UC San Diego

UC San Diego Electronic Theses and Dissertations

Title

Studies on the role of innate and adaptive immune signaling in pain processing: Tools,
Techniques, and Translation

Permalink
https://escholarship.org/uc/item/4fv1g5r2
Author

Hunt, Matthew Adam

Publication Date
2020

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4fv1g5r2
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA SAN DIEGO

Studies on the role of innate and adaptive immune signaling in pain processing: Tools,

Techniques and Translation

A dissertation submitted in partial satisfaction of the requirements for the degree Doctor of

Philosophy

Biomedical Sciences

by

Matthew Adam Hunt

Committee in charge:

Professor Tony Yaksh, Chair

Professor Camillla Svensson, Co-Chair
Professor Maripat Corr

Professor David Gonzalez

Professor Yury Miller

2020



Copyright
Matthew Adam Hunt, 2020

All rights reserved



The Dissertation of Matthew Adam Hunt is approved, and is acceptable in quality and form for
publication on microfilm and electronically:

Co-Chair

Chair

University of California San Diego

2020



DEDICATION

| dedicate this work to my family and friends who have helped me along the way, my mentors who
have guided me, and to the projects that have failed or challenged me. Especially to my wife, who
put her life on hold to fly across the world to come live and work with me and whom is represented
in all three of the above categories, and to our new baby boy (who hopefully waits until I'm present

to join us!) | can’t wait to see what our future holds...



EPIGRAPH

But, Mousie, thou art no thy-lane,

In proving foresight may be vain;
The best-laid schemes o' mice an' men
Gang aft agley,

An' lea'e us nought but grief an' pain,
For promis'd joy!

-Robert Burns
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ABSTRACT OF THE DISSERTATION

Studies on the role of innate and adaptive immune signaling in pain processing: Tools,

Techniques, and Translation

by

Matthew Adam Hunt
Doctor of Philosophy in Biomedical Sciences

University of California San Diego, 2020

Professor Tony Yaksh, Chair
Professor Camilla Svensson, Co-Chair
It is appreciated that in certain conditions, the acute wounding can lead to a chronic pain
state. The principal focus of this dissertation is to address the innate and adaptive immune
signaling in the primary afferent and dorsal root ganglion. In addition, this work pointed to the
importance of dorsal root ganglion (DRG) macrophages, to which | developed novel approaches
to assess macrophage function. Finally, these studies aimed towards development of
therapeutics with spinal and DRG action, which elucidated the importance of the spinal route of
delivery and the current problems presented in his approach. With regard to the initiating aim, the

studies contained herein point to the ability of TLR4 to drive the upregulation of Fc gamma

Xiv



receptors in the DRG. This work identified interferon regulatory factor 7 (IRF7) as an important
link between TLR4 activation and the expression Fcgr1. The results presented here indicate that
IRF7 may represent a potential therapeutic target for preventing/treating painful autoimmune
conditions. In the second phase, the importance of DRG macrophages, led to the development
of new techniques to study and quantify them in the DRG. | show the power of our techniques
with two proof of principle experiments in which we observe macrophage activation in the DRG
following intrathecal LPS and following treatment with a chemotherapeutic (cisplatin) that leads
to a painful polyneuropathy. Here, | show that we can classify and study novel sub-populations of
macrophages in-situ, which coupled to an artificial intelligence learning algorithm permitted
systematic 3D analysis of macrophages, revealing a potent activation by innate immune signaling.
These techniques enable rapid data acquisition with reduced user input. Finally, in order to
address the problems associated with driving intrathecal drug distribution, a problem faced by the
implementation of intrathecal therapeutics such as viral vector mediated therapeutics, we
developed a novel intrathecal catheter delivery system, the paired multi-valve catheter (PMVC),
with which we can increase the regional rostrocaudal distribution of intrathecal injectate through
a multiple valve system. | show here that using the PMVC over traditional catheters enables us
to use up to 100 fold lower titer of viral vector (AAV9), while achieving better distribution
throughout the entire neuraxis. In short, these three linked sets of studies point to novel
therapeutic targets (IRF7), the role of innate and adaptive immune signaling in the DRG
macrophages and an approach by which such intrathecal therapeutics may be more

homogenously delivered along the neuraxis.
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CHAPTER 1 INTRODUCTION

1.1 GLOBAL SIGNIFICANCE

Nociception, as noted by Sherrington!'- 2, is the physiological and behavioral response to
an insult that either causes tissue damage or has the potential to do so. Pain reflects in addition,
the aversive emotional component that is the amalgamation of the nociceptive input and higher
order contributions of learning and memory. If the pain inducing stimuli is acute, then the sensation
of pain is proportional to the intensity of the stimulus, and once removed, the perception of pain
ceases. In this way pain is a protective response, it signals impending or potential damage and
modifies our behavior to avoid further injury. However, following tissue damage or inflammation,
the pain state can persist long after the insulting stimuli are removed. Pain, when chronically
perceived in the absence of harmful stimuli, ceases to serve a protective purpose, and becomes
a pathological disease statel®. The generally accepted definition of chronic pain is that which
persists for greater than 3-6 months!*..

Chronic pain afflicts as many as 1 in 5 people worldwide, and in the US, represents the
most expensive major clinical diagnosis, with patient care estimated to cost $560-$635 Billion
annually B, Chronic pain is so pervasive that its effects are not only exerted on patients, who
experience a markedly decrease quality of life, but also by their family and caregivers®. This is
because chronic pain negatively impacts all aspects of life including but not limited to: negatively
affecting mood, increasing anxiety and depression, negatively affecting patient’s ability to enjoy
leisure activities, impacting their capacity for work, and hindering the ability to sleep!”..

Currently, treatment for chronic pain is often limited to severely addictive analgesics such
as opioids that induce tolerance (tachyphylaxis) with extended periods of use. This property
necessitates incremental dose escalation and is accompanied by the development of dependence
and an addicted state. Not infrequently these characteristics of opioid action are ultimately
responsible for a high incidence of lethal opioid overdose®® °l. The US alone is responsible for
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86% of all opioid use worldwide, causing the US government to declare that there is currently an
“opioid epidemic™%. As such, understanding the mechanisms responsible for chronic facilitated

pain states and development of novel, safer analgesics, represent a great unmet clinical need.

1.2 MECHANISMS OF PAIN

Under non-pathological conditions, pain is associated with the activation of populations
of peripheral sensory nerve fibers, the terminals of which express specialized sensors that are
activated by strong mechanical, chemical, or thermal stimulil''l. These afferents, referred to here
as “nociceptors”, are pseudounipolar neurons, which have their soma located in the DRG. A single
process extends from the soma (the glomerulus) and bifurcates into two branches, one that
projects to periphery where it senses the environment, and the other that extends into the spinal
cord where the nociceptors then synapse onto second order neurons in outer portion (lamina |
and Il) of the dorsal horn('?. The DRG is a surprisingly complex structure which lies outside of the
blood brain barrier and which, aside from the soma of the primary afferent and the afferent axon,
displays dense concentration of glial like cells (to be discussed below) and an extensive
vascularity.

Nociceptors are classified via their size and conduction velocity: slowly conducting un-
myelinated C fibers!'®, or larger diameter myelinated Ad fibers!'¥, as well as their ability to
transduce signals in response to types of noxious stimuli: mechanical, thermal, and chemicall'®
'8l Under non-pathological conditions nociceptive neurons are silent. Upon strong noxious stimuli,
they initiate action potentials at a frequency directly proportional to the intensity of the stimulus!'.
Under non-pathological conditions, the alerting function of these nociceptors initiating a pain
sensation serves a beneficial purpose to initiate escape/ withdrawal. Perception of pain teaches
us to avoid harmful behaviors, such as touching a hot stove and may serve to alert us of potentially
unknown and detrimental problems, such as inflammation from a bacterial infection. Pain also

aids in our ability to heal by increasing our sensitivity to the site of injury, which reduces furthering
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potential damage during the healing process. The importance of the ability to sense pain may be
best exemplified by the detrimental effects observed in those who lack it. Patients with congenital
insensitivity to pain often present with unintended self-mutilation, undiagnosed and untreated
bone fractures, and or joint deformities, ultimately resulting in high incidence of early death('"].

As emphasized above, activation of nociceptors alone, leading to sensation, is only one
component of the pain state. Pain is associated with an unpleasant, aversive, state with strong
negative reinforcing properties. Such associations ultimately occur in diencephalic and
telencephalic centers and can be greatly modified by excitatory and inhibitory circuitry arising
from centers associated with learning and memory!'8l,

The above commentary reveals the importance of the afferent pathways through which
signaling to higher order systems occur. An important characteristic of these ascending systems
is that the input-output function of the afferent-spinal processing systems is subject to modification
at several ascending linkages including, at the primary afferent terminals, in the DRG, in the dorsal
horn of the spinal cord, at the level of ascending second order neurons and/or at any number of
locations in brain. These modification can occur locally (such as in the DRG components including
satellite cells, macrophages) and in the dorsal horn though local excitatory and inhibitory neuronal
(inter-neuronal) and non-neuronal (astrocyte and microglia) cells as well as by descending
(bulbospinal) pathways!'?l. As such several mechanisms exist in which pain signaling can go awry

and lead to chronic and pathological phenotypes.

1.2.1 Transient persistence of the acute pain state

Though complex, much is known about how the beneficial, acute pain, can transition into
a pathological, chronic pain. Since early descriptions in the 1960’s by Mendel and Wall, it has
been appreciated that sustained activation of C fibers results in a progressive enhancement of
discharge of the second order neuron. This is known as wind-up®, and is the result of temporal
summation of the second order neurons induced by high frequency activation of C fiber
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(nociceptors) . This enhanced response is accompanied by post-synaptic modifications which
further enhances the responsiveness to C fiber input, a phenomenon that persists for minutes to
hours?'l. Much like the plasticity involved in learning and memory, this central sensitization occurs
when repetitive high frequency stimuli result in sustained glutamate release from the presynaptic
terminal, which in turn depolarizes the post-synaptic neuron sufficiently to remove the magnesium
block from the NMDA ionophore channel, resulting in a robust influx of calcium??. NMDA receptor
activation can also coincide with increased AMPA receptor trafficking, further increasing the post-
synaptic response to pre-synaptically released neurotransmitters(?®l. Sustained primary afferent
activation can also lead to increased intracellular signaling cascades, which ultimately activates
kinases that phosphorylate neuronal membrane receptors and channels, enhancing their
activity®. All of the above result in an enhanced sensitivity to aversive stimuli, a state referred to
as central sensitization. Such sensitization yields an increased response of the second order
neuron to a given nociceptive stimulus, resulting in enhanced output, which mediates a transiently
increased pain response (e. g. hyperalgesia). Thus, wind up and its associated facilitatory

cascade will often resolve when the acute injury resolves.

1.2.2 Chronicification of the post injury pain state

Chronic pain conditions can often be categorized as either inflammatory or neuropathic
paini?®. Inflammatory pain can be explained by a peripheral injury leading to activation of the
afferent-second order circuits outlined above as well as local immune cells, which release factors
that facilitate and initiate a cascade of migration and activation of further immune cells. Immune
cells release a large number of pain-enhancing lipids, chemokines and cytokines, which include
but are not limited to: prostaglandins, II-18, TNF, IL-6, Bradykinin and histamine, which can exert
their effects both directly and indirectly on the primary afferents(?!,

The link between inflammation and pain dates back to the 15t century AD, and many of the
mechanisms responsible for inflammation mediated nociception have been mapped out ?7. A
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barrage of cytokines, growth factors, lipids, and proteases are released peripherally and centrally
(spinally) in response to injury or immune signals 2”29, In the periphery, these active factors can
initiate ongoing traffic in small (nociceptive primary afferents) and sensitize these terminals such
that they respond at lower stimulus intensities. In addition, such ongoing afferent traffic can lead
to a state of central sensitization. An example of this phenomena is the flinching behavior
produced by the intraplantar (IPLT) injection of formalin into the rodent paw. This induces a
flinching of the injected paw, exhibiting an early phase reflecting robust afferent activation by
formalin acting though a specific terminal channel transient receptor potential ankyrin 1 (TRPA1)
and then a second phase that is considered to represent a state of spinal facilitation generated
by the robust conditioning afferent input mediating the phase 1 response 1% Such central
facilitation, as reviewed above, typically reflects ongoing depolarization of second order spinal
nociceptive neurons, increased intracellular calcium, and the activation of a downstream signaling
involving the activation of a variety of kinases, which phosphorylate membrane channels and
receptorsi®! 32 activate intracellular enzymes such as phospholipases?®, activation of a variety
of transcription factors reflective of inflammasome activation®* 3% and altered protein synthesisf®.
The net effect of these changes is to produce a behaviorally defined pain phenotype referred to
as hyperalgesia or an increased sensitivity to non-aversive stimulation (e. g. tactile allodynia:
sensitivity to light touch). Of note, many of these pain states resolve with the resolution of the
injury, however, as reviewed below, such afferent conditioning can lead to profound and persistent
changes in nociceptive processing.

In contrast to the phenomena associated with tissue injury and inflammation, damage to
the nerve can lead to so called neuropathic pain states®®’l. Neuropathic pain states can arise in
disease states such as diabetes mellites, multiple sclerosis, and in rare channelopathies, as well
as following spinal cord injury or chemotherapy®®-4'. Such nerve injuries often display a common
profile which include an ongoing pain state (dysesthesia) and amplified response to light touch
(mechanical allodynia) and cold®?. Assessment of the mechanisms underlying the pain state
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frequently reveal the appearance of ongoing traffic in the peripheral nerve and neuronal soma,
mediated by profound changes in the expression of channel and receptor subunits in the primary
afferent and the activation of non-neuronal cells in the spinal cord (astrocytes and microglia) and
macrophages and satellite cells in the DRG*3.. The study of these neuropathic pain states, has
benefited from the development of rodent models generating nerve injury though the use of
metabolic alterations*4, chemical toxins®**#71 and even biologic infections®® and these models

show clear parallels to the systemic response observed in the human patient.

1.2.3 Non-neuronal cells

There are nearly 10x more glial cells in the human CNS than neurons, and yet they were
long thought of as simply the glue that held the CNS together, agents of the blood brain barrier,
or the native first responders to foreign proteins or infection. However, we have come to
appreciate they are far more diverse and with yet more important purposes*® %%, In the CNS there
are two types of glial cells: macroglia, and microglia. Macroglia, including astrocytes and
oligodendrocytes, are derived from the same neuroepithelial cells as neurons®'l. Unlike, neurons
and macroglia, microglia, come from erythromyeloid precursors, which migrate from the yolk sac
to the neural tube via blood circulation during early perinatal development®2 531,

Astrocytes are the most abundant glial cells in the CNS and provide many supportive
roles, including forming the BBB, cleaning up debris following injury and forming protective
barriers, recycling of neurotransmitters, maintenance of extracellular ion concentration, as well as
modulation of synaptic transmissionl®. Astrocytes are large complex cells, which exist in lattice
throughout the CNS® %81, Depending on their location of origin astrocytes have been shown to
respond differentially to stimuli®’, which may be due to heterogeneous expression of surface
receptorsl®®. Activation of astrocytes, known as astrogliosis has been well studied and
characterized, but was often overshadowed by microgliosis. However, animal models developed
in which astrogliosis and microgliosis could be separated and studied independently have helped
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to elucidate the function and mechanisms of astrogliosis and how it relates to pain®® %, Increases
in the astrocyte marker glial fibrillary acid protein (GFAP) in the spinal cord have been correlated
to nerve injury®'l. Astrocytes are interesting among glia in the spinal cord in that they express
receptors for pain related neurotransmitters including Substance P2, calcitonin gene-regulated
peptide (CGRP)®3, glutamate!® and adenosine triphosphate (ATP)®%. This likely indicates that
substantial peripheral nociceptor activation, and subsequent release of the neurotransmitters
mentioned above with synaptic overflow, would result in activation of astrocytes, and indeed this
is what is observed. Further, blocking astrogliosis with antagonists for the glutamate ionophore
N-methyl-D-aspartate (NMDA) has been shown to reduce hyperalgesia in models of neuropathic
painl©®l,

Microglia are often described as brain-resident macrophages and as such represent the
immune system of the CNS, which has otherwise been thought of as being immune privileged®®’..
Microglia are highly dynamic cells that have been shown to modify synapses, and to aid in
synaptic pruning during CNS development!®®. Following injury, or pathogenic infiltration into the
CNS, microglia become activated, increasing expression of lonized calcium binding adaptor
molecule 1 (Iba1) and major histocompatibility complex Il (MHC-II), changing their morphology,
and rapidly proliferating®®l. This response is termed microgliosis, and occurs not only in response
to direct damage of the CNS parenchyma, but also if there is damage to the peripheral nerve
indicating that communication of a far of injury signal with the local spinal environment occurs!”®.
Further microgliosis has been shown to be a contributing factor to development of chronic
neuropathic pain states, and blocking activation of microglia with drugs like minocycline, can
prevent chronic hypersensitivity following peripheral nerve injuryt" 72, Microgliosis occurs rapidly,
within 24 hours post peripheral nerve injury and persists for upwards of 3 months”>7%. This
activation has been shown to occur in models of diabetic neuropathy!’®!, models of bone
cancer’’l, following intrathecal injection of viral proteins”®, and in models of chemotherapy
induced neuropathy®. While microglia and microgliosis have been extensively studied in the
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CNS, as will be discussed below, much less attention has traditionally been placed on peripheral
macrophages, notably those which are present in the DRG. Only recently have peripheral
macrophages, located in the DRG, come to be viewed as important regulators of primary afferent
driven hyperalgesia and allodynial*®. Following nerve injury, changes in DRG macrophage
functional types have been shown to occurt®. Activation of DRG macrophages following injury,
or during inflammatory states likely mimics microgliosis in the CNS, and direct communication
between DRG neuronal soma and DRG macrophages has recently been described®!. As will be
reviewed in the next section, a robust presence of glial like cells are observed in the DRG and are

almost certainly involved in the regulation of afferent excitability.

