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ABSTRACT

Although the National Institutes of Health and American Heart Association
(AHA) have committed millions of dollars in research funding over decades, with AHA
funding 838 new research endeavors worth more than $188.7 million in 2018-2019 alone,
only two Food and Drug Administration (FDA)-approved therapies are available to
stroke patients. Recently, transplanted induced pluripotent stem cell-derived neural stem
cells (iNSCs) have shown particular therapeutic promise as these cells led to decreased
ischemic lesion volumes and improvements in behavioral and sensorimotor functions by
integrating into host neural circuitry and secreting trophic factors, thus replacing lost
neural tissue and promoting endogenous protective pathways. To facilitate these effects,
administration of a neuroprotectant agent prior to iNSC transplantation may be warranted
to quail the cytotoxic stroke environment leading to increased cell survival and
engraftment. Tanshinone ITA (Tan IIA) treatment has shown both antioxidative and anti-
inflammatory effects in stroke and limits blood-brain barrier breakdown leading to
improved outcomes in rodent models and human patients. An alternative agent, neural

stem cell-derived extracellular vesicles (NSC EVs), may also ameliorate the secondary



injury cascade by modifying the activation of microglia and the release of inflammatory
cytokines through the transfer of microRNAs and proteins. Individually, these
neuroprotective agents have induced reductions in lesion size, hemorrhage, white matter
damage, and functional deficits. However, further investigation in a large animal model
with comparable anatomy and physiology to humans is warranted. Preclinical testing in a
pig model may provide critical insight into iNSC, Tan IIA, and NSC EV therapeutic
efficacy to determine if these treatments are suitable for translation into human clinical

trials.
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CHAPTER 1
INTRODUCTION

In patients experiencing a large vessel acute ischemic stroke, 120 million neurons,
830 billion synapses, and 714 km (447 miles) of myelinated fibers are lost each hour [1].
Compared to the rate of neuronal loss associated with normal aging, ischemic stroke ages
the brain 3.6 years each hour patients go without clinical treatment [2, 3]. Lack of vital
oxygen and nutrients to cerebral tissues due to an arterial blockage results in cellular
death, neurological deterioration, functional impairments, thus substantial efforts have
been made to develop new neuroprotectants that are capable of reducing cerebral damage
[4]. Patient reperfusion potentials are largely dependent on 1) the duration of vascular
occlusion (<4.5 hours), and 2) intracerebral/systemic hemorrhagic risk factors [5, 6].
Given these restrictions, tissue plasminogen activator (tPA) is received by 2-5% of
patients [7]. Mechanical thrombectomy is associated with a number of intra-procedural
complications including vasospasm, arterial perforation, hemorrhage, pseudoaneurysm,
and post-operative infection [8]. These risk factors highlight the need for safer and more
inclusive patient treatment options that not only prevent further tissue damage, but also
possess regenerative potential.

A potential opportunity to hasten the speed at which novel therapeutics are
developed is through the use of translational animal models that are predictive of the
human condition. Animal models are an indispensable tool for the preclinical assessment

of potential therapies due to the following reasons: 1) Human ischemic stroke is diverse



in its progression, localization, and severity whereas experimental stroke conditions are
controllable with well-characterized and repeatable infarctions, thus allowing for more
precise analysis of stroke pathophysiology and drug effects; 2) molecular, cellular, and
biochemical physiological investigations often require invasive access to brain tissue; 3)
collateral vascularization and reperfusion rates cannot be modeled in in-vitro models [9].
Rodent stroke models offer many translational advantages including low cost, a well-
characterized physiological database, and the ability to investigate knockout genes and
co-morbidities in conjunction with ischemic stroke pathologies. Specifically, middle
cerebral artery occlusion (MCAO) rodent models have been found to be highly
reproducible with penumbra development, controllable reperfusion, and preservation of
the cranium and intracerebral dynamics [10]. Consequently, these rodent MCAO stroke
models are an invaluable tool for the initial screening and testing of novel therapies.
Recently, intracerebral transplantation of stem cells has been considered a
promising approach for treating stroke. Specifically, transplanted induced pluripotent
stem cell-derived neural stem cells (iNSCs), have shown particular promise as these cells
could be obtained from the stroke patient, thus avoiding both ethical concerns and the
need for immunosuppression [11]. In a rodent model of ischemic stroke, iNSCs
functionally integrated into host neural circuitry and differentiated into neurons,
astrocytes, and oligodendrocytes at the site of injury [12, 13]. iNSC therapy has also led
to decreased lesion volumes and Yuan et al. showed improved behavioral and
sensorimotor functions at 3 weeks with improvement in beam walking, grasping tasks,
and Morris water maze performance. Further investigation revealed iNSCs may also

