-2 Fluidigm
159Tb TCRgd GL3 Fluidigm
160Gd CD62L MEL-14 Biolegend
161Dy iINOS CXNFT Fluidigm
162Dy CD366 RMT3-23 Fluidigm
163Dy CD138 281-2 Biolegend
164Dy CD197 4B12 Fluidigm
165Ho IFNg XMG1.2 Biolegend
167Er GATA3 TWAJ1 Fluidigm
168Er CD8a 53-6.7 Biolegend
169Tm TBET 4B10 Biolegend
170Er CD192 475301R R&D
171Yb Granzyme B QA16A02 Biolegend
172Yb CD11B M1/70 Biolegend
173Yb CD44 IM7 Biolegend
174Yb MHCII (IA/IE) M5/114.15.2 Biolegend
175Lu CD127 A7TR34 Biolegend
176Yb CD45R RA3-6B2 Biolegend
209Bi CD11C N418 Fluidigm

3.2.11 Red blood cell counts
Blood (100 uL) was collected into K2-EDTA tubes from EAE mice Day 28 post-EAE
induction following daily treatment with vehicle or TRE-515 (100 mg/kg, QD) starting on

Day 1 post-EAE induction and was analyzed by a Vetscan hematology analyzer to
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guantify white blood cells, lymphocytes, neutrophils, monocytes, red blood cells, and

platelet cells.
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3.3 Results

3.3.1 Deoxyribonucleoside salvage is elevated in lymph node T cells of EAE mice.
EAE is the standard mouse model for studying the biology of and testing new therapies
for MS. This model can be induced by injecting into C57BI/6 mice an emulsion containing
amino acids 35 — 55 of the mouse myelin oligodendrocyte glycoprotein (MOGzss-s5 peptide)
and Complete Freund’s Adjuvant (CFA) followed by two injections with pertussis
toxin(138). This model can be induced in mice lacking B cells but requires T cells and is
considered a B-cell independent model(139). Following injection of the MOG3s.s5/CFA
emulsion, mice remain asymptomatic for approximately 10 days, after which they
manifest clinical phenotypes starting with a limp tail and leading to hind limb and forelimb
paralysis. The severity of clinical phenotypes is quantified on a scale of 0 to 5, and the

disease manifests as largely monotonic with limited remission.

We have previously shown that the deoxyribonucleoside salvage pathway is activated in
the lymph nodes and spleen of MOGass-55 EAE mice at Day 14 post-EAE induction during
which the mice were at peak disease(140), but whether deoxyribonucleoside salvage was
activated in these tissues at other stages of the disease remained unknown. To
determine in which EAE disease stages immune cells activate deoxyribonucleoside
salvage, we induced EAE in female and male mice with the MOGss.s5 peptide/CFA
emulsion and imaged the mice with [*8F]JFAC PET/CT pre-induction and at 7, 14, 21, and
28 days post-induction, time points that corresponded to no disease, presymptomatic
disease, peak disease, disease maintenance, and mild remission, respectively. [*®F]FAC

accumulation was quantified in the lymph nodes, spleen, spinal cord, and brain. [*F]FAC
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accumulation was elevated in the spleen and lymph nodes of both the female and male
mice starting as early as 7 days post-EAE induction and remained elevated through Day
28 post-EAE induction relative to pre-induction mice (Fig. 3.1A, B; Fig. 3.2), suggesting
activation of the deoxyribonucleoside salvage pathway in immune cells of the secondary
lymphoid organ throughout the EAE disease. [*F]FAC accumulation was also elevated
in the brains of female and male EAE mice at Days 7 and 14 post-induction and
throughout disease, respectively, relative to pre-induction mice, likely due to brain-
infiltrating leukocytes in these mice(140) and in the spinal cords of male but not female

EAE mice (Fig. 3.2, 3.3).

EAE can also be induced in mice using an emulsion containing amino acids 1 — 125 of
the mouse myelin oligodendrocyte glycoprotein (MOGa-125 peptide) and CFA followed by
two injections with pertussis toxin. This EAE disease fails to manifest in mice lacking B
cells and thus is considered a B cell-dependent disease(139). MOGai-12s EAE mice
present with disease following a similar time course as the MOGss.55 mouse model. We
imaged MOG1-125 EAE mice with [*8F]JFAC PET/CT pre-induction and at Day 14 post-
induction when the mice had reached peak disease. Similar to the MOG3s.s5 EAE mice,
moc1-125 EAE mice had significantly higher [*8F]JFAC accumulation in the lymph nodes and
brain compared to pre-induction mice (Fig. 3.4). These data suggests that
deoxyribonucleoside salvage is activated in the spleen and lymph nodes at multiple

stages of disease in multiple EAE models.
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Higher [®F]JFAC accumulation in the spleen and lymph nodes of EAE mice likely
represent both a change in the cellular composition of these organs during disease and
an increase in deoxyribonucleoside salvage activity in specific cell types residing in those
organs. To quantify changes in deoxyribonucleoside salvage activity in specific cell types
at different disease stages, we isolated CD11b innate immune cells, CD4 T cells, CD8 T
cells, and CD45R (B220) B cells from the lymph nodes and spleens of MOG3s.55 EAE
mice early (Days 7 — 14 post-EAE induction) or late (Days 21 — 28 post-EAE induction) in
the disease course and measured deoxyribonucleoside salvage activity with
[*H]deoxycytidine. In cells from the lymph nodes, deoxyribonucleoside salvage activity
was elevated in CD4 and CD8 T cells but not innate immune or B cells early in the disease
course but returned to pre-induction levels at the later time point (Fig. 3.1C). In the
spleen, deoxyribonucleoside salvage activity was significantly elevated in CD11b cells
during late disease (Fig. 3.5). Deoxyribonucleoside salvage activity remained unaffected
in the CD4 and CD8 T cells and B cells in the spleen at any point in the disease.
Collectively, these results suggest that T lymphocytes in the lymph nodes activate
deoxyribonucleoside salvage activity during immune activation in the MOGss.ss EAE

mouse model.
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Figure 3.1. Deoxyribonucleoside salvage is upregulated in the spleen and lymph nodes
throughout disease in MOGss-s5 EAE mice.

(A) Representative transverse PET/CT images and (B) quantification of [*¥F]FAC
accumulation in the spleen and lymph nodes of EAE mice pre- and post-induction.
Spleens and lymph nodes encircled in a white dotted line. (C) Ex vivo accumulation of
deoxycytidine in immune cells isolated from the lymph nodes of EAE mice pre- and post-
induction. Data in this and subsequent figures represent mean = SEM. *: P<0.05; **:
P<0.01; ****: P<0.0001.
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Figure 3.2. Deoxyribonucleoside salvage is upregulated in the spleen, lymph nodes,
brain, and spinal cord at multiple time points throughout disease in male MOGass-55 EAE
mice.