1.3 THE DORSAL ROOT GANGLION

The DRG was long thought of as a simple structure containing the cell bodies (soma) of
the primary afferent that provide the trophic support (e. g. protein synthesis) for the extensively
ramified afferent axons. It is now appreciated that the DRG represents an important niche
environment that controls, integrates, and modulates the signals carried by the afferent axon, and
which DRG neurons themselves serve as ectopic generators of spinofugal and spinopetal sensory

traffic. | will review this composite system in the following sections.

1.3.1 Components of the DRG

Examination of the DRG reveals the complexity of the constituents: the soma, the glia, the
vasculature and sympathetic innervation.

i) Soma: The afferent axon and cell body, where in the cell body of the afferent axon is
connected to the main axon by a long and sinuous glomerulus. This glomerulus is capable of
carrying a conducted potential to and from the axon and to transport products synthesized in the

soma to the afferent axon. This property emphasizes that afferent activity is capable of activating



the soma and that the soma if activated can generate an “ectopic” potential activating a sensory

action potential to the spinal cord and to the periphery.

ii) The satellite cell is the homologue of the neuraxial astrocyte and displays robust staining
for GFAP. These cells lie in intimate proximity to the neuronal soma, investing it.

iii) Macrophages, bearing functional similarity to the CNS resident microglia (which stain
for IBA1) occupy a large fraction of the extracellular DRG volume. These cells frequently lie in
very close contact with the DRG vasculature.

iv) Vasculature of the DRG is robustly present in the afferent cell body rich portion of the
DRG. Unlike neuraxial vessels, these in the DRG do not possess tight junctions, e. g. reflecting
the fact that the DRG lies outside the blood brain barrier.

v) Postganglionic sympathetic afferents, typically labeled by tyrosine hydroxylase, provide
sympathetic innervation to the DRG vasculature and contact the afferent soma. This post
ganglionic innervation is consistent with the assertion that the DRG lies outside the blood brain
barrier and its vasculature and sympathetic innervation is comparable to other peripheral vascular

beds.

1.3.2 Embryogenesis and development

Neurons and glia within the DRG and PNS originate from neural crest cells, which
developmentally, are located dorsal to the neural tube, and then migrate ventrally 82 83, During
development neuronal fate is controlled by the transcription factors neurogenin 1 and neurogenin
284 Neurogenesis in the DRG occurs in 3 waves, the first mainly produces large-diameter
proprioceptors that express tropomyosin receptor kinase C (TrkC), and mechanoreceptors that
express tropomyosin receptor kinase B (TrkB), the second mainly consist of small diameter
neurons that express tropomyosin receptor kinase A (TrkA) and may be mechanoreceptors,
nociceptors, or thermoreceptors, and a third later phase, that mainly produces TrkA positive
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nociceptors as well as some additional neuronal subtypes!®® 8¢l Along with neurons, the DRG has
two types of glial cells, schwann cells and satellite glial cells, which are both derived from the
neural crest cells, the same tissue of origin as DRG neurons!®® 871, Early on during embryogenesis,
the arteries from the dorsal trunk branch off and extend into the developing DRGs, eventually
forming a loose blood nerve barrier that is highly permeable to circulating agents!®l. Finally there
are DRG macrophages, which are derived from early erythromyeloid progenitors in the yolk sac

which then migrate to the developing DRG and become resident macrophages!®® .

1.3.3 Non-neuronal cells in the DRG

Schwann cells come in two varieties, myelinating and non-myelinating. Myelinating
Schwann cells act similarly to oligodendrocytes in the CNS, except that they myelinate a single
axon, which helps to increase conduction velocity by enabling saltatory conduction. In contrast,
non-myelinating Schwann cells will form a “Remak bundle”, ensheathing multiple small, otherwise
non myelinated, axons (C fibers).

Satellite glial cells are similar in morphology to Schwann cells, but remain within
the DRGP'M®2, Several satellite glial cells (SGC) form a laminar ensheathment around each
neuronal soma, with the distance between SGCs and neuronal soma being only 20nm®2, SGCs
can adhere to one another and form gap junctions and express receptors involved in pain
processing including, CGRP®3, purinergic receptors® %! Substance PF®, TNFal®7l [L-1pF8
endothelin-B®® and NMDA Receptors!'®. As DRG soma can locally secrete their neuroactive
substances, the expression by the SGCs of the above receptors and their tight investment, it
is envisioned that SGC can be influenced by the activation of the neuron via paracrine
signaling!'®l. Further the SGCs and soma have been shown to express gap junctions further
enabling crosstalk between these cells!'%?],

Macrophages in the DRG, through our findings (currently unpublished), represent
as much as 5% of the total volume of the DRG and yet have only recently become of major
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interest. Macrophages play many roles in the peripheral nervous system. Following injury to the
peripheral axon, macrophages will help clear the debris in a process known as Wallerian
degeneration!'%% 1% Macrophages are known to respond to inflammatory signals in the DRG and
have been shown to display activation which parallels that of microglia in the CNS and are robust

secretors of a variety of cytokines and chemokines!'%!.

1.4 IMMUNE SYSTEM AND PAIN

As briefly described above, the immune and nervous systems are deeply intertwined. So
much so that afferent neurons (nociceptors) are, in essence, sensors of immune response. Again,
if we think of pain as a protective mechanism, then in the case of a pathogen, our ability to sense
and identify the pathogens location, is equally as important as is our ability to defend against and
neutralize itl'%l. The sensory afferents innervate every tissue in the body and provide near
instantaneous input to the CNS regarding the peripheral milieu to which they project. Thus, in the
event of a pathogen, the PNS can recognize a present threat via innate immune signaling
pathways. More recently the importance of adaptive immune signaling pathways were also
established. The peripheral afferent not only acts to sense pathogens, but also can help direct
and mount the immune response. This is because DRG neurons, as described above are
characterized by a bifurcating axon, which enables them to both send action potentials
orthodromically towards the spinal cord, as well as antidromically, towards the peripheral
terminals. During sustained activation of primary afferents, antidromic action potentials
(generated from the spinal dorsal horn and DRG as well as from the ramified peripheral dendritic
tree of the sensory axon) can lead to neurotransmitter release in the periphery. CGRP and
substance P both cause vasodilation by directly acting on smooth muscle and vascular endothelial
cells, ultimately leading to plasma extravasation and edemal'®’-1%l  Antidromic activation of

sensory neuron terminals, and subsequent release of neurotransmitters as well as additional
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signaling molecules, also act on a plethora of innate immune cells, which act to conduct and

mobilize an immune response.

1.4.1 Innate immune system

An innate immune system is common to nearly all multicellular life and is composed of
physical/anatomical barriers, such as skin and epithelial surfaces as well as immune cells that
can recognize and identify foreign agents and mount a response to remove them. In the event of
a pathogen, innate immune cells act as the first line of defense and attempt to identify, isolate,
and phagocytose the pathogen(s). Pathogens, such as bacteria, often express molecules that
have a distinguishable pattern, and as a defense mechanism, immune cells have evolved to
express receptors that can recognize many of these pathogen-associated molecular patterns
(PAMPs)"0. 111 Most PAMPs, such as lipopolysaccharide (LPS, forming a component of the cell
wall of the gram negative bacteria) ), are necessary for survival of the particular pathogen, and
thus are largely immutable, and always present whenever the pathogen is. As such recognizing
these molecules is a strong protective mechanisms of the host immune system. Host immune
cells will constitutively express these pattern recognition receptors (PRRs) that when activated,
induce an inflammatory response, whereby immune cells become activated and can destroy and
remove the pathogen!''?. More recently it was postulated, and then discovered, that upon tissue
damage cells can release factors containing damage associated molecular patterns, which have
similar molecular patterns to PAMPs and thus can also activate PRRs, and elicit innate immune
removal and isolation of damaged cells and debris!''*""®, PRRs include c-type lectin receptors
(CLRs), Toll-Like receptors (TLRS), Rig-I-Like receptors RLRs) , AIM2-like Receptors (ALRS),
and Nod-like receptors (NLRs)!""7],

TLRs are one of the largest groups of PRRs, and are conserved from C.elegans, all the
way up to mammals!''2 "8 There are a total 12 different TLRs that have been identified in
mammals and they all share some basic features. TLRs are all integral membrane glycoproteins
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that contain a variable number of leucine rich repeats, and cytoplasmic domains homologous with
the interleukin1 receptor known as Toll/IL-1R (TIR) domains. TLRs generally will recognize a class
of PAMP/DAMP, for instance TLR1,2, and 6 all recognize lipids, while TLR7-9 all recognize
nucleic acids "2, TLR1,2,4-6 are all found on the cell surface, while TLR3,7-9 are usually
observed intracellularly in endosomes!'"®. Upon binding to PAMPs or DAMPs TLRs will recruit
adapter molecules, MyD88, TRIF, TIRAP, and or TRAM. In the case of TLR4 LPS binding leads
to activation of two different pathways, one MyD88 dependent, and the other MyD88 independent.
In the MyD88 dependent pathway, TLR4 dimerizes and MyD88 forms a complex with | RAK (IL-
1 receptor-associated kinase)!'?”), which sets into motion a signaling cascade that ultimately
activate phosphorylate NF-kB causing it to translocate from the cytoplasm to the nucleus!?". In
the MyD88 independent pathway IkB kinases are activated by TRIF, which activates NF-kB
downstream, but unlike the myD88 dependent pathway IRF3 is activated, which induces
expression of the IFN-B and the IFN inducible genes!'??'?4, TLRs are expressed by dendritic cells,
macrophages, B cells, and some T Cells in the immune system!'?®!, as well as DRG sensory

neuronsl'26. 1271

1.4.2 Adaptive immune system

As the name innate immune system insinuates, the PRRs, found on innate immune cells
are germline-encoded, meaning their ability to detect foreign agents are finite and fixed. In
contrast the adaptive immune system can produce antibodies capable of recognizing novel
pathogenic or foreign proteins throughout one’s life. However, the contribution of the adaptive
immune system to pain signaling is far less clear than that of the innate immune system. We are
only starting to parse out mechanisms linking the adaptive immune system and pain. There are
many autoimmune diseases with associated pain components such as Rheumatoid Arthritis,

Celiac’s Disease, Guillain-Barré syndrome, and Crohn’s disease among many other.
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As inflammation is so intimately linked with pain, it is perhaps expected that
autoantibodies, leading to destruction of tissue and release of cytokines would cause pain through
inflammatory mechanisms. However, inflammation and pain, often in a paradoxical seeming
fashion, can have an apparent disconnect. This has been observed in conditions such as
Rheumatoid Arthritis!'?® and complex regional pain syndrome (CRPS)!'?],

One mechanism through which the adaptive immune system could initiate or mediate a
hyperalgesic state is upon generation and production of autoantibodies that directly bind to
primary afferent epitopes and alter their excitability. This was recently shown in patients with
chronic inflammatory demyelinating polyradiculoneuropathy, where it was determined that
antibodies against the paranodal regions of primary afferents were detected!*?. In a serum
transfer model, CASPR2 antibodies isolated from patients with Morvan’s syndrome were
determined to bind to neuronal soma in the DRG and alter the distribution of voltage gated calcium
and potassium channels, ultimately leading to hyperexcitable primary afferents!'®': 1321, An indirect,
action of autoantibody induced pain has also been observed and recently elucidated as the result
of autoantibody/autoantigen bound in immune complex activating FcyRs on neurons!3 34 in

models of rheumatoid arthritis.

1.5 RHEUMATOID ARTHRITIS

Rheumatoid arthritis is a chronic autoimmune disease characterized by inflammation,
swelling, stiffness and pain of the joints. Worldwide RA affects as many as 5 in every 1000 adults,
with a 2-3 times greater prevalence among women than men. While RA can present at any age,
the peak incidence of clinical manifestation and diagnosis is observed in individuals in their
60’s!3%, Patients with RA experience substantial decrease in physical function and pain, which
results in reporting a marked decrease in quality of lifel’*¢l. More than half of RA patients (50-70%)
test positive for serum antibodies that recognize citrullinated peptides (ACPAs), or the rheumatoid
factor (RF)I"'37- 1381 Serum positive patients also often exhibit more severe joint damage as well as
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a higher mortality rate compared to serum negative RA patients!'3%'41 |t's estimated that a
heritable/genetic cause for RA is observed in roughly 40-60% of seropositive patients!'#?. Studies
into genetic mutations commonly observed among RA patients have pointed to genes relating the
immune system including with single nucleotide polymorphisms in HLA genes showing the
greatest risk[143 1441,

RA likely represents a group of more specific diseases that all have been placed under an
umbrella of similar manifestations/features. As such, there are no specific tests to determine RA

and rather it is diagnosed based on a common pattern of symptoms and serum profiles!l.

1.5.1 RA pathophysiology and pain

While disease modifying antirheumatic drugs such as methotrexate often can remediate
the inflammatory aspects of RA, they often fail to adequately address the aspect of the disease
that patients report as their important symptom, pain!'#6-148l. This highlights the disparity described
above between inflammation and pain in RA. RA patients also often report pain prior to the clinical
manifestation of the disease. This along with circulating autoantibodies being found up to 10 years
prior to diagnosis in patients further indicates that pain states in RA may often come from non-
inflammatory origins!'?. RA pathophysiology is complex, which is reflected by the heterogeneous
pathologies observed in patients.

Patients, seropositive with autoantibodies, which target epitopes present in cartilaginous
tissue and joint structures often display more severe RA symptoms and have higher rates of
mortality!'*® 50, These hallmarks of RA include erosion of synovial membranes and destruction
of articular cartilage, which can be debilitating for patients!'®*". The autoantibodies can be IgG,
IgA, or IgM and often have altered glycosylation states that increase their ability to bind to Fc
receptors!'®2 153 Either in immune complex or alone, RA autoantigens can elicit immune response
via activation of macrophages and/or activation of osteoclasts!'*. The latter of which explains
why RA patients often experience bone loss. Synovial inflammation in RA patients is indicative of
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immune cell over-activation. In fact the immune response is so robust that macrophages,
monocytes, dendritic cells, mast cells, T cells and B cells have all been shown to play a role in
the inflammatory phase of RAI'55: 1561,

Under normal circumstances the synovium is relatively void of cells but becomes
hyperplastic in response to a massive barrage of cytokines such as TNF, TGFfB, and IL-
(1,6,10,12,15,18,25) among others. In the earlier stages macrophages and synovial fibroblasts
become activated in response to PAMPs and DAMPs and ramp up their production and release
of cytokines!'s”: 158 The destructive nature of the cytokine barrage in the joint is mitigated
somewhat by drugs targeting TNF and IL-6, which have become common place in treatment
regimes!’®®. Once the inflammatory machinery in the joint is started, the synovial space becomes
occupied by invading immune cells, which cause osteoclast production!'®® and activation('®"],
resulting in bone erosion. While bone erosion is underway a destructive and concerted catabolic

activation of chondrocytes destroy joint cartilage!'62l.