support post-stroke neuroregenerative and angiogenic processes by secreting trophic



factors (e.g. VEGF, BDNF, GDNF) to promote endogenous tissue repair [14, 15]. This
dual therapeutic mechanism of action makes iNSCs a strong candidate for stroke therapy
by both potentially replacing lost neural tissue and promoting endogenous protective
pathways.

Regrettably, as it has been described for endogenous neural stem cells (NSCs)
post-stroke, a majority of transplanted iNSCs (80%) do not survive or integrate long-term
into the ischemic brain, thus leaving patients with persistent cognitive and physical
morbidities [16-20]. Similar studies in the field have attributed the limited iNSC
survivability to the cytotoxic stroke environment resulting from the secondary injury
cascade [21, 22]. Mediated by the release of inflammatory cytokines and the production
of reactive oxygen species (ROS), studies have shown the secondary injury cascade
ultimately leads to significant cell death, increased infarction volumes, and consequent
tissue atrophy [23-30]. To address this issue, supplemental administration of anti-
inflammatory and antioxidant neuroprotectants like Tanshinone ITA (Tan IIA) prior to
iNSCs transplantation may aid in the survivability and long-term integration of iNSCs.
Recently published data suggests Tan IIA was effective in attenuating the formation of
cerebral edema in response to ischemia and reperfusion injury, partly by Tan I1A’s
protective effect on blood brain barrier (BBB) permeability in rats [31, 32]. Furthermore,
Tan ITIA was found to have a neuroprotective effect by suppressing activation of glial
cells and inhibiting caspase-3, caspase-8, and macrophage migration inhibitory factor
(MIF) [33, 34]. By mediating post-stroke inflammatory responses and decreasing levels

of endogenous cytotoxicity, pre-treatment with Tan IIA may improve iNSC cell



survivability, differentiation, and long-term integration to promote neurobehavioral and
functional recovery in patients.

An alternative neuroprotective treatment, extracellular vesicles (EVs), may also
ameliorate the cytotoxic effects of the secondary injury cascade by releasing a myriad of
intracellular components that modify the release of inflammatory mediators and the
activation of microglia through the transfer of microRNAs and proteins [35-39]. In
particular, in-vivo rodent studies involving mesenchymal stem cell derived-extracellular
vesicles (MSC EVs) administration resulted in increased angiogenesis and neurogenesis,
reduction of infarct volume and inflammation, and neurological recovery [40-46]. Neural
stem cell derived-extracellular vesicles (NSC EVs) influence the activity of recipient
cells by favoring macrophage polarization toward anti-inflammatory M2 cells, increasing
Treg cell populations, and decreasing pro-inflammatory TH17 cells [47]. Further
comparisons between MSC EVs and NSC EVs revealed enhanced improvements in
cellular, tissue, and functional outcomes in a murine stroke model. Acute differences in
lesion volume following NSC EV treatment were corroborated by magnetic resonance
imaging (MRI) analyses resulting in positive effects on motor function as indicated by
beam walk, instances of foot faults, and grasping strength. Increased time spent with
novel objects (NO) also indicated NSC EVs improved episodic memory formation in
rodents [47]. NSC EVs significantly improved neural tissue preservation by significantly
decreasing infarct volumes, protecting WM structures, and reducing cytotoxic edema in
ischemic lesions [48]. These findings suggest a bidirectional relationship between

secondary inflammatory responses and tissue-level and functional recovery post-stroke.