(A) Representative transverse PET/CT images and (B) quantification of [*¥F]FAC
accumulation in the spleen, lymph nodes, brain, and spinal cord of male EAE mice pre-
and post-induction. Spleens, lymph nodes, brains, and spinal cords encircled in a white
dotted line. *: P<0.05; **: P<0.01; **P<0.001; ****P<0.0001.
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Figure 3.3. Deoxyribonucleoside salvage is upregulated in the brain but not the spinal
cord at multiple time points throughout disease in female MOGss.55s EAE mice.

(A) Representative transverse PET/CT images and (B) quantification of [*¥F]FAC
accumulation in the brain and spinal cord of female EAE mice pre-induction and 7, 14,
21, and 28 days post-induction. Brains and spinal cords encircled in a white dotted line.
*: P <0.05; **: P<0.01.
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Figure 3.4. Deoxyribonucleoside salvage is upregulated in the lymph nodes and brain in
MOGa-125s EAE mice at Day 14 post-induction.

(A) Representative transverse PET/CT images and (B) quantification of [‘®F]FAC
accumulation in the spleen, lymph nodes, brain, and spinal cord of MOG1-125 EAE mice
pre-induction and 14 days post-induction. Spleens, lymph nodes, brains, and spinal cords
encircled in a white dotted line. *: P<0.05; ***: P<0.001.
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Figure 3.5. Deoxyribonucleoside salvage is upregulated in innate immune cells in the
spleen in MOGss-55 EAE mice.

Ex vivo accumulation of deoxycytidine in splenocytes of EAE mice pre- and post-
induction.
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3.3.2 TRE-515 blocks deoxyribonucleoside salvage activity in spleen and lymph
nodes

Our data demonstrating that CD4 and CD8 T cells increase deoxyribonucleoside salvage
activity during periods of immune activation in EAE mice suggests a potential functional
role for this pathway in the development of clinical symptoms in EAE. TRE-515 is a
recently developed small molecule inhibitor of dCK, the rate-limiting enzyme in the
deoxyribonucleoside salvage pathway. Analogues of TRE-515 blocks
deoxyribonucleoside salvage in xenograft tumors(130,141). To evaluate whether TRE-
515 blocks deoxyribonucleoside salvage activity in lymphoid organs, we treated mice with
vehicle or TRE-515 (150 mg/kg) once and imaged the mice with [*8FJFAC PET/CT. TRE-
515 blocked ['®F]FAC accumulation in the bone marrow and spleen (Fig. 3.6A, B) while
having no effect following this acute dosing on the levels of major immune cell classes in
these organs (Fig. 3.6C). The lymph nodes of these mice proved too small to accurately
quantify a decrease in [*8F]JFAC accumulation following TRE-515 treatment. TRE-515 at
a dose of 75 mg/kg also blocked deoxyribonucleoside salvage activity as indicted by our
PET results and increased plasma deoxycytidine levels (Fig. 3.7A — C), an expected
result given that dCK is required for the cellular consumption of deoxycytidine from the

plasma.
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Figure 3.6. TRE-515 blocks deoxyribonucleoside salvage activity in the spleen and
bone marrow.

(A) Representative transverse PET/CT images and (B) quantification of [‘®F]FAC
accumulation in the spleen and bone marrow of mice treated with vehicle or TRE-515
(150 mg/kg QD). Spleens and bone marrow encircled in a white dotted line. (C) Percent
of CD45+ cells for each major immune cell class in the spleen and bone marrow of mice
treated with vehicle or TRE-515 (150 mg/kg QD). *: P<0.05; ***P<0.001.
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Figure 3.7. TRE-515 blocks clinical symptoms under multiple dosing regimens and in
male and female mice.

(A) Representative transverse PET/CT images and (B) quantification of [*¥F]FAC
accumulation in the spleen and bone marrow of mice treated with vehicle or TRE-515 (75
mg/kg BID). Spleens and bone marrow encircled in a white dotted line. (C) Fold-change
in plasma deoxycytidine levels in mice treated with vehicle or TRE-515 (75 mg/kg BID).
Mean clinical scores of (D) female and (E) male EAE mice treated daily with vehicle or
TRE-515 (75 mg/kg BID) starting on Day 1 post-induction. Arrows denote time point when
treatments were started. (F) Mean clinical scores of female EAE mice treated daily with
vehicle or TRE-515 (100 mg/kg QD) starting on Day 1 post-induction. Vehicle-treated
mice in this experiment are the same as in Fig. 3A. Arrow denotes time point when
treatments were started. *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.
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3.3.3 TRE-515 alleviates clinical symptoms of EAE mice.

The ability of TRE-515 to target dCK and block deoxyribonucleoside salvage activity in
the lymphoid organs of mice allowed us to test whether dCK and the deoxyribonucleoside
salvage pathway contributes to and can be targeted to limit clinical phenotypes in EAE
mice at different stages of disease. To evaluate whether targeting dCK prophylactically
could limit disease phenotypes, we induced EAE in mice and treated the mice with vehicle
or TRE-515 (150 mg/kg QD) starting the next day and through Day 21 post-EAE induction.
The EAE mice treated with TRE-515 reached a lower clinical score at peak disease, had
fewer symptoms overall, and developed symptoms later compared to EAE mice treated
with vehicle (Fig. 3.8A — C). TRE-515 also limited clinical symptoms in the MOGss-55 EAE
model at once daily dosing of 100 mg/kg, at twice daily dosing of 75 mg/kg, and whether
the EAE was induced in male or female mice (Fig. 3.7D — F). Additionally, TRE-515
limited clinical symptoms in the MOGa-125 EAE model at once daily dosing of 150 mg/kg
and 300 mg/kg but not twice daily dosing of 75 mg/kg (Fig. 3.9). We identified no side
effects of the drug treatments under any of the treatment regimens. EAE clinical
symptoms in the MOGssss EAE model occur secondary to demyelination caused by
infiltrating leukocytes in the CNS(142). TRE-515-treated EAE mice have fewer infiltrating
leukocytes in the CNS and less demyelination compared with vehicle-treated EAE mice

(Fig. 3.8D).

To evaluate whether targeting dCK therapeutically could limit disease progression, EAE
mice were treated with vehicle or TRE-515 (150 mg/kg QD) starting when the mean

clinical score for the mice reached 1, which in this experiment occurred on Day 11. Within
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five days of starting treatments, EAE mice treated with TRE-515 began to have
significantly fewer clinical symptoms than vehicle-treated EAE mice; reduced clinical
symptoms were maintained for the remainder of the treatment period, yielding fewer EAE
symptoms overall (Fig. 3.8 E, F). Similar to the mice treated starting on Day 1 post-EAE
induction, the mice treated starting on Day 11 post-EAE induction had fewer infiltrating

leukocytes in the CNS and less CNS demyelination (Fig. 3.8G).