1.5.2 Animal Models of RA

Many of the strides we have made towards understanding and treating RA, have come
about through the use of numerous animal models. One of the earliest and most robust animal
models is the collagen induced arthritis model (CIA). CIA was developed in rats in the 1970s and
subsequently has been used in various mouse strains!'®® 84 |n the CIA model, animals are
immunized with type Il collagen from various sources, often delivered in complete Freund’s
adjuvant. Following induction animals begin developing antibodies against type Il collagen!'®],
and roughly 20-25 days after injection animals develop polyarthritis, mimicking human RA , with
synovitis and infiltration of immune cells, as well as bone erosion and cartilage destruction in the
joints!"6el,

The collagen antibody induced arthritis model (CAIA), is similar to CIA, but instead of
inoculation with type Il collagen itself, animals are given a cocktail of antibodies produced against
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type Il collagen!®”l. The CAIA model developed first as a serum transfer model, in which serum
was isolated from arthritic mice inoculated with chick type Il collagen, injected into naive mice,
which in turn became arthritic!'®®. Even IgG alone isolated from CIA mice and transferred to naive
mice render these animals arithticl'®®l. This observation was incredibly important in that it showed
that autoantibodies alone, regardless of other disease factors, could induce the hallmark
pathologies observed in RA. In subsequent work monoclonal antibodies targeting the triple helical
portion of type Il collagen were characterized and developed into a 4 antibody cocktail that is
commonly used today in order to induce arthritis in the CAIA model!'®®. While the innate and
adaptive immune contributions can be isolated from one another in the CAIA model, an innate
immune stimulus, such as LPS, is usually delivered one week after cocktail injection in order to
“synchronize” the onset of symptoms!'6].

The K/BxN model of RA is a mouse model first developed through an apparent failed
experiment. A mouse strain with transgenic T cell receptor (KRN), which failed to exhibit the
intended phenotype, were crossed with the non-obese diabetic (NOD) mouse strain, and the
resulting offspring developed pronounced joint inflammation"”®. These K/BxN mice develop
severe and spontaneous synotivitis, bone erosion, and cartilage destruction'"", K/BxN mice
develop autoantibodies against glucose-6-phosphate isomerase (G6PI), which is ubiquitously
expressed but with high concentrations in the joints specifically. It's been shown that the formation
of G6PI-immune complexes (IC) is necessary for initiation of K/BxN arithitis'?. Circulating G6PI
immune IC binds to the activating FcyRs on neutrophils and mast cells, eliciting vasodilation, and
ultimately increases vascular permeability of the joints, enabling infiltration of immune cells and
G6PI IC'7. Importantly serum from K/BxN mice can be transferred to naive mice of various
strains, and induce the same RA-like phenotypes, similar in fashion to the experiments discussed

with the CAIA model.
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1.6 PAIN IN RESPONSE TO ANTIBODIES IN IMMUNE COMPLEX
1.6.1 Section primer

Here | will give an overview of the findings from our 2019 paper that lay the basis for
chapter 2 of my dissertation. While | worked on this paper and am a co author, | did not feel it was

appropriate to include it in full.

1.6.2 Brief overview

Specific autoantibodies had been shown to cause hypersensitivity of nociceptive neurons,
leading to neuropathic pain through direct targeting of neuronal surface channels!'*? 74 In our
paper, “Cartilage-binding antibodies induce pain through immune complex—mediated activation
of neurons” we showed that autoantibodies can induce hypersensitivity in nociceptive neurons,
indirectly, via formation of immune complexes and their subsequent binding to local neuronal
FcyR’s (Figure 1-1). In the paper we show that Fcgr mRNA is expressed in the soma of DRG
neurons, and is transported to the terminals, where it can be locally translated. This was supported
by observation of FcyRI and FcyRIIB protein being observed in protein gene product 9.5 (PGP9.
5) positive fibers in the skin, even though it was apparently absent in the DRG neuronal soma via
histology. Further, accumulation of Fcgr mMRNA was observed in nerve fibers following ligation of
the sciatic nerve. Importantly, we showed that type Il collagen antibodies in immune complex (ClI-
IC) could directly stimulate DRG neurons in culture, resulting in release of CGRP. And that mice
lacking the common gamma chain on non-immune cells did not develop pain in the early stages
of CAIA, indicating that the pain is likely from neuronal FcyRs. This can explain the presence of
a pain phenotype in the absence of any inflammatory state. As described above, RA patients
often experience pain prior to clinical manifestation of the disease and continue to experience
pain following treatment that resolves joint inflammation. This work indicates that FcyR’s and their
downstream signaling represent potential therapeutic targets for the treatment of pain in RA
patients.
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Figure 1-1: Graphical Abstract of Bersellini Farinotti et al. 2019: Neurons in the dorsal root
ganglion express Fcgr1 mRNA which is transported down the primary afferent to its
terminals, where it is translated into functional protein. Immunoglobulins and antigens in
immune complex, such as ClI-IC, can bind directly to neuronal FcyRI and induce pain like
behaviors mice.
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CHAPTER 2 IRF7 AS A MEDIATOR OF INNATE AND ADAPTIVE IMMUNE SIGNALING IN
DRG NEURONS

2 BACKGROUND / INTRODUCTION

Autoantibodies have been shown to cause pain via direct binding to nociceptive
neurons !'"> 1761 a5 well as through activation of FcyRs via formation of immune complex.
Interestingly RA patients often complain of joint pain prior to clinical manifestation of the disease
and prior to a diagnosis!'’’l. However, circulating autoantibodies may be present for months or
even years prior to the clinical manifestation of the disease!'”®l. Similarly, in the collagen antibody
induced arthritis model (CAIA), mice are given a cocktail of antibodies directed against type I
collagen and then given an injection of LPS to synchronize the RA-like phenotype among the
mice. However, prior to LPS injection, mice develop pain in the absence of inflammation. This
pain state was shown to be depended upon neuronal FcyRs!'*¥, Here we were interested in
whether an innate immune stimulus, such as LPS, could amplify the primary sensory afferent

neurons response to antibodies in immune complex through the activating FcyRs.

2.2 MATERIALS AND METHODS
2.2.1 Animals

All animal experiments were carried out according to protocols approved by the
Institutional Animal Care and Use Committee of UC San Diego. Mice were housed with up to 4
littermates per cage, and given food and water ad libitum, in a temperature-controlled facility with
12 hour light dark cycles. Wild type C57/BI6 mice were purchased from (Harlan, Indianapolis, IN)
and IRF7 functional knockout mice, mutant B6;129P2-Irf7"'™ (/rf7”) mice, were generated by
Tadatsugu Taniguchil'’®!, obtained from RIKEN (RBRC01420) and then bred at UCSD after

backcrossing for 10 generations on the B6 background.
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2.2.2 Intrathecal drug administration

Mice were anaesthetized with 2-3% Isoflurane, and the respiratory rate was monitored
via observation. Stock LPS (50puL aliquots at 2mg/ml stored in -20°) was diluted (10uL stock/ 90uL
saline) to a final concentration of 0. 2ug/pL. TLR2 agonist LTA was diluted to 0. 05ug/uL in saline
and TLR5 agonist FLAst was diluted to 0. 2ug/uL (Invivogen, San Diego, Califronia). Each animal
received 5L injections intrathecally. Injections were performed as follows: A 25uL Hamilton
syringe affixed to a 30g needle via polyethylene tubing PE10 was first flushed with sterile water
and then loaded with 5uL of LPS. The 30g needle was then inserted between L4-L5 intervertebral-
space until a tail twitch was observed. The injection was performed slowly, during which, any
compression of the air bubble within the tubing was be observed and noted as an indication of

impeded flow.

2.2.3 Behavioral tests

Mechanical withdrawal thresholds were assessed using an adapted up-down method of
the von Frey test of Dixon!'® modified by Chaplan!®'l. In this method, animals were placed in
Plexiglas cages on wire-mesh floor and a series of calibrated nylon von Frey hairs (Stoelting Co.)
ranging from 0. 04 to 2g (0. 04, 0. 07, 0. 16, 0. 4, 0. 6, 1, 1. 4g) was used to calculate the 50%
withdrawal threshold. Mechanical values for the left and right hind paws were calculated and

averaged to produce a single data point per time of measurement.

2.2.4 Cell culture experiments

All DRGs were dissected from mice following perfusion with ice cold saline. freshly
collected DRGs from each mouse were placed in 1.5ml of HBSS and stored in 5Sml ependorph
tubes on ice until ready for dissociation. 20 minutes prior to dissociation 1.5 ml of HBSS was
mixed with 90pl Papain, 3yl NaHCO3 and 1mg L-Cystine, and then mixed with the 1.5ml of HBSS

containing the DRGs. DRGs were then incubated for 30 minutes at 37°C on a shake plate. DRGs
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were then spun at low speed for one minute and the solution was carefully aspirate away. DRGS
were then incubated in 3ml of HBSS containing 6mg collagenase and 13mg dispase for 30
minutes at 37°C on shake plate. Cells were again spun down at low speed and solution was
carefully aspirated away. Finally DRGS were washed in 2ml of warmed media composed of 500ul
F12 with 10% FBS, Penicillin/streptomycin in 50ml conical HBSS without Ca /Mg (GIBCO, cat.
no. 14170) , then spun down again and aspirated, before adding 2.5 ml of media and triturating
until completely dissociated. Dissociated cells were then plated on uncoated plastic 6 well plates
for 1 hour to let non-neuronal cells adhere. Non-attached neurons were then collected, counted,
and replated on laminin and poly-D-lysine (PDL) coated 24 or 12 well plates. Media contained
FuDR in order to inhibit proliferation of any residual non-neuronal cells, as well as nerve growth
factor (NGF) to support DRG neurons. Media was changed on days 2, 5 and 7. On day 5 NGF

was removed from the media. On day 7 neurons were stimulated with LPS (100ng/ml)

2.2.5 RNA extraction

Freshly collected DRGs were immediately frozen in dry Ice and stored at -80°C until ready
for RNA extraction. DRGs were placed in 2ml screw top Eppendorf tubes. 500uL of Qiazol
(Qiagen) was added to each tube along with 3-5 3mm steel beads. 8 samples at a time were then
placed into a Biospec Mini Beadbeater-8 set to homogenize and run for 2 cycles of 1 minute each.
Between cycles samples were placed on ice. 100 uL of chloroform was then added to each
sample and they were shaken briskly for 15 seconds. Following a 15min centrifugation at 14,000
RPM, 200 pL of the aqueous phase was collected and transferred to new 1. 5ml Eppendorf tubes.
6pL of glycoblue (diluted 1:10 in RNase free water) was added to each tube. RNA was precipitated
out by adding 250pL of isopropanol and stored overnight at -20. The following day samples were
centrifuged for 10min at 14,000 RPM. The fluid was carefully aspirated away without disturbing
the RNA pellet. The pellet was then washed in 250uL of 4M LiCL. Spun down at 14,000 RPM for
10 min at 4°C and the solution was aspirated away without disturbing the pellet. Finally, Samples
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were washed in 75% Ethanol spun for 10 min at 4°C at 14,000 RPM and let air dry for 10 minutes.

The pellet was finally dissolved in 22uL of TE buffer and quantified using a Nanodrop 2000.

2.2.6 qPCR

cDNA was made from fresh 125ug of RNA using super script IV VILO (ThermoFisher)
following manufacturers protocol. Tagman probes used are displayed in table 2-1. Probes were
mixed with cDNA following manufacturers protocols, and all experiments were done with HPRT-
VIC as the housekeeping gene. All gPCR was run on biorad cfx96 touch (BioRad) or quant studio
3 (Applied Biosystems). Data was analyzed using ddCT method and statistics performed

comparing fold changes over control condition.

2.2.7 Nano String

RNA is hybridized to 3' complementary biotinylated capture probes as well as 5’ reporter
probes directly tagged with fluorophore barcodes for identification. Non-target transcripts are then
removed using magnetic beads containing capture probe complimentary nucleic acids, and then
non-target bound capture probes are removed using magnetic beads containing complimentary
nucleic acids to the transcript targets. Samples are then Run through the nCounter Digital
Analyzer, which outputs barcode counts for direct quantification without cDNA library prep (Nano

String technologies, Seattle WA).

2.2.8 Histology

Mice were transcardially perfused with ice cold saline followed by 4% PFA and post-fixed
in 4% PFA for 24 hours. DRGs were dissected and cryoprotected in 30% sucrose at 4° C for 2
days and then embed in OCT. DRG sections were cut using a cryostat at 14um and directly
mounted onto glass positive charged microscope slides. Tissues were washed quickly with water
and then permeabilized with PBS + 0. 25% Triton and then blocked with 5% donkey serum.
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Primary antibodies (TrkA, Cell Signaling; IRF7, SantaCruz Biotechnology; 1B4-594, Invitrogen)
were diluted in blocking solution and then incubated for 24hrs at room temperature. Slides were
then washed in PBS and then incubated with secondary antibodies overnight in blocking solution.
Tissues were then washed in PBS, cover slipped, and imaged on a confocal microscope (Zeiss

LSM800).

2.2.9 Data analysis

Data analysis was performed using nSolver Analysis Software (nanostring technologies,
Seattle WA). Data was first assessed for quality control and then normalized. Changes gene
expression in response to TLR agonists were first determined as -fold change over IT vehicle
control samples and significance was determined using false detection rates less than p<0. 05 to
be statistically significant. Hierarchical clustering was used to infer and visualize relationships
between conditions. Gene Ontology and network analysis was used to determine potential

mechanisms responsible for TLR agonist induced Fcgr expression changes.

2.3 RESULTS
2.3.1 LPS increases Fcgr1 and Fcgr4 expression in the DRG

In the CAIA model LPS is used to initiate and synchronize the onset of arthritis 1821,
Pain in the CAIA model has been shown to be dependent upon the activating FcyRs ['34 1831, Since
a large spike in allodynia is observed following administration of LPS, we hypothesized that LPS
may act to increase the expression of the activating FcyRs. Following IP injection of LPS (25ug
in 100uL of injection saline) we observed an increase in lumbar DRG expression of the activating
Fcgr1 and Fcgr4 (figure 2-1 A, C). In order to minimize off target effects, including making the
animals sick, we opted to switch to intrathecal LPS, as we could reach the DRGs and administer
a much smaller dosage to the mice. In order to choose the optimal time point to collect DRGs we
first did a time course study and found that 6 hours following IT-LPS had the greatest increase in
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genes of interest (Figure 2-2 A-D). In order to explore the mechanisms of how TLR activation, an
innate immune stimulus, could lead to increased sensitivity to an adaptive immune response we
assessed the ability of different TLR agonists, administered intrathecally, to stimulate expression
of Fcgrs mRNA in the DRG. Following intrathecal administration of the agonists outlined in table
2. 2 (LTA-TLR2, LPS-TLR4, and FLAst-TLR5) we collected DRGs and use the Nanostring pan
cancer immune profiling panel. Intrathecal injection of TLR4 agonist LPS and, to a lesser extent,
TLRS agonist FLAst, elicited an increase in expression of Fcgr1, Fcgr2b and Fcgr4 mRNA (Figure

2-3 A-C).