Despite the promising neuroprotective and regenerative effects of NSC products
and NP therapies, assessment by the Stem Cell Therapy as an Emerging Paradigm for
Stroke (STEPS) and Stroke Therapy Academic Industry Roundtable (STAIR)
consortiums suggest after sufficient evidence of therapeutic efficacy has been collected in
rodent models, large animal stroke models should be used to increase clinical predictive
value [49-52]. The inherent interspecies differences between rodents and humans in terms
of cerebral cytoarchitecture suggest the use of an intermediate species, such as the pig,
may enhance preclinical translation given similarities in neuroanatomical structure to the
human brain (i.e. gyral pattern, brain size, white matter composition) and an improved
resemblance to the pathophysiological and clinical co-morbidities (i.e. hypertensive,
diabetic) seen in humans [53-55]. These factors are critical to improving clinical
translation as cerebral cytoarchitecture and composition is correlated to neuronal network
complexity [56, 57]. Furthermore, clinical dosing of iNSCs, Tan IIA and NSC EVs can
more accurately be assessed in an animal with similar body size to humans. This pig
stroke model must be enlisted within the translational framework in order to successfully
bridge the gap between preclinical studies and clinical trials in order to discover effective
therapies for human patients.

The studies that comprise this dissertation sought to 1) characterize a novel pig
ischemic stroke model with clinically-relevant assessments of stroke pathophysiology,
and 2) test the therapeutic efficacy of iNSCs, Tan IIA, and NSC EVs in a pig ischemic
stroke model. First, we characterize acute ischemic stroke in a translational pig model
revealing that 1) hemispheric swelling, ischemic lesions, and intracerebral hemorrhage

result in notable midline shift, while 2) decreased diffusivity and white matter integrity



correspond with functional deficits including reduced exploration in open field testing
and impairments in spatiotemporal gait parameters. This novel, acute ischemia
characterization provides important insights into tissue and functional level changes in a
pig model that can be used to identify treatment targets and future testing of therapeutics
and diagnostics. Next, we show that iINSC, Tan IIA, and NSC EV therapies mitigate
neural tissue damage with decreased ischemic volumes and intracerebral hemorrhage as
well as improved diffusivity, white matter integrity, and functional performance
following treatment. Collectively, these studies strengthen preclinical therapeutic
development strategies by evaluating a large animal stroke model with quantifiable
deficits at tissue and functional levels while also confirming NSC-derived products and

Tan ITA may be effective treatment modalities for future stroke patients.
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CHAPTER 2
LITERATURE REVIEW:
LARGE ANIMAL ISCHEMIC STROKE MODELS: REPLICATING HUMAN

STROKE PATHOPHYSIOLOGY'

Kaiser, E.E., and West, F.D. Neural Regeneration Research. 2019. Reprinted here with
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Abstract

The high morbidity and mortality rate of ischemic stroke in humans has led to the
development of numerous animal models that replicate human stroke to further understand
the underlying pathophysiology and to explore potential therapeutic interventions.
Although promising therapeutics have been identified using these animal models, with
most undergoing significant testing in rodent models, the vast majority of these
interventions have failed in human clinical trials. This failure of preclinical translation
highlights the critical need for better therapeutic assessment in more clinically relevant
ischemic stroke animal models. Large animal models such as non-human primates, sheep,
pigs, and dogs are likely more predictive of human responses and outcomes due to brain
anatomy and physiology that are more similar to humans- potentially making large animal
testing a key step in the stroke therapy translational pipeline. The objective of this review
is to highlight key characteristics that potentially make these gyrencephalic, large animal
ischemic stroke models more predictive by comparing pathophysiological responses,
tissue-level changes, and model limitations.

Key words: brain ischemia, magnetic resonance imaging, stroke, large animal model,

gyrencephalic, clinical translation
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Introduction

Resulting in approximately 142,000 deaths a year, stroke ranks 5th among all
causes of death in the United States (Benjamin, Muntner et al. 2019). Although the age-
adjusted mortality rates for stroke decreased between 1990 and 2015, the absolute number
of people who have strokes annually have increased worldwide (Benjamin, Muntner et al.
2019). Given the high morbidity and mortality of stroke, animal models have been
developed over the last four decades to replicate various aspects of human stroke to further
understand underlying pathophysiological responses and explore potential treatments.
Ischemic stroke caused by a blockage in the brain vasculature leading to brain ischemia is
the most common type of stroke, accounting for 85% of all clinical cases (Mackay, Mensah
et al. 2004).