To evaluate the rigor and reproducibility of these experiments and to further validate and
expand on these results, we had two contract research organizations — Crown
Biosciences and Charles River Laboratories — evaluate the efficacy of TRE-515 in limiting
clinical phenotypes using their established EAE protocols. Crown Biosciences treated
MOGss-s5 EAE induced using a similar protocol to our own with vehicle or TRE-515 (100
mg/kg QD) starting Day 1 post-EAE induction. Consistent with the results obtained from
our own laboratory (Fig. 3.7F), in the experiment conducted at Crown Biosciences, the
TRE-515-treated EAE mice had fewer symptoms at peak disease, had fewer symptoms
overall, and developed symptoms later compared with vehicle-treated EAE mice (Fig.
3.10A - C). Charles River Laboratories induced their MOG3ss.s5s EAE model by injecting
a MOGss.ss peptide/CFA emulsion at Day 0 and Day 7 in contrast to our approach of just
injecting the MOGss-s5 peptide/CFA emulsion at Day 0. This double injection protocol
yields an EAE disease that left untreated produces monotonically increasing symptoms
without remission. In this experiment, mice were treated with vehicle or TRE-515 (75
mg/kg BID) starting on Day 8 post-EAE induction when at least a third of the mice showed

symptoms. Consistent with the results obtained from our own laboratory (Fig. 3.8E, F),
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in the experiment conducted at Charles River Laboratories, TRE-515-treated EAE mice
had fewer symptoms than vehicle-treated EAE mice (Fig. 3.10D, E). Additionally, half of
the EAE mice treated with TRE-515 at Charles River Laboratories began to recover from
their symptoms starting at Day 20 post-EAE induction and a third of those mice recovered
from all symptoms and returned to a clinical score of 0. The TRE-515-treated EAE mice
that showed recovery in this model had fewer infiltrating leukocytes in the CNS and less

demyelination than the vehicle-treated EAE mice (Fig. 3.10F).

Collectively, our data — reproduced and expanded upon by independent laboratories —
demonstrate that targeting dCK with the small molecule inhibitor TRE-515 can limit clinical
symptoms in the EAE mouse model when treatments are started either at disease

induction or when symptoms arise.
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Figure 3.8. TRE-515 limits clinical symptoms in EAE mice.

(A) Mean clinical score, (B) cumulative score, and (C) percent of mice without symptoms
of EAE mice treated with vehicle or TRE-515 (150 mg/kg QD) starting on Day 1 post-EAE
induction. Arrow denotes time point when treatments were initiated. (D) Spinal cord
sections from Day 21 post-induction EAE mice treated with vehicle or TRE-515 (150
mg/kg QD) starting on Day 1 post-EAE induction stained with a CD45 antibody (top) or
with Luxol fast blue (bottom) to detect myelin. Arrows denote areas of significant
leukocyte infiltration or demyelination. (E) Mean clinical score and (F) cumulative score
of EAE mice treated with vehicle or TRE-515 (150 mg/kg QD) starting on Day 11 post-
EAE induction when all the mice had reached a clinical score of 1 or greater. Arrow
denotes time point when treatments were initiated. (G) Spinal cord sections from Day 28
post-induction EAE mice treated with vehicle or TRE-515 (150 mg/kg QD) starting at Day
11 post-EAE induction and stained with a CD45 antibody (top) or with Luxol fast blue
(bottom) to detect myelin. Arrows denote areas of significant leukocyte infiltration or
demyelination. *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.
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Figure 3.9. TRE-515 blocks clinical symptoms under multiple dosing regimens in MOGa-
125 EAE mice.

MOG:-125 EAE mice were treated daily with vehicle or (A) TRE-515 (150 mg/kg QD), (B)
TRE-515 (300 mg/kg QD), or (C) TRE-515 (75 mg/kg BID) starting on Day 1. Vehicle-
treated mice in (A) and (B) are the same. Arrows denote time point when treatments
were started. *: P<0.05.
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Figure 3.10. TRE-515 limits clinical symptoms in EAE mice.

(A) Mean clinical score, (B) cumulative score, and (C) percent of mice without symptoms
of EAE mice treated at Crown Biosciences with vehicle or TRE-515 (100 mg/kg QD),
starting on Day 1 post-EAE induction. Arrow denotes time point when treatments were
started. (D) Mean clinical score and (E) cumulative score of EAE mice treated at Charles
River Laboratories with vehicle or TRE-515 (75 mg/kg BID), starting on Day 7 post-EAE
induction when at least a third of the mice had reached a clinical score of 0.5. Arrow
denotes time point when treatments were started. (F) Spinal cord sections from EAE
mice Day 25 post-induction treated as described in (D) at Charles River Laboratories and
stained with a CD45 antibody (top) or with Luxol fast blue (bottom) to detect myelin.
Arrows denote areas of significant leukocyte infiltration or demyelination. *: P<0.05; **:

P<0.01; ***: P<0.001.
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3.3.4 TRE-515 blocks CD4 T and B cell activation-induced proliferation in EAE.

Our data demonstrate that TRE-515 can block symptoms in EAE mice. TRE-515 could
be having this effect by directly affecting cells either in the CNS or in the periphery. To
test whether TRE-515 crosses the blood-brain and blood-spinal cord barrier, we treated
naive and EAE mice with TRE-515 and measured TRE-515 levels in the plasma, brain,
and spinal cord of these mice 1, 4, and 12 hours later. Less than 4% and 7% of plasma
TRE-515 levels reached the brain and spinal cord, respectively, independent of whether
the mouse was induced with EAE (Fig. 3.12). These results combined with our earlier
data showing that mice treated with TRE-515 have fewer infiltrating leukocyte in the CNS
(Fig. 3.8 D, G) argue against the possibility that TRE-515 affects cells in the CNS to
modulate EAE phenotypes and instead focused our attention on how TRE-515 affects

immune cells in the periphery.

In EAE mice, CD4 T cells that express a T cell receptor that recognizes the MOGa3s-s5
peptide (MOG-specific CD4 T cells) are primary drivers of disease(143,144). Blocking
these myelin-specific CD4 T cells could be one way in which TRE-515 limits clinical
symptoms in this model. We quantified these cells using a fluorescently labeled tetramer
that presents a peptide consisting of amino acids 38 — 49 of the mouse myelin
oligodendrocyte glycoprotein (MOGss-49 peptide) on a Class Il MHC protein. As a control,
we used a fluorescently labeled tetramer that presents a peptide not targeted by a mouse
CD4 T cell. EAE induction caused a significant expansion of the MOG-specific CD4 T
cells compared to naive mice; this increase was blocked by TRE-515 treatment (Fig.

3.11A). The percent of CD4 T cells that bound to the control tetramer was not significantly
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affected by the EAE induction or the TRE-515 treatment (Fig. 3.11B) indicating that our
results with the MOGass-49 peptide-expressing tetramer were specific. These data suggest

that TRE-515 blocks the expansion of MOG-specific CD4 T cells.