2.3.2 |dentification of IRF7 as putative master regulator

Using the nSolver software we first assessed the overall data by running a principle
component analysis (Figure 2-4 A), which showed that IT TLR agonists grouped very tightly
together, indicating that the data was strong. In comparing the gene expression to naive control
mice, we first looked at hierarchical clustering of major pathways and observe that the greatest
change was in the TLR4 agonist group, which received intrathecal LPS. We also observed here
that IFN signaling was the largest change from naive control of any of the pathways analyzed.
We used the ingenuity pathway analysis software to predict a potential mechanism through which
activation of TLRs could lead to increased expression of the Fcgrs. To do so we took each gene
of interest (Fcgr1, Fcgr2b and Fcgr4) and identified all known or predicted transcription factors,
then identified all direct, or indirect pathways linking back to each of the TLR receptors of interest
(TLR2, TLR4 and TLRS5). We could then overlay the expression data from the Nano String results
and observe changes in these newly generated pathways. The results for Fcgr1 Fcgr2b and Fcgr4
are shown in Figures 2-5, 2-6 and 2-7 respectively. Because our previous work had indicated that
FcyRI was the major contributor to pain in our rodent RA models we first focused on a potential
mechanism linking TLR activation to increased Fcgr1 activation. IRF7 prominently stood out as a
potential master regulator, and in looking at our previous results with LPS, /rf7 mRNA increases
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significantly in the DRG in each and every time point (Figures 2-1,D; 2-2,B). Indeed Irf7 in the
Nano String data also showed to be significantly increased following IT LPS and not other TLR
agonists (Figure 2-3,D). We wanted to explore other potential TLR4 agonists that may cause
increases in expression of /rf7 and Fcgr1, and chose to test morphine, as well as hmgb1.
Morphine acting as a TLR4 agonist on neurons has been used to describe the phenomenon of
opioid induced hyperalgesial'®. To test morphine, we injected either 5ug or 15ug intrathecally
into mice, to our surprise neither dosage of morphine led to an increase in expression of Fcgr1 or
Irf7 (Figure 2-8, A-C). To further ask whether morphine acts as a TLR4 dimer on DRG neurons,
we dissociated adult DRGs using a neuronal enrichment protocol, then stimulated with either LPS
(100 ng/ml), morphine (10uM), or saline. After 1 hour we stained the cells and analyzed them via
flow cytometry for the percent of dimerized TLR4. We observed that LPS induced dimerization

significantly more than morphine, or saline treated DRG neurons, p = 0. 057 (Figure 2-8, D).

2.3.3 IRF7 in the DRG

In order to explore the role of IRF7 in the DRG we performed immunostaining on sectioned
tissues. IRF7 was predominantly observed in neuronal nuclei in the DRG (Figure 2-9). IRF7 was
present in small, medium and large diameter neurons (Figure 2-9,C). In order to assess whether
IRF7 protein increase occurred in the DRG following TLR4 activation we injected mice with the
endogenous TLR4 ligand dsHMGB1!"8%! (1ug/5uL). The number of IRF7 positive neurons in the
DRG of mice injected with dsHMBG1 was significantly higher after 24 hours (Figure 2-9, D-E).
We observed significant increase in the amount of both non-peptidergic, 1B4(+) neurons (Figure

2-9,F) and peptidergic, TrKA(+) neurons 24 hours post IT injection of dSsSHMGB1 (Figure 2-9,G).
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2.3.4 Functional IRF7 knockout prevents LPS induced upregulation of Fcgr1 in vitro

To assess the roll of IRF7 in vivo we first cultured DRG neurons from wild type C57/bl6
mice and those lacking functional IRF7 following neuronal enrichment protocols in order to
remove any contribution from other cell types (Figure 2-10, A). Neurons were cultured with nerve
growth factor (NGF), to stimulate their growth, as well as FUDR, to inhibit proliferation, both of
which were removed 1 day prior to neuronal stimulation. Neurons cultured from wild type C57/bl6
mice stimulated with LPS (100 ng per ml) show a significant increase in expression of Fcgr1,
Fcgr2b and Irf7 mRNA, while neurons cultured from IRF7 functional knockouts stimulated with

LPS, do not (Figure 2-10, B).

2.3.5 IRF7 deficiency prevents LPS induced upregulation of Fcgr1 and Fcgr4 in vivo.

We injected LPS (1ug LPS in 5pl of saline) intrathecally into mice. Intrathecal LPS caused
rapid onset of hyperalgesia in both male and female wild type C57/bl6 mice (Figure 2-11, A-B).
However, both male and female mice lacking functional IRF7 had a delayed onset of hyperalgesia
(Figure 2-11 A,B). Though, initially delayed, the onset of hyperalgesia in IRF7 deficient mice
became equivalent to wild type C57/BI6 mice at 4 hours post IT LPS injection. This was consistent
in both male and female IRF7 deficient mice (Figure 2-10). Female IRF7 deficient mice show
slightly less, but not statistically significant, upregulation of Fcgr1 mRNA following IT LPS, and
reduced upregulation of Fcgrd (Figure 2-12 A,C). Similarly IRF7 deficiency in male mice
prevented LPS induced upregulation of Fcgr1, and Fcgr4 (Figure 2-13 A,C). While we did not
observe any behavioral differences in response to IT LPS, we did however, observe sexual
dimorphism in gene expression changes of Fcgr2B. Female mice deficient in IRF7 show a
significantly larger increase in expression of Fcgr2b in response to IT LPS (Figure 2-12: B), while
male mice deficient in IRF7 show significantly decreased upregulation of Fcgr2zb mRNA (Figure

2-13 B).

27



2.3.6 IRF7 deficiency in mice reduces pain in a double hit model

Based on our previous conclusions that Fcgr? mRNA is produced in the DRG neuronal
soma and then transported peripherally and locally translated in the joint, we hypothesized that
TLR4 mediated upregulation of Fcgr1 would prime the nociceptive nerve endings in the joint,
causing an increased allodynic response to any local antibodies in immune complex. To test this,
we first injected LPS (1 pug in 5 L) IT into male C57/BI6 wild type, or IRF7 deficient mice. One
week later we injected 2. 5 yL of CII-IC (200 pg/ml) intra-articularly into the right ankle and
measured the resulting mechanical withdrawal thresholds. Both Wild type and IRF7 deficient mice
display prolonged allodynia following IT LPS (Figure 2-14 A). At 1 hour following IA injection, wild
type mice showed significantly more allodynia in their ipsilateral hindpaw compared to the

uninjected hindpaw.
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2.4 DISCUSSION

Here the preceding data presents a novel mechanism whereby an innate immune stimulus
can prime DRG neurons, through an IRF7 dependent signaling pathway, making them
hypersensitive to an adaptive immune response. Thus, IRF7 represents a potential therapeutic
target for the treatment of pain in patients with autoimmune disorders such as RA, who often don’t
respond well to current pharmacological interventions!'#®l. Previously we showed that auto-
antibodies in immune complex formation could bind directly to neuronal FcyR’s and cause
allodynial'®3. Here, we add to this previous work by showing that innate immune stimuli, both
endogenous and exogenous, can elicit IRF7 dependent upregulation of Fcgrs, priming DRG
nociceptive neurons and making them more sensitive to antibodies in immune complex.

For future studies, we are currently working on delivering IRF7 modifying therapeutics via
AAV vectors, as well as knock down by antisense oligonucleotides. As IRF7 is very important for
viral response in immune cells, we wish to specifically target spinal/DRG IRF7, for which
intrathecal AAV-9 has a strong targeting propensity towards as well as ASOs.

One of the difficulties in this work was a lack of good antibodies for both IRF7 and FcyRI.
For FcyRI we have tried many antibodies and have found one that works well for macrophages,
but not well for neurons (Sino Biological). As for IRF7 the only antibody that we have found that
worked is no longer produced (Santa Cruz Biotechnology, sc-9083), we used what was left
sparingly, and have since tested nearly all commercially available mouse IRF7 antibodies with
little to success.

Interestingly in the studies presented here, we did not observe any sexual dimorphism in
allodynia following IT-LPS as previously published!'8. The only instance where we did observe
significant sexual dimorphism was with Fcgr2b expression in IRF7 deficient mice. Here we

observed that female mice given IT-LPS had a significant upregulation in Fcgr2b mRNA in the
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DRG relative to wild type females given IT-LPS, whereas, male IRF7 deficient mice showed

significantly less mRNA relative to wild type males given IT-LPS.
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33



Table 2-1 List of tagman probes used for gPCR

qPCR PROBES

Gene
Fcgrl
Fcgr2b
Fcgrad
Irf7
HPRT
P2rx4
Statl
Stat3

Probe ID
MmO00438874

ml

Mm00438875_

Mm00519988

ml
ml

MmO00516793

gl

MmO03024075

ml

Mm00501787

ml

MmO00439518

ml

MmO01219775

ml

size
250 rxns

Dye
FAM-MGB

250 Rxns FAM-MGB
250 Rxns FAM-MGB

250 rxns
360 rxns
250 rxns
250 rxns
250 rxns

FAM-MGB
VIC-MGB

FAM-MGB
FAM-MGB
FAM-MGB
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Table 2-2 List of TLR agonists and intrathecal dose

Drug IT Dose TLR Target
Lipoteichoic Acid 0.25 pug TLR2
Lipopolysaccharide lug TLR4

Flagellin (S.typhimurium) 1pg  TLR5
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Figure 2-5 Predicted transcription factor pathways linking TLRs to Fcgr1: A.) Comparison
of IT vehicle treated mice over naive. B.) Comparison of IT LTA treated mice over naive.
C.) Comparison of IT LPS treated mice over naive. D.) Comparison of IT FLA-st treated
mice over naive. Red indicates significantly upregulated with bright red indicating a greater
increase up to 5-fold. Green indicates significantly decreased expression with bright green
representing 5-fold decrease. Grey represent genes that show significant change in at

least one of the conditions. White represents either unchanged in any group or not
assayed.
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Figure 2-6 Predicted transcription factor pathways linking TLRs to Fcgr2b: Comparison of IT
vehicle treated mice over naive. B.) Comparison of IT LTA treated mice over naive. C.)
Comparison of IT LPS treated mice over naive. D.) Comparison of IT FLA-st treated mice over
naice. Red indicates significantly upregulated with bright red indicating a greater increase up to
5-fold. Green indicates significantly decreased expression with bright green representing 5-fold
decrease. Grey represent genes that show significant change in at least one of the conditions.
White represents either unchanged in any group or not assayed.
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Figure 2-7 Predicted transcription factor pathways linking TLRs to Fcgr4: Comparison of
IT vehicle treated mice over naive. B.) Comparison of IT LTA treated mice over naive. C.)
Comparison of IT LPS treated mice over naive. D.) Comparison of IT FLA-st treated mice
over naice. Red indicates significantly upregulated with bright red indicating a greater
increase up to 5-fold. Green indicates significantly decreased expression with bright
green representing 5-fold decrease. Grey represent genes that show significant change
in at least one of the conditions. White represents either unchanged in any group or not

assayed.
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Figure 2-8 IT morphine does not alter mRNA expression in the DRG: Expression of
Fcgr1 (A) Fcgr2b (B) and IRF7(C) are shown as fold change over naive. D.) Percent
dimerization of TLR4 in cultured DRG neurons following via cytometry analysis
stimulated with LPS or Morphine. All groups are compared to naive via 1 way anova
using Bonferonni correction and as * P<0. 05 **P<0. 01 ***P<0. 001 ****P<0. 0001, Q
p=0. 057
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Figure 2-9 IRF7 in the DRG following IT dsHMGB1: Confocal images from C57/bl6 male
mice show IRF7 staining nucleii within PFA perfused Lumbar DRG tissue (A). DRGs
collected at 12 or 24 hours following intrathecal injection of endogenous TLR4 agonist
dsHMGB1 (1ug/5pl) or vehicle control (n=3 per group) show IRF7 colocalizion with small
soma Area, IB4(+) non-peptidergic and TrkA(+) peptidergic neurons, as well as some
larger non-labelled nuclei (B,C). The total number of IRF7 (+) neurons per area
significantly increase in Hmbg1 injected mice at 24 hours (E). The number of colocalized
IRF7 and IB4 neurons significantly increase at 12 and 24 hours post injection (F), and
IRF7/TrkA colocalized neurons at 24 hours(G).
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Figure 2-10 IRF7 KO in DRG neuronal cultures: A.) graphical outline of experimental time
points highlighting the steps of primary DRG neuronal enriched cultures. B.) Expression of

MRNA for Fcgr1 Fcgr2b and IRF7 following stimulation of cultured neurons.

42



>
w

ok Male
1.0+ Female
- 1.0+ *

3 S
[ £
G [
§_ Es
'-E g 0.5+ ': g 0.5
— > 0"
2 £
H =

Ll L] L) L] L) L] L) L] L 1 L)

0 1/2 1 4 0 1/2 1 4 6 24 48

Time post IT (hrs) Time post IT (hrs)
-~ KOLPS -m WtLPS -e- KOLPS -= WtLPS Wit Saline

Figure 2-11 IRF7 functional knockout prevents early hyperalgesia following IT LPS:
Mechanical withdrawal thresholds from female (A) and male (B) wild type C57/BI6 and IRF7
deficient mice following IT LPS. * P<0. 05, ** P<0. 01
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Figure 2-12 IRF7 functional KO in female mice following IT LPS: mRNA expression in
the DRG of female wild type C57/BI6 and IRF7 deficient mice 24 Hours after IT LPS. *
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Figure 2-13 IRF7 functional KO in male mice following IT LPS: mRNA expression in the
DRG of male wild type C57/BI6 and IRF7 deficient mice 24 Hours after IT LPS, IT NMDA,
or IT saline. A.) Fcgr1 B.) Fcgr2zb C.) Fcgr4 and D.) IRF7. One way anova multiple
comparisons using Bonferonni correction. Comparing each group to Wt Saline. ** P<0. 01
****P<0. 0001

45



Mechanical Withrawal Threshold (g)

2.0 4
[ EE KOoCl

1.5+ § 3+ B KO PBS

* g Ed Wi-Cll

1.0+ § 24 B Wt-PBS
=
[7]
o

0.5+ = 1= *

== |rf7-/-  —@=Wild Type
0.0 T T T T T T 0-
Baseline 1hr 6hrs 24 hrs 48 hrs 72 hrs Baseline 1Hr 6 Hrs
Time Post IT LPS Time Post IA CII-IC

Figure 2-14 IRF7 functional KO reduces hyperalgesia following double hit: A.) mechanical
withdrawal thresholds of mice following IT LPS. B.) Mechanical withdrawal threshold
following intra-articular injection of CII-IC displayed as ipsilateral over contralateral paw. *
P<0.05

46



CHAPTER 3: 3D MACROPHAGES AND MACHINE LEARNING

3.1 INTRODUCTION
3.1.1 Rationale

The previous studies outlined above have pointed to the importance of the DRG
macrophage in mediating changes induced by neuraxial innate immune signaling. This work
encouraged me to focus in greater detail on the properties and characteristics of the DRG
macrophage population. As will be noted further below, the use of standard macrophage analysis
techniques with conventional histochemistry was found to be useful but limiting. DRG
macrophages are morphologically complex and often display an amorphous structure.
Accordingly, in analyzing such immunohistochemistry, the macrophage will often appear in and
out of the plane of the section, making it difficult to count the number of macrophages. One
approach was to undertake cell sorting. This however was labor intensive and restricted in the
ability to analysis multiple epitopes or the geographic distribution of the macrophage, issues that
became of increasing significance when | sought to assess their proximity to blood vessel. |
concluded that addressing these issues would benefit from the use of whole mount
immunohistochemistry with confocal microscopy. Immediately, | was faced with an enormous
complexity in terms of the amount of data generated and to be analyzed. To that end | embarked
on developing a machine learning algorithm which permitted an automated analysis of the 3-
dimensional confocal images. Development of this methodology, while it took away for the initial
primary focus of assessing innate and adaptive immune signaling has enabled the development
of an exciting and very promising data set revealing functionality of the DRG macrophage that

was hitherto unappreciated.
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3.1.2 Complexity of the DRG Organization and its Analysis

We are currently at a really exciting and unique time from both histological and
computational perspectives. In the past few years alone there have been a massive expansion in
techniques for rendering large tissues, or even whole animals, transparent, enabling us to
visualize proteins, cells, structures, tissues, or even entire systems in-situ. Computationally, the
task of being able to identify, analyze, or even simply store high resolutions 3 Dimensional
datasets, would not realistically have been feasible just 15 years ago. Further, recent advances
in graphical processing units (GPUs) have drastically increased their capacity, decreased their
price, and led to a large community of programmers among many different fields developing new
tools that take advantage of their processing speed. In the work presented here we set out to use
these new tools and techniques, as well as develop our own, with the goal of creating and
optimizing a pipeline that we can use to better understand the complex organization of the dorsal
root ganglion (DRG).