Due to ischemic stroke prevalence, a number of rodent ischemic stroke models (e.g.
permanent middle cerebral artery occlusion and thromboembolic models) have been
developed. Although current rodent models offer many advantages including low cost,
well-characterized physiological responses, and the ability to investigate genetic
manipulations and co-morbidities (e.g. diabetes, hypertension), the number of failed human
clinical trials suggests additional testing in translational ischemic stroke models, more
representative of the human condition, are needed for the assessment of novel therapies
(Perel, Roberts et al. 2007, Hossmann 2009, Sicard and Fisher 2009). Stroke Therapy
Academic Industry Roundtable (STAIR) meetings of leading stroke experts have
recommended that after sufficient evidence of therapeutic efficacy has been collected in
rodent models, large animal models of stroke should be used to increase clinical predictive

value (Fisher and Stroke Therapy Academic Industry 2003, Fisher, Hanley et al. 2007,
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Fisher, Feuerstein et al. 2009). The use of an intermediate species may enhance successful
translation given similarities in neuroanatomical structures and clinical hallmarks relative
to humans (Figure 2.1).

In order to advance our current understanding of human stroke pathophysiology, to
develop novel therapies, and devices, numerous pre-clinical animal models are widely
employed. In this review, we will compare relevant brain anatomical and physiological
characteristics between humans, non-human primates (NHPs), sheep, pigs, and dogs as
well as consequential neurologic and motor function deficits post-stroke. Clinically
relevant magnetic resonance-based outcomes will also be evaluated in these large animal
models to assess tissue-level changes across acute and chronic time points (Figure 2.2).
Finally, clinical translatability and experimental practicality will also be considered.
Large animal ischemic stroke models
Non-human primate ischemic stroke models

The use of gyrencephalic NHP species for translational stroke research is an
attractive alternative due to their remarkable anatomical similarity to the human brain.
NHPs have comparable complex cortical organization with deep white matter (WM) tracts,
white-gray matter composition (>60%), and cerebral vasculature that closely resembles
humans (Figure 2.1) (Cook and Tymianski 2011). Furthermore, NHPs possess relatively
thick cortices and numerous, high-velocity neurons thus allotting for superior cognitive
and behavioral processing capacities during neurobehavioral testing (Cook and Tymianski
2012, Roth and Dicke 2012). These favorable anatomical similarities have led to the

development of several NHP ischemic stroke models.
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Historically, the primary NHP stroke model utilized to investigate cerebral
ischemia was the baboon permanent middle cerebral artery occlusion (MCAQO) model
(Spetzler, Zabramski et al. 1983, Nehls, Cartwright et al. 1986). This model resulted in key
stroke hallmarks such as ischemia, classical cytotoxic edema and lesioning of the brain.
However, this model produces marked cerebral edema requiring prolonged intensive care
of the animal and is associated with a high risk of mortality making it a challenging model
to study. In addition, this permanent occlusion model did not allow for reperfusion, which
is common in human patients, limiting its potential to assess key aspects of ischemic stroke
like reperfusion injury. As a result, transient NHP models were developed in order to gain
a better understanding of secondary reperfusion injury and successive microvasculature
failure. Del Zoppo et al. describes a balloon transorbital reperfusion baboon model with
increasing cortical lesion volumes observed between 10 days (3.2+1.5 cm?) and 14 days
(3.9£1.9 cm®) post-stroke with functional deficits including contralateral hemiparesis,
facial paresis, and mydriasis of variable degrees due to internal capsule, putamen, and
caudate nucleus involvement (Del Zoppo, Copeland et al. 1986). In addition, microvascular
clip reperfusion baboon models exhibit lesion volumes (30% of the ipsilateral hemisphere)
and progressive temporal evolution similar to humans as assessed by magnetic resonance
imaging (MRI) diffusion weighted imaging (DWI) and T2Weighted (T2W) structural
sequences (Huang, Mocco et al. 2000, D' Ambrosio, Sughrue et al. 2004, Giffard, Young et
al. 2005). Functional deficits including hemiparesis of the contralateral arm and leg were
thought to arise from the loss of the tissue integrity in the striato-capsular area with internal
capsule and basal ganglia involvement. In the context of human ischemic stroke, these