In addition to blocking the expansion of MOG-specific CD4 T cells, TRE-515 could affect
other cells of the immune system to limit clinical symptoms in this model. For example,
we show (Fig. 3.11C) that both CD4 and CD8 T cells in the lymph nodes increase
deoxyribonucleoside salvage activity during early stages of EAE associated with immune
activation. To more fully analyze the immune system in these experiments, we treated
EAE mice with vehicle or TRE-515 (150 mg/kg QD) starting on Day 1 post-EAE induction,
and profiled the immune system in the spleen and lymph nodes at Day 3 and Day 10
post-EAE induction using mass cytometry (CyTOF). We chose antibodies for our CyTOF
experiment (Table 1) that labeled many of the major immune cell classes as well as their
activation states. The results from each time point and organ system were analyzed by
FlowSOM, an algorithm that performs unsupervised clustering of the cells to create self-
organized maps containing nodes that represent different cell types and states and that
then further groups these nodes into metaclusters, and SAM, a statistical method that
identifies metaclusters whose abundances are significantly related to the TRE-515

treatment relative to the vehicle treatment(145,146).

In each organ and at each time point, the cells clustered on the maps into major immune
cell classes (Fig. 3.13). These include cell clusters with high expression of CD3 and CD4

and low expression of CD8 representing CD4 T cells, cell clusters with high expression
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of CD3 and CD8 and low expression of CD4 representing CD8 T cells, cell clusters with
high expression of CD19 and CD45R or CD138 representing B cells, and cell clusters
with high expression of CD11b and low expression of CD3 representing innate immune

cells.

In the lymph nodes samples from Day 3 post-EAE induction, the cluster of CD4 T cells
organized into four metaclusters with greater than 0.5% abundance in the vehicle-treated
mice: Metaclusters 11, 12, 15, and 16 (Fig. 3.11C). These metaclusters express markers
representative of different stages of T cell activation (Fig. 3.11D). Metacluster 16 has
high levels of the cell surface marker CD62L found on naive T cells, low levels of the cell
surface markers CD69, CD39, and CD44 found on activated T cells, and low levels of the
proliferation marker Ki67 indicating that this metacluster likely represents naive CD4 T
cells. Compared to Metacluster 16, Metacluster 15 has elevated levels of CD69 and
CD39 but similarly low levels of CD44 and Ki67 and similarly high levels of CD62L
indicating that this metacluster likely represents very early activated T cells that have yet
to induce proliferation. Compared to Metaclusters 16, Metaclusters 11 and 12 have lower
levels of CD62L and higher levels of CD69, CD39, CD44, and Ki67 indicating that these
metacluster likely represent activated, proliferating CD4 T cells. TRE-515 treatment had
no effect on the percent of cells in the naive CD4 T cell Metacluster 16 or the early
activated but not proliferating CD4 T cell Metacluster 15 (Fig. 3.11E). However, TRE-515
significantly decreased the percent of cells in the activated and proliferating CD4 T cell
Metacluster 11 and 12 (Fig. 3.11E). TRE-515 had no significant effect on the levels of

any of the CD8 T cell metaclusters, although none of these metaclusters expressed high
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levels of CD69, CD39, CD44, or Ki67 suggesting that at this time point the CD8 T cells
were not being activated or proliferating. These data suggest that TRE-515 blocks
activation-induced proliferation in CD4 T cells in our model without affecting the levels of

naive CD4 T cells.

Additionally, in the lymph nodes samples from Day 3 post-EAE induction, the cluster of B
cells organized into five metaclusters: Metaclusters 1, 8, 14, 17, and 18 (Fig. 3.11F).
These metaclusters express markers representative of different stages of B cell activation
and differentiation (Fig. 3.11G). Metacluster 1 expresses low levels of the cell surface
marker CD69 that is expressed on activated B cells, the cell surface marker CD138 that
is expressed at high levels on plasma cells, and low levels of Ki67 indicating that this
metacluster likely represents naive, non-activated B cells. Metaclusters 8 and 14 express
higher but still intermediate levels of CD69 and CD138 and low levels of Ki67 indicating
that these metaclusters likely represent different types of activating but not yet rapidly
proliferating B cells. Finally, compared to Metacluster 1, Metaclusters 17 and 18 express
elevated levels of CD69, CD138, and Ki67 and likely represent proliferating cells at or
near the plasmablast stage of differentiation. TRE-515 had no effect on the percent of
cells in the naive B cell Metacluster 1 or the activating but not proliferating B cell
Metacluster 8 and 14 (Fig. 3.11H). However, TRE-515 significantly decreased the
percent of cells in the proliferating plasmablast Metaclusters 17 and 18. These data
suggest that TRE-515 blocks B cell proliferation during B cell activation and differentiation

in addition to blocking CD4 T cell activation-induced proliferation.
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In the spleen samples from Day 3 post-EAE induction, TRE-515 had no effect on any of
the metaclusters, including any of the CD11b innate immune metaclusters, except to
significantly decrease the number of cells in Metacluster 14, a B cell metacluster that
expresses high levels of CD69, CD138, and Ki67 similar to the proliferating plasmablast
metaclusters identified to be affected by TRE-515 in the lymph nodes (Fig. 3.14).

In the lymph nodes samples from Day 10 post-EAE induction, the cluster of CD4 T cells
organized into three metaclusters: Metacluster 8, 14, and 18 (Fig. 3.15A). Metacluster
18 expresses high levels of CD62L and low levels of CD69, CD39, CD44, and Ki67 likely
representing naive CD4 T cells (Fig. 3.15B). Compared to Metacluster 18, Metacluster
8 expresses lower levels of CD62L and elevated levels of CD69, CD39, CD44, and Ki67
likely representing activated and proliferating CD4 T cells. Compared to Metaclusters 8
and 18, Metacluster 14 expresses intermediate levels of CD62L, CD69, CD39, CD44, and
Ki67 but high levels of the cell surface marker CD25. CD25 is a marker of regulatory CD4
T cells(147), and Metacluster 14 may represent regulatory CD4 T cells although to assign
this with more confidence additional markers such as FoxP3 would be required. TRE-
515 significantly increased the percent of cells in the naive T cell Metacluster 18 while
decreasing the percent of cells in the activated T cell Metacluster 8 (Fig. 3.15C). At this
time point, TRE-515 had no effect on the percent of cells in CD4 T cell Metacluster 14 or
the metaclusters representing B cells and CD8 T cells.

Similar to the Day 3 spleen samples, in the spleen samples from Day 10 post-EAE
induction, TRE-515 had no effect on any CD11b innate immune cell cluster. TRE-515

did decrease the percent of cells in Metacluster 10, which consists of a CD4 T cell
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metacluster with low levels of CD62L, CD69, CD39, and Ki67 and high levels of CD44
likely representing memory T cells (Fig. 3.16).