The sensory afferent transduces mechanical, chemical, thermal, stimulation from the
exterior to the first order synapse in the dorsal horn. The cell body for the sensory axon lies within
the DRG of the respective root. During embryogenesis the roots projecting from the soma to the
dorsal horn and the nerve projecting from the soma to the peripheral target arise. During
development the cell body moves away from the axon remaining connected by a long sinuous
glomerulus, making the afferent a “pseudobipolar” neuron. Of note the glomerulus serves as the
conduit by which products synthesized in the cell body are transported to the axon and from there
to the central and peripheral terminals. In addition, the glomerulus is able to carry a conducted
potential to the soma and therefore induce depolarization of the soma, and conversely, carry
potentials from the soma to the axon where that depolarization travels to both the spinal and
peripheral terminals. It has come to be appreciated that the DRG is a far more complicated
systems than simply the soma and glomerulus for the primary afferent. Several points may be

emphasized:
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The cell-rich portion of the DRG is heavily vascularized. Of note is that the vasculature
unlike that in the CNS does not display tight junctions, indicating that this tissue lies
outside the blood brain barrier, which characterizes parenchymal tissue!'87-189,
Consistent with fact that the DRG lies outside the blood brain barrier, the DRG vessels
receive postganglionic sympathetic innervation like other peripheral tissues!'®l.

The soma of the afferent axon is surrounded by GFAP (+) cells with an astrocyte like
phenotype which because this tissue lies outside the BBB are referred to not as
astrocytes, but as satellite cells. Satellite glial cells communicate with the neuronal soma
though GAP junctions!'®.

The DRG is heavily endowed with a population of monocyte derived cells, which because
the DRG lies outside the BBB are defined not as microglia, but as macrophages. We now
understand that the excitability of the afferent is strongly influenced by the excitability of
the DRG afferent soma, the excitability of which is in turn altered by the influence of these
macrophage and satellite cells. Accordingly, it has become increasingly apparent that
that the primary afferent’s excitability can be modified by changes in the local DRG
environment, through interactions amongst glia and immune cells and neurons in the
DRGHM3I,

Mouse DRG’s are mostly spherical or disk shaped with a diameter around 500um for the

largest lumbar DRGs. Neuronal soma, fibers, satellite glial cells, macrophages, and blood vessels

are densely packed into this small niche environment, which lacks archetypical or laminar

organization. Thus, when sectioning DRGs one cannot know what cells or what parts of those

cells will be in the section. With the diameter of DRG neuronal soma typically ranging anywhere

from 15um to 50um('®" there is an extremely high likelihood that the section cut through parts of

neuronal soma. As the DRG lacks any lamina or way to orient the tissue, this heterogeneous

array always requires multiple sections to be analyzed to achieve a meaningful sample size. This

problem is best exemplified by focusing on the macrophage. Macrophages in the DRG have a
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complex morphology and no discernable orientation. In DRG sections, it becomes extremely
difficult to identify single macrophages, as their processes may show up as disparate from their
actual cell body as they pass in an out of the plane of sectioning. One way to overcome this
limitation has traditionally been to dissociate tissue and isolate the tissue specific macrophages
and then analyze them via flow cytometry. However, in doing so, we lose the cellular morphology
and contextual information (e. g. arrangement within the DRG) that may be of interest in identifying
sub populations which may be assumed by their size or the types of cells with which they may be
in contact. Such discrimination has become increasingly noteworthy as macrophages have also
recently been implicated as contributing to behavioral hypersensitivity as occurs in model of
neuropathic paini'®?. As such we set out to find an improved methodology for studying
macrophages in-situ in the DRG.

The DRGs relatively small size makes it ideal for a “whole-mount” methodology. The small
size makes it amenable to staining, clearing, and imaging the entire tissue, without the need for
sectioning, or embedding. Here we present methods | developed for processing the DRG, staining
the tissue, enabling the use of high-resolution confocal microscopy as well as the analytic pipeline
and tools that | created to obtain high quality, and high throughput data from 3D image stacks to
permit qualitative and importantly quantitative data to analyze DRG components. Further, as
noted above, the DRG is densely vascularized with fenestrated blood vessels. And accordingly
lies outside the BBB. This indicates a high likelihood of vascular permeability, which would also
make the primary afferents susceptible to circulating agents!'®l. Here we explore whether
fluorescently labeled agents can make it into the DRG and use our newly developed techniques
to assess the cell types and quantities of agents making it into cells. To characterize the power of
this technique and along with the appreciated importance to DRG function we asked whether
we could identify changes in macrophages in a model of innate immune mediated pain, |
undertook to assess changes in macrophage activity induced by i) the spinal activation of TLR4
signaling through the intrathecal delivery of lipopolysaccharide (LPS), and ii) the systemic
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delivery of cisplatin to produce a chemotherapy induced poly neuropathy (CIPN). Further to
assess the ability to define the evoked effects on macrophage function generated in the DRG
downstream to TLR 4 signaling, | examined the effects of intrathecally delivered of A1 Binding
protein (A1BP) which is known to block TLR4 signaling on the changes induced by the cisplatin

polyneuropathy!'®3l

3.2 METHODS
3.2.1 Animals

All animal experiments were carried out according to protocols approved by the
Institutional Animal Care and Use Committee of UC San Diego. Mice were housed with up to 4
littermates per cage, and given food and water ad libitum, in a temperature-controlled facility with
12-hour light dark cycles. Wild type C57/BI6 mice were purchased from Jackson Laboratory and
Ccr2 KO mice, Ccr2™m mice (B6.129(Cg)-Ccr2™2 '/ J; stock017586), were purchased from The
Jackson Laboratory (Bar Harbor, ME) and bred and maintained at UCSD. In this strain, a
monomeric red fluorescent protein (RFP) sequence replaces the coding sequence of the Ccr2

gene, abolishing gene function.

3.2.2 Chemotherapy induced peripheral neuropathy (CIPN)
CIPN was induced using cisplatin (CIS; 2. 3 mg/kg/day; n =15) (Spectrum Chemical MFG.
, Gardena, CA, USA) given intraperitoneally two times at D1 and D3. Saline (SAL; 0. 9% NaCl;

n=5) was injected in control mice.

3.2.3 Intrathecal drug delivery

Mice were anaesthetized with 2-3% Isoflurane, and the respiratory rate was monitored via

observation. Stock LPS (50uL aliquots at 2mg/ml stored in -20°) was diluted (10uL stock/ 90uL

51



saline) to a final concentration of 0. 2ug/uL, AIBP was diluted to 0. 5ug/5u and Saline (NaCl 0.
9%) for controls. AAV9-mCherry was generously donated by Prashant Mali (UCSD) and was
delivered at 1xe'? total viral particles. Injections were performed as follows: A 25uL Hamilton
syringe affixed to a 30g needle via polyethylene tubing PE10 was first flushed with sterile water
and then loaded with 5uL of LPS. The 30g needle was then inserted between L4-L5 intervertebral-
space until a tail twitch was observed. The injection was performed slowly, during which, any
compression of the air bubble within the tubing was be observed and noted as an indication of

impeded flow.

3.2.4 Mouse IT AIBP

Seven days after cisplatin induced CIPN, AIBP (0. 5ug/5ul) or Saline (NaCl 0. 9%/5pl)
were injected in mice by intrathecal injection performed as previously described!'*. Mice were
anesthetized using 3% isoflurane for induction and 1. 5-2. 5% for maintenance of anesthesia with
mixture of 50% oxygen and 50% room air. The lower back was shaved and the animal was placed
in a prone posture so that the pelvis could be held between the thumb and forefinger. The L5 and
L6 vertebrae were identified by palpation and a 30G needle was inserted percutaneously on
midline between the L5 and L6 vertebrae. Successful entry was assessed by the observation of
a brisk tail flick. Following recovery from anesthesia, mice were evaluated for normal motor

coordination and muscle tone.

3.2.5 Tissue collection

Mice were deeply anesthetized with isoflurane, and then euthanized with 0. 1ml of
Beuthenasia (Merck) delivered into the intraperitoneal space. Mice were then transcardially
perfused with ice cold saline followed by 4% PFA and post-fixed in 4% PFA for 24 hours, then
stored in PBS with 0. 02% sodium azide. The spinal cord and DRGs were exposed via
laminectomy using fine bone trimmers along the entire vertebral column. L3-5 DRGs were
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identified by following the sciatic nerve and DRGs were collected via using jewelers’ forceps to
carefully grab the peripheral nerve leaving 0. 5-1cm of both peripheral nerve and dorsal root intact.
Leaving the nerves intact gives something to hold on to with the forceps when performing
histology and mounting later and helps prevent grabbing the cell body rich portion of the DRG,

which can cause damage that readily shows up when imaging.

3.2.6 Design and materials for imaging chambers

Imaging chambers were designed and modeled in Autodesk Fusion 360. PLA, PETG,
Nylon, and Polypropylene chambers were printed on a heavily modified wanhao duplicator i3.
PLA and PETG chambers were printed using a glass bed, nylon chambers were printed on a
garolite bed, and polypropylene was printed onto (polypropylene) packing tape fixed to a glass
bed (for all tested chamber materials and printing method see table 3-1). Resin chambers were
printed on a Formlabs, Form1+ using 3Dresyn CR UHT, or ApplyLabWork Tan resin. Chambers
were designed to be leakproof and safely used with a 10x air, 20x air or 63x water immersion
objective on an inverted Leica SP5 confocal microscope. This was achieved by confining the
specimen to within the maximum bounds the objective could move without hitting the chamber
wall. These bounds were then incorporated into the chamber design such that microscope
coverslips could be securely fixed to the chamber with a suction tight seal within the chambers
1mm (figure 3-1) The leakproof seal was achieved by fixing the printed chambers to glass
microscope slides using low viscosity cyanoacrylate glue and sanding the coverslip resting lip
smooth with increasing grit wet/dry sanding paper with 150, 250, 400, 800, and 1500 3000 fixed
to a 22mm wide flat aluminum bar. The chambers were designed to be used with 22x30mm
coverslips and tested for a leakproof seal by pressing on the center and sides of the coverslip
with Pasteur pipette attached to a vacuum flask and aspirating any clearing medium until sealed

(figure 3-1). Immediately following imaging, we remove the coverslip, and wash the mounting
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medium out of the chambers/slide, wiping it with Kim Wipes, and avoiding scratching the glass.

Multiple DRGs can be imaged in one chamber, but we generally only use one at a time.

3.2.7 Tissue clearing for preserving native fluorescence

DRGs from cervical, thoracic, lumbar and sacral were dissected out and immediately
cleared following the RTF method outlined by Yu et al. "%, In brief perfusion fixed DRGs were
collected and washed in PBS and then immediately placed in a solution of 30% triethanolamine
(TEA), 40% formamide, (F) and 30% nanopore water (H20) for 15 minutes at room temperature
on a shake plate, then transferred to a solution of 60% TEA, 25% F, and 15%H:0 for 15 minutes
at room temperature on shake plate, and finally transferred to a final solution of 70%TEA, 15% F,
and 15% H20 for 15-20 minutes (until clear). DRGs were then transferred into imaging chambers

mounted on glass microscope slides (Figure 3-2 B).

3.2.8 Tissue clearing for immunohistology

DRG clearing and staining were performed using a slightly modified version of the iDISCO
and or fDISCO protocols. We found that DRGs are small enough that pretreatment is not always
necessary, cutting the time tissue working time down significantly. The Protocol we followed when
staining DRGs for Ibal (Wacko, 1:1000), CD-31(BD Pharmigen,1:50), NeuN (1:300),
mCherry(Rockland, 1:1000) DAPI(1:10,000), was as follows. All washing steps were done in 12
well plates with transfer baskets and all incubations were done in tightly sealed Eppendorf tubes
or glass vials. DRGs were washed 3x 15 minutes in PTx. 2, incubated in permeabilization solution
for 2 hours at 37° C on shake plate, transferred to blocking solutions for 2 hours (or o/n) at 37°C
on shake plate. DRGs were then incubated with 1° antibody for 24-72 hours at 37°C on shake
plate. If DRGs could be combined, this helps to save reagents, and 1. 5ml Eppendorf tubes can
be used. If DRGs must be stained individually then a rack of PCR tubes with 200pls of solution

works fine. DRGs were then washed 5x 15 minutes in PTwH and incubated in secondary antibody
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solutions in PTwH/3% serum for 24-72 hours at 37°C on shake plate. Finally, DRGs were then
washed 1x for 1-2 hours in PTwH + Dapi 1:10,000, and then washed 5x 15 minutes with PTwH
prior to clearing. For tissue clearing we found that THF often works better than methanol, but is
more difficult to work with, as it can’t be stored in plastic vials. We therefore perform the THF
dehydration steps in tightly sealed glass vials and Dehydrate in THF/H20 series as follows:
50%,70%,80%,100%, 100%, Then DCM 33%/THF 66%, 100%DCM and finally 100% DBE
(Figure 3-2A). We observe quite a bit of shrinkage of DRGs cleared with DBE in this manner, but
this actually helps in some cases by decreasing the volume of the DRG to be within the working
distance of the higher magnification objectives. DRGs become completely invisible to the naked
eye within seconds to minutes of being submerged in DBE so we found the best way to not lose
DRGs, is to always add DAPI. This enables you to use a weak UV light, with UV glasses, to easily
visualize the glowing DRG. DRGs can be stored long term in DBE at 4°C or shorter periods at

room temperature.

3.2.9 Imaging

Imaging was done using an inverted SP5 confocal microscope with 10x air, 20x air, and
63x water objectives. The 63x water objective used is ideal for high resolution imaging of the DRG
as it's working distance is roughly 400um, which can travel the entire depth of most DRGs. In
order to best control for photobleaching and loss of fluorescent intensity at deeper tissue depths,
we always optimized settings for the lowest laser signal intensity that effectively gave us signal

and made sure that z stacks begin at the deepest tissue first and end at the most superficial.

3.2.10 Image analysis pipeline

Our image analysis pipeline is currently composed of a docker image with GPU support,
which we are making freely available to anyone who wishes to use it. The docker contains all

dependencies necessary to run the analysis pipeline, which is in the form a shell script. The shell
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script takes a file directory as the input and is currently designed to support up to 3 channel image
stacks. The shell script first identifies the image channel containing macrophages, and runs them
through either a 3D UNET!"®¢ or 2D UNET!"®”]. Models we created using yapic (Image and Data
Analysis Facility, DZNE). For input image training we manually labelled 5-10 macrophages as
they traversed through 20-30 image stacks, as well as what we defined as noise. We then used
these labels as the ground truth labels for training data. Training data was performed for at least
1000 epochs with 50 steps per epoch on a Nvidia Quadro P5000 GPU. When raw macrophage
images are run through the resulting model, we get binary outputs of individual macrophages.
The pipeline then performs connected component analysis using CLIJI'® in imaged. Blood
vessels are then segmented in imageJ using a set of filters run on image stacks with CLIJ (Figure
3-4). Macrophages are then classified as either perivascular, or non-perivascular based on their
proximity to blood vessels. The resulting classified macrophage ROls are then placed into the
original raw images where their volume and morphological characteristics are quantified, along
with the intensity characteristics of the raw image channels. Finally all the data generated from
images within the input folder is combined into one annotated spreadsheet, and some basic
statistics are performed (Figure 3-4). We also analyzed each dataset using Imaris to compare our

results to those generated with the commercially available software.