In total, our tetramer and CyTOF data suggest that TRE-515 blocks B and CD4 T cell
activation-induced proliferation early in the EAE disease course, leading to more naive T
cells and fewer memory T cells than in vehicle-treated EAE mice without decreasing the
levels of other major immune cell types including naive CD4 or CD8 T cells, naive B cells,
or CD11b innate immune cells. Notably, the lack of an effect of TRE-515 on major
immune cell classes as demonstrated through our CyTOF data is consistent with
additional results from the Crown Biosciences EAE mouse treatment experiment (Fig.
3.17). In that experiment, at the end of the 28-day treatment, total white blood cells,
lymphocytes, neutrophils, monocytes, platelets, and red blood cells were counted from
the blood of the vehicle and TRE-515-treated EAE mice. TRE-515 had minimal to no

effect on the levels of any of these cell types.
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Figure 3.11. TRE-515 blocks B and CD4 T cell activation-induced proliferation in EAE

mice.

(A) Percent of MOGass-49 tetramer and (B) control tetramer stained CD4 T cells in naive
mice, EAE mice treated with vehicle, and EAE mice treated with TRE-515 (150 mg/kg
QD). In EAE mice treated with vehicle or TRE-515 (150 mg/kg QD): (C) CD4 T cell
metaclusters in a map of lymph node cells analyzed by CyTOF. (D) Median expression
levels of CD62L, CD69, CD39, CD44, and Ki67 among the T cell metaclusters. (E)
Percent of cells in the T cell metaclusters. (F) B cell metaclusters in a map of lymph node
cells analyzed by CyTOF. (G) Median expression levels of CD69, CD138, and Ki67
among the B cell metaclusters. (H) Percent of cells in the B cell metaclusters. **: P<0.01;
***: P<0.001; ****: P<0.0001.
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Figure 3.12. TRE-515 does not readily cross the blood-brain or blood-spinal cord
barrier.

Naive mice and EAE mice (all with a clinical score>2) were injected with TRE-515.
Plasma, brain tissue, and spinal cord tissue were harvested 1, 4, and 12 hours later, and

TRE-515 levels analyzed.
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Figure 3.13. CyTOF results: self-organized maps spleen and lymph node cells of mice
treated with vehicle or TRE-515 through day 3 and day 10 post-EAE induction.

Self-organized maps of cells from the spleen and lymph nodes of mice treated with vehicle
or TRE-515 (150 mg/kg QD) through Day 3 and Day 10 post-EAE induction and analyzed
by CyTOF. Maps colored by the intensity of CD4, CD8, CD45R, and CD11b staining of

each node.
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Figure 3.14. TRE-515 significantly decreases the percent of cells in a proliferating
plasmablast metacluster in the spleen, three days post-EAE induction.

(A) B cell metaclusters from a self-organized map of splenocytes analyzed by CyTOF.
(B) Median expression levels of CD69, CD138, and Ki67 in the four B cell metaclusters.
(C) Percent of CD45+ cells in the B cell metaclusters. ***;: P<0.001; ****: P<0.0001.
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Figure 3.15. TRE-515 treatment significantly decreases the percent of cells in an
activated CD4 T cells metacluster in the lymph nodes, 10 days post-EAE induction.

(A) T cell metaclusters from a self-organized map of cells from the lymph nodes analyzed
by CyTOF. (B) Median expression levels of CD62L, CD69, CD39, CD44, Ki67, and CD25
in the three CD4 T cell metaclusters. (C) Percent of CD45+ cells in the CD4 T cell
metaclusters. *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.
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Figure 3.16. TRE-515 treatment significantly decreases the percent of cells in a memory
CDA4 T cell metacluster in the spleen, 10 days post-EAE induction.

(A)CD4 T cell metaclusters from a self-organized map of splenocytes analyzed by
CyTOF. (B) Median expression levels of CD62L, CD69, CD39, Ki67, and CD44 in
the three T cell metaclusters. ***: P<0.001; ****: P<0.0001.
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Figure 3.17. TRE-515 has minimal to no effect on the level of major cell types in the

blood of mice.

Cell concentrations of white blood cells, lymphocytes, neutrophils, monocytes, platelets,
and red blood cells in the blood of EAE mice treated for 28 days with vehicle or TRE-515

(100 mg/kg QD).

94



3.4 Discussion

Here we show that the dCK inhibitor TRE-515 limits the development of clinical symptoms
and blocks CD4 T and B cell activation-induced proliferation in the MOGss.s5 EAE mouse
model. Activated CD4 T cells are key drivers of pathology in the MOGassss EAE
model(143,144), and TRE-515 blocks the proliferation of activated CD4 T cells in this
model at both Day 3 and Day 10 post-EAE induction. These data strongly suggest that
blocking CD4 T cell activation-induced proliferation with TRE-515 blocks clinical
symptoms in this model. Additionally, by Day 10 post-EAE induction, mice treated with
TRE-515 have fewer memory CD4 T cells, an expected result of blocking CD4 T cell
activation-induced proliferation. B cells likely do not contribute to clinical phenotypes in
the MOGss.55 EAE model(139), so the fact that TRE-515 blocks B cell activation-induced
proliferation, though notable and possibly important for other models, does not likely affect

clinical phenotypes here.

Cells use two major pathways to synthesize dNTPs for DNA synthesis: the de novo
nucleotide synthesis pathway and the deoxyribonucleoside salvage pathway(78). In the
de novo nucleotide synthesis pathway, dNTPs are synthesized from consumed glucose
and amino acids through a stepwise process. In the deoxyribonucleoside salvage
pathway, complete deoxyribonucleosides are consumed from extracellular space and
phosphorylated to dNTPs. Here we show that the proliferation of B and CD4 T cells in
the lymph nodes and B cells in the spleen at Day 3 post-EAE induction can be blocked
by inhibiting dCK, suggesting that these cells require deoxyribonucleoside salvage for

their proliferation under these conditions. At the same time, we did not identify any innate
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immune cell types that are affected by dCK inhibition, even though a number of innate
immune cell metaclusters have similar Ki67 levels as the proliferating B and CD4 T cell
metaclusters. Similarly, dCK knockout mice develop normally except for a failure in
lymphocyte development(81). These data suggest that innate immune cells and cells
other than Iymphocytes that divide during development do not require
deoxyribonucleoside salvage. Why certain cell types require both deoxyribonucleoside
salvage and the de novo nucleotide synthesis pathway while other cell types require only
the de novo nucleotide synthesis pathway for deoxyribonucleoside synthesis remains
unclear. However, studies show that thymidine can block the synthesis of deoxycytidine
triphosphate in the de novo pathway via inhibition of the rate-limiting enzyme
ribonucleotide reductase(92). High thymidine levels in the bone marrow and thymus of
adolescent mice relative to other tissues likely shifts developing T and B cells to using the
salvage pathway to maintain adequate deoxycytidine triphosphate levels(92). Whether
the same is true for T and B cells activated in the lymph nodes of adult mice remains to
be determined. Notably, at least in adolescent mice, thymidine levels in the lymph nodes

are similar to thymidine levels in the thymus and bone marrow(92).

It remains to be determined how blocking dCK limits B and CD4 T cell activation-induced
proliferation in the MOGssss EAE mouse model. However, lack of dCK in rapidly
proliferating Hardy fraction B-C B cell progenitors, DN3b T cell precursors, and nucleated
erythroblast erythrocyte precursors yields lower levels of deoxycytidine triphosphates and
promotes replication stress, cell cycle arrest at early S phase, and blocked

proliferation(92). One hypothesis is that these same mechanisms are present in mature,
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naive B and T cells and are activated in response to dCK inhibition during activation-
induced proliferation of B and T cells. We do not identify a change in the total number of
red blood cells in mice treated for up to 28 days with TRE-515, suggesting that
deoxyribonucleoside salvage does not contribute significantly to maintaining erythrocyte
levels after development. Testing this and other hypotheses will be the subject of future

studies.

Enzymes in nucleotide synthesis pathways are effective targets for limiting clinical
symptoms both in the MOGass-s5 EAE mouse model as well as in patients with MS although
to date all nucleotide synthesis inhibitors have targeted the de novo nucleotide synthesis
pathway. The clinical inhibitor teriflunomide inhibits DHODH an enzyme in the de novo
pyrimidine biosynthesis pathway that converts dihydroorotate to orotate(148). The clinical
inhibitor cladribine is a prodrug that accumulates in cells and is phosphorylated to
cladribine diphosphate and cladribine triphosphate. Cladribine likely has multiple
mechanisms-of-action; one proposed mechanism is reversible inhibition of ribonucleotide
reductase by cladribine diphosphate and triphosphate(149). Ribonucleotide reductase
catalyzes the reduction of ribonucleotide diphosphates to deoxyribonucleotide
diphosphates(78). How targeting enzymes in the de novo nucleotide synthesis pathway
will compare to targeting dCK in the salvage pathway with respect to both efficacy and
side effect profiles in MS patients will only be determined in clinical trials. However, TRE-
515 blocks clinical EAE symptoms in the MOGss-s5s model to a similar level as leflunomide,
a metabolic precursor of teriflunomide(148), potentially suggesting similar efficacy.

Additionally, [*®F]JCFA PET imaging of human subjects demonstrates that
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deoxyribonucleoside salvage activity is largely concentrated in the lymphoid organs in
humans(97), suggesting that on-target side effects in patients — if any exist — may be

limited to effects on the immune system.

Conclusions:

Here we show that pharmacological inhibition of the deoxyribonucleoside salvage
pathway can block B and CD4 T cell activation-induced proliferation and limit symptoms
in a mouse model of the autoimmune disease MS, without decreasing the levels of other
immune cell populations that include both naive T and B cells and innate immune cells.
B and T cells are important contributors to many different autoimmune diseases including
systemic lupus erythematosus and inflammatory bowel disease(150,151). Although it
remains to be formally tested, based on its mechanism-of-action in the EAE model, we
hypothesize that TRE-515 may have efficacy across a wide range of autoimmune

diseases and could represent a new type of immunomodulatory drug.
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Chapter 4: Conclusions

In this dissertation, | studied the use of image-guided therapeutic intervention in
autoimmune diseases. First, | determined that [*®F]JFAC can be used to image brain-
infiltrating leukocytes in EAE mice, a mouse model of MS and that [*®F]FAC can be used
to monitor therapeutic intervention in this mouse model. Knowing [*8F]FAC accumulation
is increased during disease in the MS mouse model, we tested whether targeting
deoxyribonucleoside salvage, the metabolic pathway imaged by [*8F]JFAC, might be be of
functional relevance to MS. | determined, in multiple mouse MS models, that
deoxyribonucleoside salvage is functionally important for MS and that targeting this
pathway using a novel dCK inhibitor, TRE-515, led to significant clinical benefit for MS

symptoms in mice.

Our immune system is a powerful biological ally to tackle foreign invaders in our body.
However, sometimes our own immune system can turn against us and attack, believing
that what is a foreign invader is actually our own body’s tissues and organs. Autoimmunity
is a complex system of immune cells orchestrating an immune response against our own
body. Autoimmunity is thought to play a pathological role in more than 100 different
diseases. The need to be able to image and quantify these pathological immune cells in
the body is of importance and finding druggable biological targets that are well-studied to
minimize side-effects from drugs for autoimmune diseases continues to be studied. We
believe that the deoxyribonucleoside salvage pathway is a strong candidate for
therapeutic success in autoimmune diseases. Not only is there an imaging strategy in

place to monitor therapeutic intervention of TRE-515 in MS but this pathway has now
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been targeted in multiple models of MS, all of which have shown successful therapeutic
benefit. MS is usually the first autoimmune disease that is studied and tested with new
therapies and these therapies are often then translated to other autoimmune diseases
such as lupus. We envision that our work in targeting deoxyribonucleoside salvage will
also have therapeutic benefit other autoimmune diseases and that our imaging strategy
that was demonstrated in this thesis work will help to provide personalized treatment

options for patients with autoimmune diseases.
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Chapter 5: Appendix

In this chapter, | will present some of the work that | have also done in which | coauthored
throughout my time in my PhD. | have worked on imaging hepatic health and infiltrating
leukocytes in a mouse model of autoimmune hepatitis and acetaminophen-driven liver
failure, determining glucose uptake in neonatal heart regeneration, provided in vivo
validation for radiotracers synthesized using a microfluidics platform, and validated the
mechanism of decreased GLUT1 mRNA levels in lung cancer cells treated with a cyclin-

dependent kinase inhibitor.
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5.1 Imaging T cells and liver health in autoimmune hepatitis

Immune cell infiltration into the liver is a defining feature of autoimmune hepatitis and liver
transplant rejection (152,153). T cells are known to play an important pathogenic role in
liver damage. Various clinical methods can be used to detect for infiltrating T cells,
however none of these methods provide the degree to which T cells are infiltrating into
the liver and does not provide functional information about the cells of interest. For
example, when a liver is damaged, the ability of the liver to convert proteins into energy
or metabolize amino acids decreases. To test for this, clinicians detect for AST/ALT levels
in the blood. If blood levels of both of these enzymes are high, then that suggests the liver
is damaged. However, these tests do not inform us the extent of T cell infiltration into the
liver and are cannot predict whether a disease is reversible. Furthermore, imaging
techniques such as magnetic resonance imaging, computed tomography, and ultrasound
provide anatomical results but do not tell us functional information regarding the
pathogenic T cells. Currently, the gold standard method to detect for these infiltrating T
cells is an invasive biopsy into the liver. However, biopsies can result in sampling error,
high risks of complications, and can have heterogenous results. As such, a method to
visualize and quantify liver-infiltrating T cells in autoimmune hepatitis and allograft

rejection could improve our understanding of these diseases.