3.3 RESULTS
3.3.1 Best materials for 3D printed imaging chambers

Through iterative design and 3D printing | was able to test out imaging chambers made
from many different materials (table 3-1). The chambers themselves are what enable us to image
whole mounted DRGs on our inverted confocal, without ruining our objectives. Therefore, we first
needed to find the best materials to use for making the 3D printed chambers. | was able to achieve

the best results using an SLA printer using 3Dresyn CR UHT. These chambers were easily made
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perfectly flat and were able to be reused, with over 100 uses they failed to degrade or to fall off
the slide when glued with low viscosity cyanoacrylate (Figure 3-1). For FDM printers | initially
thought that nylon would be the best material, as it is the most resistant towards chemicals,
however, nylon printed chambers did not stay glued to the glass microscope slide well, and
polypropylene printed chambers were concluded to be superior. Polypropylene chambers
capable of 30-80 uses before they become unglued, so | recommend making sure they are

securely attached to the slide before mounting tissue (Table 3-1).

3.3.2 DRG histology of native fluorescence vs IHC

When trying to analyze native fluorescence of virally transfected DRG neurons | found that
many of the available clearing techniques quenched the fluorophore. | then found that the RTF
method (Figure 3-2,B and Table 3-3) retained significant amounts of native fluorescence. RTF is
also beneficial in that we could quickly and efficiently analyze DRGs in a high-throughput manner
and was by far the fastest, and easiest of the tissue clearing methods. | could have DRGs imaged
within 1 hour of collection and achieve a good depth of penetration ( > 100um) resulting in high
quality images (Figure 3-3,C). Virally labeled DRG neurons could be imaged at a high resolution
for stunning reconstructions of DRGs and tracing of individual axons, even to their points of
bifurcation and beyond (Figure 3-3,D). RTF also diminishes the shrinkage of tissue due to
dehydration. The tissue clarity with RTF, however, significantly lower than with our modified
iDISCO (DBE), and we also noticed that some stains were quenched when left in RTF solutions.

For any immunohistology, and long-term storage of tissues, we used an iDISCO
protocol. This yielded better quality, greater clarity, and increased signal to noise ratio over RTF,
especially when staining the large L4 DRGs (Figure 3-2,A; Figure 3-3,Table 3-2). Therefore, for

all immmunohistology we followed our protocol outlined above and in Figure 3-2 panel A.
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3.3.3 Pipeline for 3D image analysis of DRG macrophages

As mentioned above we have a great interest in macrophages and pain but found it difficult
to accurately quantify their activation state using traditional methods. Even after developing our
techniques we found it difficult to analyze these large 3-dimensional datasets using freely
available software such as imaged. The limiting factor lies in the difficulty of normalizing the signal
and noise intensities over an entire stack of images and finding any way of thresholding so that
individual cells were isolated and represented. | was able to manually segment and quantify
macrophages when using Imaris (Bitplane, Belfast UK), but this software is costly and time
consuming. Therefore, | turned to machine learning to accurately and effectively isolate signal
from noise in imaging stacks. An expert observer sparsely labeled signal and noise from a sample
of images taken from different depths, with different intensities, and under different conditions, as
a representation of any macrophage images that our model might come across (Figure 3-4). |
also trained a 3D model using stacks of 30 images where 5-10 macrophages were individually
labeled in every image. These models were trained for up to 2000 epochs (Figure 3-4,B), and
resulted in highly reproducible and accurate predictions (Figure 3-4,C).

| then wanted to create a pipeline that would be able to take our raw images, segment
macrophages into meshes, and place those meshes back into the original raw images and
quantify macrophages by morphological features as well as staining intensity and even classify
macrophages by the cell type/structure with which they had contact. To do so | first created a
series of Imaged macros, outlined in Figure 3-5. These were strung together with a shell script,
that can easily be modified to change parameters. Since the program we currently use to run our
macrophage model only works on Linux, | created a docker file that contains all the necessary
packages (including tensorflow-gpu, fiji, our scripts, yapic). This platform was chosen as it should
be system agnostic and run on any platform with a sufficiently powerful GPU. While, these

datasets are large (each image stack around 1-2gb) the speed and power of GPU was leveraged
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based calculations and image manipulations to allow processing of each stack to occur on
average in 2-4 minutes.

The pipeline as shown here first identifies macrophages (Figure 3-6, Top row), then
classifies them as either perivascular, meaning they are in physical contact with a blood vessel,
or non-perivascular (Figure 3-6, Bottom row). This classification first came from observing that
macrophages riding along blood vessels had a very different morphology from those not touching
blood vessels. The pipeline then outputs data tables for each cell as well as a 32-bit label map,
where each cell is given a unique gray scale value. We can then set a lut such that each cell is
randomly colored, which can be used after the fact to visualize the results as either 2D z
projections or 3D reconstructions (Figure 3-6, Bottom). This helps to assess the quality of
macrophage segmentation, and assess whether multiple cells were clumped together, or if any

cells were split apart.

3.3.4 DRG macrophages activation following intrathecal LPS

To validate our methods and pipeline, we decided to use intrathecal LPS induced pain as
a model where macrophage activation would likely occur. Visually we could see a difference
between wild type C57/BI6 mice with IT LPS as compared to those with IT saline (Figure 3-7,A).
In order to determine if the difference we observe is due to infiltration of macrophages we injected
Ccr2” mice with IT LPS. Lacking the CCR2 chemokine receptor renders monocytes and
macrophages incapable of being recruited during immune response, thus, indicating whether an
increase in macrophages is observed due to infiltration of circulating macrophages, or local
proliferation. We analyzed these images using imaris and found that the percent volume of
macrophages in the DRG increases following IT LPS in both wild type and Ccr2’ mice (Figure 3-
7, B). We validated the Imaris results with our own pipeline (Figure 3-7. C). With our pipeline, we
could also determine how many macrophages were present per sample, and determined that in
contrast to the vast proportion of literature, there was in fact no increase in the number of DRG
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macrophages (Figure 3-7,D). While the percent change in volume observed is mainly driven by
changes in the perivascular macrophages, we can also see that there is an increase in the volume
of both individual perivascular and non-perivascular macrophages when wild type mice were

given IT LPS.

3.3.5 DRG macrophage activation in CIPN

To further test our pipeline, we examined the role of DRG macrophages in CIPN using
Cisplatin. Within 2-6 days following Cisplatin injection, mice exhibit a mechanical hyperalgesia
(Figure 3-8,A). We performed flow cytometry on DRG macrophages isolated from Cisplatin
injected, or vehicle injected mice on days 3,10, and 17, we were unable to detect any differences
(Figure 3-8,B).

AIBP was able to significantly reverse hyperalgesia in Cisplatin injected mice 24 hours
after AIBP injection (Figure 3-9,A). Mechanical withdrawal thresholds in mice treated with AIBP
returned to normal within 72 hours of a single injection. We therefore collected DRGs from mice
at day 10 and stained them for whole mount analysis. We found that perivascular macrophages
in the DRG significantly increased in percent volume on day 10, in CIPN mice, while macrophages
in mice treated with AIBP appear normal (Figure 3-9,B-C). Contrary to what has been described
by others, we did not observe and significant change in the number of macrophages in the DRG
(Figure 3-9,D) but again did observe that activated macrophages had an increase in size
compared to naive macrophages, and a single injection of AIBP either prevented, or reversed

macrophage activation (Figure 3-9,E)

3.4 DISCUSSION

In assessing DRG staining and clearing protocols we set out to determine the fastest and
most efficient methodologies. Our goal was to establish techniques that would enable us to
perform image acquisition and data analysis in the same amount of time that it would take to cryo-
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protect, section, mount, and stain DRGs. Further many of the protocols currently available claim
to work for native fluorescent markers such as GFP or RFP however we often found that native
fluorescent signals were greatly diminished during the dehydration and or clearing stages. This
was true of all but the RTF clearing protocol, which also happens to be the fastest, and easiest.
As such we recommend using this method for rapid analysis of native fluorescence.

The pipeline we have created shows the power of using machine learning to separate
signal from noise and help identify individual cells. This same basic method could be used on any
cell type, and indeed there has recently been a vast increase in use of Al in doing such. We
initially came up with our classification of perivascular and non-perivascular through observation
that perivascular macrophages had a distinctly different morphology, and were often longer and
straighter, that non-perivascular macrophages which usually appear to have more of a crescent
shape (likely due to surrounding a neuronal soma). We hypothesized that these may be two
distinct populations of macrophages sharing a single niche, which may serve different purposes.

With our modular image analysis strategy we can easily change parameters, for instance
we could explore if macrophages in contact with specific cell types are changing in response to
pain-states, one would simply stain CGRP positive neurons and instead of isolating macrophages
in contact with blood vessels it would isolate macrophages in contact with CGRP positive neurons
and structures. We have also imagined this pipeline could be used to combine multiple stains of
macrophages to get flow cytometry quality data, but also morphological characteristics and cell
quantity as well. We have performed some of these analyses and have shown that we can use
molecules like fluorescently labeled dextran’s, which are taken up by macrophages (not shown
here).

In the work presented here, we performed some relatively simple proof of principle
experiments that our pipeline is functional and found that it is extremely sensitive to treatments
that perturb DRG macrophage function. First, we compared our results to those obtained using
Imaris and obtained comparable results. Imaris, while useful, is both expensive, and requires
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extensive user input in setting thresholds for each individual image stack. This leaves the user
with the possibility of introducing bias, even when blinded. For instance, it is often easy to
distinguish between LPS and Saline treated DRG macrophages just by looking at the resulting
images, which is something a user must do when manually setting thresholds. Our pipeline’s use
of machine learning eliminates any potential user bias from the analysis, and yet obtains the same
results in terms of changes in percent volume of macrophages.

The use of flow cytometry on our CIPN mice was unable to determine a difference between
vehicle and CIPN treated macrophages, but using our techniques and pipeline we were able to
readily observe a robust difference between vehicle and CIPN treated mice, and show that the
therapeutic agent, AIBP, not only diminished hyperalgesia, but also decreased macrophage
activation, or prevented it all together. It is interesting to note that in the CIPN model we observed
no change whatsoever in the percent volume of non-perivascular macrophages, whereas IT LPS
caused a potential trend in activation of all non-perivascular macrophages and increase in the
size of individual macrophages. We hypothesize that this may be due to perivascular
macrophages acting as gate keepers to the DRG and sampling the blood, which would mean they
come in more contact with circulating cisplatin. This paves the way for potentially identifying a
new class of DRG macrophages and warrants further research.

Often infiltration of macrophages has been described in the literature following injury 1%
2001 and following paclitaxel®!l and vincristine!?®? induced peripheral neuropathy. Treatment of
rats with minocycline (suppressing macrophage/microglia activation) has been shown to alleviate
hyperalgesia following oxaliplatin induced CIPN2%Il Many of these experiments have used
traditional techniques of quantifying macrophages and often come to the conclusion that
increased infiltration, and or increased numbers of macrophages are present. However, here we
describe that one potential pitfall with traditional histology approaches is the amorphous
organization and orientation of macrophages, which could lead to slice histology observing more
cells, when in fact there may simply be larger cells with more processes. that pass in and out of
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the plane of section. Thus unexpectedly, given the extant literature, in none of the experiments
and quantifications performed here, did we observe significant differences in the number of
macrophages in DRGs following any treatments. This also holds true in the CCR2 knockout mice,
which should have no infiltration of monocytes or macrophages into the DRG. Thus, we believe
that the increase in percent volume of macrophages often observed, is actually due to an increase

in the size of DRG macrophages that are present.
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Figure 3-1 : Making DRG chambers: Chambers are printed in a resin SLA printer. Glue is placed
on a microscope slide (A) and the chamber is then attached (B). Chambers are then flatted to
make sure they will form a perfect seal with sandpaper grits from 200-3000 (C). Tissues are
mounted in their respective clearing medium and then any additional medium is removed via
aspiration with a fire polished Pasteur pipette affixed to a vacuum flask (D).
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Table 3-2 : Histology solutions

Histology Solutions

PBS-Az

100mL 10x PBS
0. 2g Sodium Azide (NaNs)
900mL Nanopure H20

PTx. 2

2 mL TritonX-100
998 mL PBS-Az

PTwH

2 mL Tween-20
1 mL Heparin (10mg/ml)

o 23g Glycine
Permseoallzltlilgﬁtlon 200 mL DMSO
800 mL Ptx. 2
Blocking
Solution 3 mL Serum
5 mL DMSO
42 mL PTx. 2
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Table 3-3 : Solutions for clearing DRGs to preserve native fluorescence

Triethanolamine-30%
RTF1 Formamide-40%
Water-30%

Triethanolamine-60%
RTF2 Formamide-25%
Water-15%

RTF (Native Fluorescence)
Clearing Solutions

Triethanolamine-70%
RTF3 Formamide-15%
Water-15%
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Figure 3-2 : DRG clearing protocols: A.) Process for Immunohistochmemistry showing our
abbreviated version of iDISCO. B.) Process for imaging Native Fluorescence of virally transfected
DRG neurons expressing RFP. C.) Comparisons between stained but not cleared DRG, a
stained DRG cleared with DBE, and the native RFP fluorescence of a DRG cleared with RTF.
(stained DRGs are here are stained with Iba1(red), NeuN(blue), and CD31 (green). All images
were taken at 10x and displayed is the XY axis with scale bar 100um.
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Figure 3-3 Virally transfected DRG neurons: A.) Representative images of virally transfected
DRG neurons cleared with PBS, RTF, or iDISCO/DBE. B.) Representative images of showing
the depth of imaging. C.) Intensity of ROIs shown in B. Average intensity from pixel rows was
calculated then displayed as percent of max average intensity as a function of imaging depth.
D.) Reconstruction of native fluorescence from virally transfected neuron illustrating the

golumerular structure of the extending axon and tracing the axon to the point of bifurcation and
beyond.
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Figure 3-4 Macrophage training: A.) Sample of raw grayscale image of Iba1 stained
macrophages in the DRG. Signal (green) and background is manually drawn by an expert.
True signal vs noise then becomes a set of ground truth images for each raw image. B.)
Training of this model was done for 2000 epochs showing accuracy increasing as loss
decreases. C.) The results of running the raw image through the trained model where blue
is background and green is macrophage signal.
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Figure 3-5 Flow chart of image analysis pipeline: Flow chart displays the paths and commands
directed by the shell script. User input steps are displayed as salmon colored boxes. Fiji macros
are in blue boxes and yapic is in yellow. Macros can easily be swapped out if changes to
quantifications are desired.
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Figure 3-6 Image analysis pipeline example: Segmentation and identification of DRG
macrophages Top row shows the input and output of a representative, difficult to manually
threshold, iba1 stained wholemount DRG, followed by the output from our pipeline, with the
average Z projection and a 3D rendering. Individually segmented macrophages are displayed
as randomly colored objects, where each color representes one individual macrophage. The
bottom row shows the raw iba1 positive macrophages with CD31 labelled blood vessels and the
subsequent outputs of the pipelines macrophage classification as either perivascular (yellow) or
non-perivascular (cyan).
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Figure 3-7 LPS induced macrophage activation our pipeline comparison: A.) Representative
images of macrophages following intrathecal saline or LPS in wild type C57/BI6 mice and Ccr2-
/- mice. B.) LPS induces an increase in the volume over macrophages over total volume of the
sample in both wild type and Ccr2-/- mice, Analysis performed with Imaris C.) Automated
analysis with our pipeline shows consistent results with imaris. D.) no difference is observed
between PV and NPV macrophages in macrophage numbers. E.) No significant change is
observed in the percent volume of non-perivascular macrophages. F.) Perivascular
macrophages increase in volume in response to IT LPS. G.) Both non-perivascular and
perivascular macrophages increase in size following IT-LPS. * P<0. 05, ** P<0. 01, ***P<0. 001,
**** P<0. 0001
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Figure 3-8 Flow cytometry of DRG in the CIPN Model: A.) Mechanical withdrawal thresholds
following induction of CIPN. B.) Flow cytometry data of dissociated DRGs from control (C) and
DRGs collected on days 3, 10, and 17 following induction of CIPN. * P>0. 05 2 way anova

repeated measures.
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Figure 3-9 Macrophages in the DRG of CIPN mice: A.) Mechanical Withdrawal thresholds of CIPN
mice treated with AIBP significantly increase 24 hours after administration of AIBP and return to
normal after 72 hours (arrows indicate time and number of injections). B.) Representative Images
of DRG macrophages stained with CD31 for blood vessels and Iba1 for Macrophages. C.) Percent
volume of macrophages from Non-Perivascular (left) Perivascular (middle) and combined (right).
D.) Macrophage count per image stack normalized by image volume. E.) Individual perivascular

macrophages by volume. (* P<0. 05, **P<0. 01, ***P<0. 001)
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CHAPTER 4: THE PAIRED MICRO-VALVE INTRATHECAL CATHETER

4.1 INTRODUCTION
4.1.1 Rationale

In the course of this work | had sought to develop an intrathecal intervention to knock out
IRF7 using antisense oligonucleotide and/or AAV9. Development of the ASO in collaboration with
IONIS failed to result in an effective ASO without neuronal toxicity, and the Yaksh lab has an
ongoing collaboration with IONIS to obtain an effective candidate IRF7 targeted ASO. We turned
our sights to the use of an AAV9 vector to deliver IRF7 siRNA or CRISPR deletion. This approach
was in progress in collaboration with the Salk Institute’s viral vector core. However, in the course
of these efforts, delays arose as a result of scheduling and then were put on hold because of the
COVID lock down. However, we did begin initial testing of control viral AAV8-RFP and AAV9-RFP
in mice to work out effective delivery titers and methods. In collaboration with Prashant Mali
(UCSD Bioengineering), we observed that intrathecal lumbar injection of 5uL of AAV at low titers
in mice resulted in a dramatic drop-off in transfection efficiency of DRG neurons as distance from
the injection location increased (manuscript accepted, Science Translational Medicine). In the
mean while it had become clear in conversations with Dr. Yaksh, who has extensive experience
with intrathecal delivery, that that one of the major problems with this route of delivery is the ability
to homogeneously distribute small volumes of injectate over large areas of spinal axis. This
becomes particularly important when dealing with therapeutics such as viral vectors, as large viral
titers would be necessary to transfect neurons at regions distant the site of injection, which is both
exceedingly expensive and high titers be associated with local toxicity. Accordingly, as we were
preparing for the development of the IRF7 reagent we set out to develop a better delivery platform
focusing on the catheter though which these therapeutics would be delivered. These studies were
based on a catheter platform that employed micro-orifices that had some prior development by

the Yaksh Lab. | was able to markedly improve on this system and characterize a catheter
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platform that has become an important component of advancing the technology of intrathecal

delivery of materials such as AAVs.