My role in this study was to assess the degree of immune infiltration in the concanavalin
A model of autoimmune hepatitis. Concanavalin A is a mannose/glucose-binding lectin

that is a known to activate T mitogen that activates the immune system (154). ConA will
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produce a CD4 T cell-dependent but CD8 Independent hepatitis (154,155). In this study,
mice were induced with hepatitis when injected with conA. Hepatic-infiltrating leukocytes
displayed a high proportion of CD4 T cells (64%) with additional infiltration from CD11b
innate immune cells (9%), B220 B cells (18%), and CD8 T cells (13%) (Fig. 4.1). About

67% of the infiltrating leukocytes were positive for Ki-67, a marker of proliferation (Fig.

4.1).
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Figure 5.1 Immunostaining and histochemical staining of liver sections from vehicle-
treated and conA-treated mice. Scale bars represent 50 microns

The goal of this study is to not only image hepatic-infiltrating leukocytes but to also
determine liver health in response to autoimmune hepatitis. *¥F-FDG is a radiolabeled
glucose analogue that is accumulated within a cell when the cell utilizes glucose
metabolism ((111)). F-FAC is accumulated when the deoxyribonucleoside salvage is
utilized (126). Both glucose metabolism and deoxyribonucleoside salvage are
upregulated during immune cell activation ((91,94,95,111)). *¥F-DFA measures ribose
salvage activity, a pathway that is upregulated in liver hepatocytes ((156,157)). In results
not shown here, hepatic 8F-FDG, 8F-FAC, and 8F-DFA accumulation were affected in
ConA-induced autoimmune hepatitis. ®F-FDG, ¥F-FAC levels were increased in mice

induced with autoimmune hepatitis. *8F-DFA accumulation were decreased in mice

103



induced with autoimmune hepatitis. These metabolic pathways are regulated by specific
proteins ((47,81,156)) and changes in the levels of these protein in the liver can affect
radiotracer accumulation in the liver. GLUT1 is a glucose transporter that is a major
determinant of glucose consumption in activated lymphocytes (158). dCK is the rate-
limiting enzyme in the deoxyribonucleoside salvage pathway (81)and RBKs is the key
enzyme in the ribose salvage pathway (156). In addition to assessing the amount of
immune cell infiltration in the livers of mice induced with autoimmune hepatitis, | also
determined levels of GLUT1, dCK, and RBK in ConA-treated mice. ConA-treated mice
immunostained for GLUT1 showed higher levels of membrane-localized GLUT1 in
hepatic infiltrating leukocytes and in leukocyte proximal liver sinusoidal endothelial cells
(Fig 4.2). RBKs protein levels were not present in the hepatic infiltrating leukocytes but
was present in the liver hepatocytes. Hepatic infiltrating leukocytes expressed similar

levels of dCK protein levels compared to vehicle-treated group.
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Figure 5.2 GLUT1, RBKS, and dCK immunostained vehicle and ConA-treated mouse
liver sections. Scale bars represent 50 microns.
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Additionally, | evaluated whether hepatic infiltrating leukocytes in patients with
autoimmune hepatitis express dCK. To determine the deoxyribonucleoside salvage
activity in hepatic infiltrating leukocytes in human patients with autoimmune hepatitis, |
immunostained dCK in liver tissue sections from biopsies of patients with autoimmune
hepatitis. The hepatic infiltrating leukocytes in the liver sections stained strongly for dCK
(Fig. 4.3), suggesting that Pet radiotracers that measure deoxyribonucleoside salvage
can potentially be used to quantify hepatic infiltrating immune cells in autoimmune

hepatitis.

Figure 5.3 Hepatic infiltrating leukocytes in patients with autoimmune hepatitis express
dCK. Histochemical and immunohistochemical analyses of liver biopsies from patients
with autoimmune hepatitis. Scale bar represents 50 microns.
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5.2 Monitoring drug-induced liver injury using ¥F-DFA

Drug-induced liver damage can be triggered by agents such as analgesics, tyrosine
kinase inhibitors, and antibody-drug conjugates. A variety of techniques are utilized to
assess liver health including liver-selective enzymes and metabolites (such as AST/ALT
and bilirubin), liver biopsies, and CT/MRI/ultrasound imaging. While these all have clinical
value, these methods do not provide a complete picture about the health of the liver,
particularly, of the cells specifically damaged from the drugs. Furthermore, there’s
currently no clinically-relevant way to identify patients who will progress from acute liver
failure to terminal liver failure. A technique to image functional aspects of the liver will

provide helpful information for diagnosis and treatment of liver failure.

Recently, 8F-DFA (*®F-deoxy-2-fluoroarabinose) was developed to measure ribose
salvage activity in the liver. Because the ribose salvage pathway is most active in the
liver, this leads to significant and specific accumulation of 8F-DFA. Previously, it was
shown that accumulation of 8F-DFA was lower in mouse models of fatty liver disease
and in mice treated with acetaminophen at one time point. Whether or not PET imaging

can be used to image liver injury and failure remains to be determined.

18E-DFA is not approved for human use yet but human hepatocytes can be studied in
culture and engrafted into mice. My role in this study was evaluate the levels of ribose
salvage activity in human hepatocytes to determine whether F-DFA can be use for
human studies of liver health. Isolated mouse and human hepatocytes were cultured and

tested for ribose salvage activity using a tritium uptake assay. Mouse and human
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hepatocytes in culture consumed similar levels of ribose at a similar rate (Fig. 4.4 A).
Human hepatocytes engrafted into mice can repopulate a mouse liver.
Immunohistochemical staining for FAH enzyme, an enzyme that is only present in human
hepatocytes, suggests that over 71% of the mouse liver are of human origin (Fig. 4.4 B).
Accumulation of ¥F-DFA in livers of control mice or mice engrafted with human
hepatocytes were indistinguishable (Fig. 4.4 C). How ¥F-DFA accumulates in humans
will depend on the ribose salvage activity in the liver and other organs in the body.
Together, these results suggest that PET imaging with ®F-DFA could provide important

liver function in humans.
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Figure 5.4. Ribose salvage activity in mouse and human hepatocytes.
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5.3 Glucose metabolism in neonatal heart regeneration

Heart disease is one of the leading causes of death in the world, in part due to the fact
that the heart is one of the least regenerative organs. Damage of cardiomyocytes in the
heart leads to workload increase of the remaining cardiomyocytes. Studies have shown
that postnatal cardiomyocytes are able to renew at a detectable rate. During the first few
days of life, a neonatal heart can regenerate up to 15% of its heart muscles. However,
the mitotic activity of the cardiomyocytes during the fetal stages is lost shortly after birth.
This loss in regenerative capacity is affiliated with a metabolic switch of energy source
from glucose to fatty acids. Not much is known about whether or not and how glucose

can impact regeneration of the heart in vivo.