4.1.2 History of intrathecal delivery

Nearly 100 million people in the US alone experience chronic pain, which also inflicts a
major financial burden estimated to be between $560-$635 billion® 2°4. Chronic pain is a double
edged sword in that it's also incredibly difficult to treat, as many therapeutics fail to adequately
reach treatment goals, which include the ability to function in daily tasks without serious adverse
effects!?%9, Intrathecal administration of analgesics represents a direct approach that is effective
for patients that have exhausted most other drug delivery methods. The administration of
intrathecal analgesics dates to 1899 when August Bier used bolus intrathecal administration of
cocaine during operations on the lower extremities?®. The discovery of the efficacy of
intrathecally delivered opioids in preclinical models to robustly alter pain states in a naloxone
reversible fashion?*’] was followed after several years by the demonstration of the effect in the
human pain patient/?% 2% This fueled intrathecal / epidural delivery of morphine as routine for
intraoperative and postoperative regimes as well as a safe means for spinal analgesia during
labor?1%. It was nearly half a century after Bier’'s use of bolus intrathecal cocaine when the first
intrathecal catheters for continuous diffusion were developed®?'! and not until 1981 were
subcutaneous pumps connected to intrathecal catheters to manage chronic pain in cancer
patients through the continuous intrathecal infusion of morphine 2. In 1991 programable
intrathecal pumps were approved by the FDA for treatment of chronic painl?'®l. The use of
chronically implanted intrathecal catheters and pumps led to the implementation of this platform
in the management of chronic pain. Pairing the use of these indwelling intrathecal delivery
systems with baclofen provided significant benefit in managing treatment of spasticity, as is
common in patients with cerebral palsy®?'4, following stroke?'®, brain or spinal cord injury®?'®, or

in later stage patients with multiple sclerosis?'7],
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4.1.3 Rationale for intrathecal drug delivery

Intrathecal delivery allows markedly decreased doses of drugs that directly act on CNS
receptors as compared to systemic delivery. Direct delivery to the CNS allows drugs to bypass
first-pass metabolism and systemic dilution. Bypassing system circulation also greatly reduces off
target effects as any systemic targets are less likely to be reached. Further, IT delivery avoids the
difficulty of getting molecules across the blood brain barrier (BBB). The BBB is the term used to
describe the unique microvasculature within the CNS. The non-fenestrated vessels composed of
endothelial cells connected via tight junctions?'®l, The BBB endothelial cells along with other cell
types, such as pericytes and astrocytes which act in a concerted manner to tightly regulate and

restrict movement of molecules into and out of the CNS[?19. 2201,

4.1.4 Injectate distribution issues peculiar to the intrathecal space
The spinal CSF, into which the drug is delivered, is limited in volume and poorly mixed, e.

g. there is minimal CSF flow leading to a limited redistribution of an intrathecally delivered drug??".

The limited redistribution has two important consequence which | will discuss and present

relevant examples!??2l.

i) Spinal drug activity: The spinal processing of pain input and changes in spinal motor
function leading to spasticity are not limited to a single spinal segment. Afferent traffic from
a single nerve root (say L3) may communicate with spinal levels as much as 5-10
segments distant!??®l. Accordingly, the spinal drug, which must act on the afferent terminal
(such as morphine) must reach spinal levels of say T12 which, in dog and humans is as
much as 5 and 10 cm respectively, distal from the level of stimulus input. So even for a
drug targeted at a lower extremity input, it is necessary to achieve a substantial rostro-
caudal redistribution.

ii) Intrathecal viral vector mediated therapeutics: It is not feasible for localized delivery of a

viral vector, say AAV, to reliably achieve homogeneous transfection of target cell
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populations with large rostrocaudal segmental distribution throughout the neuraxis (as in
treatment of neurodegenerative disorders). Here the problem is increasing the
rostrocaudal movement a drug delivered into the lumbar space, the spinal level which is
most accessible for needle and catheter placement. Redistribution of the injected drug
may be enhanced by greater volumes or higher rates of infusion. However, for the
implanted pump with a limited reservoir size (10-20 mL), infusion rates are low and total

daily volumes typically do not exceed 20uL/h. This leads to limited injectate redistribution.

4.1.5 Consequence of maldistribution

A consequence of this lack of redistribution of drug within the CSF is apparent with a bolus
delivery, where in order to enhance the rostrocaudal distribution of injectate into the distal tails of
the distribution curve, one must vastly increase the required infusate concentration. The absence
of robust redistribution of the highly concentrated injectate leads to an enhanced likelihood of local
toxicity. The effects of local anesthetics can producing neurolysis and a radiculopathy from
formation of a meningeally derived space occupying mass are only two such examples!?2 224-227],
These phenomena have been shown to evolve in a concentration dependent fashion and are the
results of poor redistribution compounded by the maldistribtuion of the infusate. The problem is
particularly exacerbated when there is a low rate of infusion, where pooling of the injectate around
the catheter leads to sustained high levels of drug that can enhance the likelihood of a local
toxicity. Even with a single bolus delivered in a large volume to force redistribution, this results in
a substantial increase in the total amount of drug, ASO or virus required and again increases the
likelihood of unwanted detrimental effects.

A third issue is that the typical catheter has large ports that permit infusion and CSF
withdrawal. While the ability withdraw is considered of interest for sampling local CSF, it bears
little benefit for on-going delivery. Further the presence of these open ports can lead to ingrowth

of fibroblast and other constitutively present cells in the CSF as well as local proteinaceous

79



deposits, which can occlude the catheter systems. This is of particular significance for chronic
catheters where injectates may be delivered at long inter-injection intervals (as with ASOs or

AAVs delivered neuraxially).

4.1.6 Addressing problems in neuraxial delivery.

In the course of addressing the problems outlined above, we have focused on improving
catheter design as an all-in-one solution. To date catheters have been an open or close ended
tube, with 1 or more side ports (lumens) proximal to the delivery end of the catheter. Typically,
these delivery orifices are large, low resistance exit sites. While such multipored large orifice
catheters have been said to reduce the incidence of laboring patients reporting to have
inadequate analgesial?®®, their utility in drug distribution in these patients may reflect upon the
fact that they are employed with large volume bolus deliveries. Similarly, in preclinical studies with
canine models of catheter placement, morphine induced spinal mass formation following
continuous infusion of morphine commonly occurred with higher concentrations delivered at lower
rates. Periodic bolusing was observed to reduce the incidence of intrathecal pathology 227 229,
which is consistent with our lab’s observation that with large poly-port catheters the rate of
injection greatly affected the distribution of drug. Thus, with slow delivery, as commonly used
clinically (20 pyL/hr e. g. 0. 3 yL/min), infusate exited through the first of 6 ports. However, when
delivering the infusate by a series of sequential boluses (high rates for very short periods) the
infusate exited though more distal ports as well, increasing distribution(23%,

Here we aimed to address the problems outlined above through the development of a
catheter with the following design considerations:

i.  For a given volume, the exit velocity of the infusate will be inversely proportional to exit
resistance, with the idea of maximizing exit velocity for small volume deliveries. This could
be achieved via small orifices, which, by their increased exit resistance provide a gain in
exit velocity. We realized that the systems could be additionally enhanced if instead of
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orifice we constructed valves in the wall of the catheter. Because of the compliance of the

catheter wall, these valves would remain closed until there is a transmural pressure

gradient that causes the valve to open. This results in an enhanced pressure gradient
upon valve opening causing, the infusate to exit at a greater velocity

i. These sites of exit thus function as a valve that only opens under pressure provided by
the infusion system.

ii.  These multiple small valves provide for a closed system in the absence of any infusion
pressure. The absence of constant opening, such as is provided by a port, will prevent
the ingrowth of cells or proteinaceous debris.

iv.  Avalve system serving as a series of high resistance exit sites results in an even pressure
gradient along the extent of the catheter. Meaning that the transmural pressure at any
valve will be same no matter the proximity of the valve to the infusion sources. This will
allow an even distribution of fluid movement from the catheter at valves distributed along
the length of the catheter.

Presented here, we developed and manufactured functional prototypes of the proposed
system outlined above and demonstrate the validity of our assumptions regarding the functionality
of using a multi-valved system to increase lateral distribution. We then show in-vivo the ability to
produce an enhanced rostrocaudal distribution of an injectate as compared to a single port

injection system delivering the same volume and concentration of drug.

81



4.2 METHODS
4.21 Animals

All animal experiments were carried out according to protocols approved by the
Institutional Animal Care and Use Committee of UC San Diego. Adult male Sprague Dawley rats
(250-3509g) purchased from Envigo were singly housed, and given food and water ad libitum, in a

temperature-controlled facility with 12-hour light dark cycles.

4.2.2 Catheter materials

Both the Paired Multi-Valve Catheters (PMVC) and the Open Ended Catheters (OEC)
were constructed using Polyethylene (PE) tubing purchased from Scientific Commodities. For
OECs and PMVCs a 33-gauge wire was inserted through a 7cm length of PE10 and then through
a 13cm length of PEOS8, then heat was used to fuse the two PE segments together, creating a

5mm bead at the point of fusion.

4.2.3 Paired multi-valve catheter design and manufacture

Microvalves oriented parallel to the catheter axis were created in pairs at an angle of 120°
to 140° and staggered at varying distances between them in the longitudinal axis. Microvalves
were made without removing any material from the catheter and thus form a fluid tight seal when
closed. As an example of the technology, the microvalves are typically approximately 0. 1mm in
length and staggered by 0. 3 mm between pairs (Figure 4-1). For the purposes of testing and the
experiments presented here, we designed the catheters to evenly distribute through 5 pairs of
evenly spaced valves. The number and spacing of the valves can easily be changed or modified.
The PMVCs were made using a 30G needle fixed to a surgical stereotax with 360° circular and
180° angular rotation. The PEO8 end of the OECs (described above) were first heat sealed. A
27G needle fixed to 5SmL syringe filled with sterile water was then inserted into the PE10 end.
Manual pressure was applied to the syringe plunger to make sure that the fused PEO8 and PE10
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was tightly sealed. A 30G needle was used to make a tiny relief cut in the PE0O8 end so that air in
the catheter could be removed replaced with sterile water. The catheter was then secured to the
catheter support guide (CSG). The CSG can be modified for each chosen catheter design layout.
The CSG was designed using fusion 360, and printed on a Formlabs Form1+ 3D printer, using
3Dresyn CR UHT resin. In short, it is composed of a Start end and a Cut end. The PE10/PEQO8
fusion bead is placed in a notch at the start end and secured with polypropylene tape (scotch
brand). A groove runs the longitudinal length of the guide where catheter comfortable sits within.
The PEOS8 is pulled taut and laid into the groove. The catheter is then fixed to the guide using
tape. The top 2cm of the PE08 represent about the distance from the nuchal crest to the cisterna
opening where the catheters can be inserted, and thus no valves are placed in this region. The
valves can then be evenly spaced depending on the desired injection locations. Here we designed
the guide to be 11cm total. The first 2cm are blank, as well as the last 2cm, leaving 7cm in the
middle where valve guides can be evenly spaced. Valve guides are grooves in the horizontal axis
that are wide enough to allow a 30G needle to fit and expose only one lateral surface of the
catheter so that the needle can create the valve. Pairs of valve guides are spaced 0. 3mm apart
from one another, and evenly spaced pairs are distributed along the middle 7cm section of the
CSG. A deeper horizontal groove is placed 2cm from the end of the Cut end of the CSG to allow
a razor, or number 11 scalpel blade to cut the completed PEO8 end to 9cm.

Once the catheter is securely in place, the CSG is then placed in the stereotactic device
under a surgical microscope. The stereotax angle is set as desired (here 70°) and the first valve
guide is located, pressure is applied to the syringe and the 30G needle is inserted until it
penetrates the catheter up to the bevel of the needle, carefully making sure it does not puncture
the lumen on the other side of the catheter (0. 2mm). When the needle is removed a bead of
water from the relief on internal pressure should be observed. Keeping pressure internally enables
the integrity of the catheter to be sustained while puncturing it with the needle to create the valves.
The valves along one side are made, then the CSG is turned around and the valves are made

83



along the guides on the opposite side. This creates valve pairs at 140° angles (figure 4-1). Once
all valves are made the catheter is cut at the cut end using a #11 surgical scalpel or sharp razor.

The now open end of the PEO8 catheter is then threaded through a 22G needle and heat
sealed. While heat sealing the catheter is pulled through the needle to create a rounded end cap
instead of a flat end cap. The end cap is then observed under the surgical scope and can be
cleaned up using a scalpel to remove any burrs or corners. Finally, a 0. 08mm relief valve is made
using a 30G needle in the end cap so that air can escape. Once finished the PMVCs can be
tested by hand to observe even bead formation by applying pressure to the sterile water plunger
before use or further testing in a test chamber (Figure 4-2,). Prior to implantation the PE10 end of

the catheter is cut to 5cm so that the total dead volume within the catheter holds 6pL.

4.2.4 Catheter Testing

Catheter testing was performed using chambers made from plexiglass that were 100cm
long 3cm tall and either 100, 10, or 2cms wide. A drill press was used to bore a 0. 5mm hole into
the bottom of one side of the chamber and a 22G needle was inserted and glued in place with
super glue. The catheters were placed into the chamber through the 22G needle, pulled taut and
laid on the floor of the chamber fixed with tape. The chamber could then be filled with distilled
water and would not leak. A syringe could then be placed into a Motor-driven system (Harvard
Apparatus) connected to PE10 tubing with a 27g needle. This system could then apply new
methylene blue into the PMVCs at varying speeds, quantities and pressures. Movies of the
catheters were taken using a USB 3. 0 camera generously donated from IDS (IDS UI-3360CP-
M-GL, AB00242). Movies were created directly in imagedJ using HF_IDS_CAM[?3" to capture the
video. A script was then written as an imageJ macro that took the first frame of the video,
subtracted the first frame from each additional image, then ROls over each valve pair were

created and the average intensity of each ROl was plotted as a function of time.
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4.2.5 Intrathecal catheter implant surgeries

All catheters used for intrathecal implant were gas sterilized prior to implant. Intrathecal
implants were performed as previously described???.. In brief, rats were anesthetized using 50%
Isoflurane and 50% oxygen, and depth of anesthetization was assessed and maintained by
observation of respiratory rate. The hair along the rat’'s neck and head were shaved, ophthalmic
ointment placed over the eyes. The rat was then placed in the stereotaxic device and a 1cm
incision is made in the midline of the neck, the muscles covering the occipital crest are peeled
away from the bone and the cisternal membrane at the base of the skull is exposed. A small (1-
2cm) incision is made in the cisternal membrane. Sterile catheters are flushed, and then inserted
caudally into the cisternal incision. The catheter is then carefully fed down the spinal column,
watching for any twitching, which indicates stimulation of spinal nerves. The bulb of the catheter
was glued to the skull and the PE10 end was fed through hole in the skin 1cm cranial to the
incision site and secured with a suture. Finally, the catheter was then plugged with a stainless
steel 28G wire. Post-surgery rats were given 5mL of Lactated Ringers Solution subcutaneously

and observed upon wake up for any behavioral abnormalities.

4.2.6 Intrathecal injections

IT injections were performed using a 50uL Hamilton syringe fixed to a length of PE10
tubing and 27G needle. All PMVCs were tested and analyzed prior to implant, and all catheters
were gas sterilized. Rats were either given AAV-9 IT at 1xe' (n=6) or 1xe'® (n=6) total viral
genomes at the time of catheter implant. The Syringe and tubing were completely filled with water
such that no air bubbles were present in the system. The plunger was retracted so that a small
air gap was formed in the needle. Then 12. 5 pL of saline was pulled followed by a tiny air gap,
and 7. 5 yL of drug. The 7. 5 pL of drug was then pushed along with the 12. 5 L of saline flush
so that no drug should be left in the catheter, as the total volume of the catheter was 6uL. AAV-9

RFP (generously donated by Prashant Mali) was first concentrated using Amicon Ultra 0. 5

85



Centrifugal filter Device (Millipore), and then diluted in sterile saline, to either 1xe'® or 1xe'? total
viral genomes per 7. 5uL. Morphine (Merck) was diluted to 10, 1, or 0. 1 ug per 7. 5 uL of sterile
saline. AAV injections were performed under anesthesia, at the time of catheter implant. Morphine

injections were performed without anesthesia, by gently restraining the animal.

4.2.7 Behavioral testing

Rats were tested for thermal induced nociceptive hind paw withdrawal latency as
described previously®?*3. In brief withdrawal latency was measured using a Hargreaves type
thermal escape system[?*¥, Rats were acclimatized for 30 minutes to standing on a 2mm thick
glass floor sustained at 30°C, with an elevated floor housing a mobile radiant heat source, which
is controlled by the examiner. The examiner would then apply the heat source, which reaches 41-
42. 5°C to the plantar surface of each hind paw. Once the heat source is engaged a timer starts,
which is turned off when the hind paw is removed, thus measuring the latency to nociceptive
response. In the absence of a withdrawal, the timer and heat source automatically disengage

after 20 seconds.

4.2.8 Tissue processing and clearing

4 weeks after injection of IT AAV-9, rats were transcardially perfused with ice-cold saline
containing 1% heparin, followed by 4% PFA. The spinal column and brain were left intact, and
the tissues were post-fixed for 24 hours. The tissue was washed in PBS prior to dissection.
Laminectomies of each vertebrae were carefully performed using fine bone trimmers (Roboz, RS-
8469), carefully leaving the dura intact. One DRG was carefully extracted from right and left sides
at mid-cervical, mid-thoracic, Lumbar (L2-L3), and mid sacral. DRGs were washed in PBS+Az
and then immediately cleared using RTF!"® as previously described (Table 3-3) and placed into

600um chamber slides.

86



4.2.9 DRG analysis

DRGs were analyzed by taking 10x confocal images of native fluorescence. A
representative sample of images were then labeled by hand for background, DRG soma,
Neuronal Soma, and neuronal nuclei using ilastik!?*®. Raw images, along with ground truth labels,
were used to train a 2D UNET?%! via Yapic (Image and Data Analysis Facility, DZNE). DRG soma
is was defined here as the cell dense region of the DRG, not including locations where fiber tracts
were present. The model was trained for 2000 epochs with good results. Nuclei were readily
distinguished as they exhibited lower intensity then the surrounding soma. The DRG soma was
used to determine the volume of the DRG so that cell counts could be normalized to volume.
Images output from the model were then analyzed using an image J macro that identified each
neuron and placed them back into the original raw image to measure intensity. The macro output

included cell count, cell size and the intensity of RFP.

4.3 RESULTS
4.3.1 Pre-implant catheter testing

PMVCs were iteratively designed and tested before in-vivo use. Parameters modified
included valve vs slit designs as well as changing valve size. A sample of catheter testing is shown
in figure 4-4. We found that the most consistent results were obtained from catheters with paired
valves roughly 0. Tmm wide. With these small valves a large pressure is necessary to open the
valve (Figure 4-4,C-D;Figure 4-5). Once open, a jet is formed with an exit velocity of 41mm/s, far
greater than the exit velocity of open end catheters which we determined to be 29mm/s (Figure4-

5).
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4.3.2 PMVC distribution of single bolus delivery

To test initial proof of principle in-vivo we implanted 1 PMVC and 1 OEC into rats. We then
quickly transcardially perfused with saline to remove any blood and performed laminectomies of
every vertebra down the spinal column to expose the spinal cord, carefully using fine bone
trimmers to leave the dura intact. We delivered a single bolus of 7. 5uL of new methylene blue
followed by a 12. 5uL flush of saline. The injections were recorded and still images are shown in
figure 4-5, along with images where the first frame was subtracted from all following frames. The
bolus delivered with the PMVC is hard to see, as the catheter was implanted dorsally in the
cervical region, but immediately went to the ventral and lateral sides out of view, but you can see
a light, evenly distributed change along the rostral caudal axis. In contrast, the single bolus
delivered form the OEC is clearly visible in the lower lumbar region, and quickly descends into
the sacral, but does not ascend rostrally beyond lumbar (Figure 4-5). This can be clearly observed
when the spinal column was carefully dissected out, leaving the DRGs attached when possible,
where the new methylene blue dye left a nearly navy blue stain in the lumbar region (Figure 4-
7,right), whereas, the PMVC left an even distribution along the spinal cord, and even resulted in

a light blue coloration in the cervical DRGs and peripheral nerves (Figure 4-7, white arrows).

4.3.3 PMVC vs OEC analgesic delivery

To test whether PMVCs would alter the effect of intrathecal morphine we assessed rats
thermal escape latency. 12 rats were either implanted with OECs (n=6) or PMVCs (n=6). Upon
waking up from anesthesia 1 rat that was implanted with an OEC was observed to have unilateral
paralysis, the catheter was removed, and the rat was able to recover motor function. We Found
that there was no significant difference between PMVCs and OECs when 10ug, 1ug or 0. 1ug

micrograms of morphine was delivered in 7. 5uL saline, followed by a 12. 5L flush (Figure 4-8).
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4.3.4 PMVC Vs OEC viral drug delivery

To assess PMVCs as potential drug delivery devices for transient, or repeated viral vector
mediated therapeutics, we injected AAV9-RFP at the time of catheterization (the same rats from
above). All PMVCs were tested and analyzed prior to implant, and all catheters were gas
sterilized. Rats were either given AAV-9 IT at 1e' (n=6) or 1e'® (n=6) total viral genomes at the
time of catheter implant. 4 weeks after injection of IT AAV-9 we observed that PMVCs vastly
outperformed OECs. At the low dose concentration zero RFP positive cells were observed in the
cervical DRG or thoracic DRGs (Figure 4-9,A-B), while PMVCs had RFP positive cells detected
at all levels. Significantly more neurons were transfected in the PMVC rats at cervical and lumbar
levels for both titers of AAV (Figure 4-9, A,C). The overall distribution of small medium and large
neurons, however, was no different between PMVCs and OECs (Figure 4-10), and representative

3D images can be seen in figure 4-11.

4.3.5 PMVC Vs OEC infiltration

Finally following decalcification and sectioning of the vertebral column we observed that
OECs contained significant amounts of infiltration and debris within the distal portion of the
catheter (Figure 4-12, A). In stark contrast we observed minimal to no infiltration or cellular debris

within PMVC catheters (Figure 4-12, B).
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4.4 DISCUSSION

Here we present the paired multi-valve catheter and performed 2 proof of principle
experiments of its potential benefits. The paired multi-valve catheters were tested through iterative
design and rapid prototype testing. We tested many designs with large valves vs small valves and
multiple slit or valve designs and found that the pressure required to open the small valves led to
increased exit velocity and less variability in the amount of injectate delivered.

The PMVC represents a closed system, which greatly reduces the potential of cellular or
other debris from entering into and occluding the system.

The fact that PMVC worked equally as well with IT morphine, was a surprise to us, as we
hypothesized that the OECs would work better, as they are targeting all of the drug to the lumbar
region, which as where we were testing for analgesia. There may in fact, be a small dose range
where the OECs would work better, but the PMVC should be distributing the analgesic to more
locations and at equivalent doses. Assessing concurrent changes in forelimb and hind limb
thresholds might be of importance in assessing the difference in the analgesic profile produced
by the multi-valved platform.

The valve opening pressure can be taken advantage of in multiple ways. We envision that
if a constant pump is used that delivers subthreshold instantaneous pressure, the valve opening
pressure could be optimized such that transient delivery occurs from a constant pump. The time
interval between valve opening, drug delivery events, could be controlled by both the valve
opening pressure as well as the instantaneous pressure provided by the pump.

Clinical trials of gene modifying therapeutics utilizing engineered virus’s such as AAV, as
vectors are rapidly increasing. However, two major hurdles for CNS disorders are injection titer
and potential neuronal loss. In order to get widespread distribution in humans, large amounts of
AAV must be produced for any given treatment (2e14vg/kg). This is both extremely expensive

and has the potential for detrimental side effects. High dose intrathecal delivery of Novartis’'s
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AAV9-SMN in preclinical trials resulted in inflammation and death of DRG neurons?*”l. Here we
present our results that indicate that the PMVC could reduce the concentration of AAV9 necessary
get widespread distribution and with sufficient titer at each spinal level to produce a uniform
transfection by up to 100-fold. This would serve to both drastically reduce the amount of virus and
thereby reduce the cost of the gene therapy, as well as reduce the potential for neuronal death
and inflammation. We had previously performed intrathecal injections of AAV in mice and done
similar quantifications and noticed that with a single lumbar injection of mice, we obtained a sharp
falloff in the number of positive neurons per DRG as we moved further from the site of injection.
The scale from rodent to human in terms of distance is on the order of 7-10 cm versus 50-80 cm,
and we believe that there is a clear and present need for new delivery method such as the one

developed and presented here in order to effectively delivery viral-vector gene therapies.

4.41 Other use cases of PMVCs

Treatment of centrally seeding cancers can benefit delivering the chemotherapeutic to the
neuraxis (reducing systemic exposure). Here there is a need to make the drug have access to
many spinal segments[?®. Producing a wide spread distribution of the agent along the spinal axis
poses a problem given that intrathecal drug distribution as currently employed is noted for its lack
of rostrocaudal distribution and local high drug concentrations (at the site of delivery), leading to
toxicity[?22 239, 2401 An important property of the spinal intrathecal space is that the cerebrospinal
fluid under goes limited bulk movement?*" 242 Thus, an injection into that space will typically
remain proximal to the site of injection. In light of the need for the drug to move rostrally and
caudally many segments, such limited redistribution impacts upon the ability of the intrathecal
drug to alter the processing relevant to local pain or spasticity or the neurodegenerative/
pathological processes.

Treatment of Neurodegenerative disorders with Antisense Oligonucleotide therapy is
another arena in which our catheter would likely outperform any existing drug delivery systems.
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More recently there is an increasing use of the spinal route to deliver disease modifying
medication, such as oligonucleotides for treating neurodegenerative disorders. Similar to AAV-
based gene therapies above, there is a need to deliver the disease modifying agents to the entire
neuraxis, which requires large volumes of injectate and large amounts of therapeutics?*3. Just as
with viral vector mediate therapies we tested above, ASO’s have also been shown to have dose,
concentration, and treatment duration related toxicity2441,

In short, we believe this design modification represents an important advance in catheter
technology. We would note that there is a single patent which appears to describe a simple small
orifice in which they also note the use of a slit**?l. However, this description considers the orifice
not as a valve and does not address the specific function of the valve function vs a simple opening
in the wall of the catheter. We have submitted the current design and supporting data to UCSD

as a potential patent application of this design.
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Figure 4-1 Paired micro-valve diagram: A.) Left Top view and right Front view where micro
valves are represented by dashed lines created in PEO8 catheters. B.) Paired micro valves are
evenly distributed along the catheter at a distance determined by the target area for therapeutic
agent action. The end cap (EC) is a closed portion of the catheter with a release valve that is
smaller <0. 1 mm, than the rest and allows for gas and small volumes of fluid to escape.
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Figure 4-2 Catheter manufacturing: A.) Layout of the catheter guide, showing where the notch
for the point of fusion of the PE08 and PE10, the groove that the PEO8 sits in, as well as the
pairs of valve guides indicated by *. B.) Rendering of catheter (white) sitting in the guide and
a 30G needle in a valve guide. C.) Closeup of 30G needle puncturing the PEO8 Catheter to
make the valves.
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Figure 4-3 Valve testing chamber. Layout of the large testing chamber with a
catheter suspended within and filled with water.
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Figure 4-4 Analysis of paired valve catheter distribution of blue dye: A.) Cropped video
frames analyzing 10 pL of blue dye injected at 1ml per minute, paired ports numbered 1-5
show dye exiting with high velocity in opposite directions. B.) Analysis of video at 60fps, all
images are subtracted from pre-injection conditions, inverted, and the average intensity is
analyzed with ROIs spanning the width of the chamber. C & D) High magnification video still
shows a single microvalve (left) alongside a graphical representation (right), showing a closed
valve (C) and an open valve with jet (D).
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Figure 4-5 Catheter opening montage: Opening of single Valve is shown as stills from a video
taken under a surgical microscope.
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Raw Frames A Frame 1

PMVC

Figure 4-6: In-Vivo blue dye test: ~ Frames from video of intrathecal methylene blue test
(left) along side analysis frames (right), which show change from the frame image prior to
injection. Comparison between PMVC (top row) and OEC (bottom row).
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PMVC OEC

. I
Figure 4-7: In-Vivo blue dye test: Dissected spinal columsn with DRGs attached showing
comparison of 7. 5 yL of new methylene blue injection followed by 12. 5 uL saline flush using
either PMVC (left) or OEC (right).
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Figure 4-8: In-vivo morphine: graphs show change in latency from baseline following intrathecal
injection of morphine (A) 0. 1ug (B) 1. 0 ug and (C) 10ug.
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Figure 4-9: In-vivo AAV positive cell count. The count of RFP positive neurons are shown per
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Figure 4-10: In-vivo AAV cell size distribution: Graphs display distribution of AAV positive
neurons as a function of their soma size (x-axis) and their mean intensity of native RFP (y-

axis). Small neurons (blue) medium neurons (red) and large neurons (green)

can be

visualized throughout their location in the neuraxis (rows), their viral titer (top of the columns),
as well as the catheter type (bottom of the columns).
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4-11: In-vivo AAV representative whole mount DRGs: representative whole mount DRGs
visualized throughout their location in the neuraxis (rows), their viral titer (top of the columns),
as well as the catheter type (bottom of the columns).
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Figure 4-12: Accumulation of catheter debris. Figure presents representative lumbar sections
though the spinal cord showing an OEC (A) and a PMVC (B) catheter. After a two week interval
where no injection was made, harvested animals prepared with OECs show significant
accumulations of debris (Blue Arrow) in contrast to the PMVCs which typically were absent of
such debris. Magnified catheters are shown with the catheter wall signified by black arrows.
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