My role in this study was to validate and quantify the uptake of glucose in GLUT1
transgenic hearts in mice pups at different stages of development. One of ways in which
we can study glucose metabolism is through the use of a glucose analogue, ¥F-FDG.
Since the mice that we used were too small to image on a PET/CT scanner, we utilized
autoradiography to study the distribution and uptake of glucose in neonatal hearts. 1 hour
prior to tissue processing, mice were injected with injected with 3.33 MBq of 8F-FDG. At
time point, hearts of mouse pups were removed and sliced at 7micron thickness for
analysis. 18F-FDG accumulation was quantified and signal was normalized to the amount
of probe injected for each mouse pup. Results indicate that Glutl transgenic hearts
accumulate 2.6-fold more 8F-FDG at P2 and that accumulation decreases after P4 stage

of the mouse pup (Fig. 4.5).
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Figure 5.5. 8F-FDG heart glucose consumption of mouse pups at different stages of
development in wild type and Glutl transgenic mice.
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5.4 Invitro and in vivo validation of [*®F]FET synthesis using

microdroplet radiosynthesis

Preparation of radiotracers for PET imaging is a complicated and expensive process that
requires trained personnel, operation of expensive automated radiosynthesis equipment,
and use of expensive precursors. Conventional setup for the synthesis includes carrying
out chemical reactions in milliliter volume scales and using large amounts of reagent
amounts are needed to achieve yield within a short amount of time. Furthermore, in
[*8F]fluoride chemistry, large amounts of radioactivity is needed to achieve a high molar
activity (159). Together, these components contribute to the inefficient use of resources
for studies that require a small of radiotracers, such as preclinical imaging or even for

single clinical PET scan.

Emerging microfluidic radiosynthesis techniques require less reagent amounts and
radionuclide and can be performed using bench top sized instruments. Microscale
reactions are cheaper and tend to be synthesized much faster than standard methods.
Due to use of low precursor mass, crude products can be purified with more simple
methods such as analytical-scale high-performance liquid chromatography. In this study,
a simple and rapid method for [\®F]FET synthesis using a microvolume droplet technique.
For this study, | helped to determine cancer cell lines that upregulated tyrosine
metabolism and to set up mice tumor models to test different molar activities of

microdroplet synthesized [*8F]FET.
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In order to visualize xenograft tumors when imaging with[*8F]FET, the signal of the tumor
should be above the background of the surrounding organs. To do that, we first
determined which types of cancer cell lines utilized tyrosine metabolism. Different types
of cancer cell lines were screened to for tyrosine metabolism using in vitro an [*®F]FET
uptake assay. Results indicated that HCC827, a lung cancer cell line, accumulated
['8F]FET at higher levels compared to other cancer cells lines. Results of the uptake was
also confirmed when [*®F]FET accumulation was blocked when cold FET was added,
suggesting that the accumulation of [*F]FET in HCC827 cells are specific (Fig. 4.6). To
test whether different molar activities of microdroplet synthesized [*®F]FET will have an
impact on imaging contrast, male NOD scid gamma (NSG) mice were engrafted with the
lung cancer cell line (HCC827), injected with different molar concentrations of
microdroplet synthesized [*F]FET and dynamically imaged on the HIPET imaging system
(Fig. 4.7). Results suggests no differences were observed in tumors imaged with lower
['8F]FET molar activities compared to higher molar activities (Fig. 4.8), indicating that
lower molar activities of [\8F]FET can be synthesized using the microdroplet synthesized

approach and still be easily visualized for PET imaging.
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Figure 5.7. Transverse PET/CT of NSG mice bearing HCC827 xenografts. Arrow
indicates tumor. M 1-4 represents the mouse number. TL: left shoulder tumor. TR: right
shoulder tumor.
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5.5 Highthroughput screening identifies CDK7 as an activator of glucose

consumption

Increase in glucose consumption is a fundamental hallmark of most cancer. This
phenomenon is either induced by oncogenes or from loss of tumor supressors and is
exploited in the clinic to visualize with *¥F-FDG PET. Studies have shown that targeting
glucose consumption can limit cancer growth and induce cell death. Currently, glucose
consumption is targeted through the use of 2-DG (2-deoxyglucose), which is a glucose
analogue that can act as a prodrug and be targeted by hexokinase, important enzymes
in the glucose consumption pathway. However, 2-DG lack specificity and can lead to
toxicity in patients and this limited the use of 2-DG clinically. Inhibitors that target GLUT
transporters have shown promise but are not yet tested in patients. Different signaling
pathways are use to regulate enzymes in cancer cells compared to non-transformed cells
and targeting these specific enzymes can be a strategy to block cancer cell glucose
consumption while sparing healthy cells. Currently, there are no high-throughput methods
to study glucose consumption. Standard assays with isotopically labeled glucose or
glucose analogues to quantify glucose consumption are low-throughout. In this study,
Ghezzi et al. adapted and optimized a highthroughput luminescence-based glucose
consumption assay that can be used to screen thousands of small molecule or genetic
libraries. In the general overview of the assay, cells expressing blue fluorescent protein
(BFP) are plated into the 384-well plates that contain either DMSO or small molecule in
media. After a 24 hours incubation time, cells are washed with 1XPBS that contain 0.25%
BSA and 2-DG is added. During a 20 minutes incubation period, cells are imaged with an

automated fluorescent microscope imager and counted for BFP+ cells in each well. After
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20 minutes, a stop buffer is added followed by a neutralization buffer and detection

reagent. Luminescence is then measured on a plate reader (Fig. 4.9).

In the study, thousands of compounds were screened against non-small cell lung cancer
cells using the high-throughput assay and they discovered that blocking CDK7 with
Milciclib (one of the drug candidates in the high-throughput screening), blocked glucose
consumption. The exact mechanisms of how blocking CDK7 with Milciclib which lead to
decrease in glucose consumption was elucidated in this study. For my role in this study,
| validated the inhibition of RNA polymerase Il phosphorylation and activation when CDK7
is blocked using chromatin immunoprecipitation (ChlIP). | confirmed that when CDK7 is
inhibited by Milciclib, levels of phosphorylated subunit of RNA polymerase Il that sits on
the SLC2A1 promoter is decreased (Fig. 4.10). This explained the decrease in GLUT1

MRNA levels that Ghezzi et al. observed previously.
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Figure 5.9. Scheme of luminescence-based high-throughput assay for measuring
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Figure 5.10. Rpb1 and phospho-Rpbl levels on GLUT1 promoter in H460 cells
treated with vehicle or Milciclib.
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