results possess important implications for researchers given that many human studies
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confirm this delayed evolution of ischemic areas with mean lesion volumes significantly
(p<0.0001) higher at 7 days compared to 1-day post-stroke in patients (Pantano, Caramia
et al. 1999, Saver 2006). Moreover, most stroke patients also exhibit hemiparesis with
correlative asymmetries in arm, leg, trunk, and face movements due to internal capsule,
putamen, and basal ganglia involvement in the complex communication and feedback
loops between the areas of the cerebral cortex and the brainstem (Ng, Stein et al. 2007,
Patterson, Parafianowicz et al. 2008). Restoring functional deficits in stroke patients is
critical for improvements in patient quality of life and is an important measure of a
treatment’s therapeutic potential in animal models (Sofuwa, Nieuwboer et al. 2005, Liao,
Wang et al. 2008, Veerbeek, Koolstra et al. 2011).

Macaque reperfusion models generated by transorbital and pterional craniotomy
approaches have been characterized with both methods of cerebrovascular access while
producing representative ischemic lesions. In addition to modeling the structural damage
of stroke, these models mirror functional deficits including reduced strength and skilled
movement of upper limbs with the loss or disruption of motor and sensory cortices, similar
to the human condition (Nakayama, Jorgensen et al. 1994, Cirstea and Levin 2000, Nudo,
Plautz et al. 2001). Chin et al. reported transient decreases in MRI WM fractional
anisotropy (FA) values, suggesting loss of integrity of the ipsilateral motor pathways at the
dorsal region of the internal capsule at 7 days post-stroke (Chin, Sato et al. 2010). This
correlated with deficits in motor function including paralysis and weakness in upper and
lower limbs as well as incoordination. However, motor function recovered to baseline at 6
weeks post-stroke. This gradual motor recovery observed in macaques has also been

reported in chronic stroke patients where gradual motor recovery is also observed and
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correlates with WM FA value changes (Pierpaoli, Barnett et al. 2001, Biesbroek, Weaver
et al. 2017). West et al. characterized varying durations of microvascular clip occlusion
and consequent mean lesion volumes at 45 minutes (1.983£2.51 cm?), 60 minutes
(2.381+£6.54 cm?), and 90 minutes (4.707+12.7 cm®) as determined by T2W imaging in
macaques (West, Golshani et al. 2009). Consequent ischemia encompassed portions of the
frontal and parietal lobes, insular motor cortex, and cingulate cortex with the severity of
hemiparesis in the extremities and face consistent with clinical stroke patients diagnosed
with damaged neuronal motor cortex circuitries (Traversa, Cicinelli et al. 2000, West,
Golshani et al. 2009). In a similar study by Murphy et al., a 90 minute occlusion produced
infarcts extending from the caudate nucleus and putamen (basal ganglia), external capsule,
and adjacent subcortical WM in macaques (Murphy, Kirsch et al. 2008). Multiple human
clinical trials and large cohort studies have characterized these frontotemporal
abnormalities with most involving both basal ganglia and WM compartments (Saver 2006).
Final patient volumes in clinical trials range from 19 to 138 cm?® (3.33 to 24.17% of the
ipsilateral hemisphere), thus suggesting 45 minutes (19.0£0.98% of the ipsilateral
hemisphere) and 60 minutes (22.1+4.6%) of clip application are more clinically relevant
macaque models of ischemic stroke as compared to 90 minutes (44.4+4.0%) of temporary
occlusion (Saver 2006).

Endovascular occlusion using an autologous blood clot, coil, or surgical suture has
also been widely developed in macaques to induce focal ischemia. Advantages of these
methods include 1) they are minimally invasive and avoid the need for enucleation and its
associated loss of vision and impacts on neurobehavioral assessments, 2) they are capable

of achieving reperfusion, and 3) they directly affect the intracranial vessels, thus avoiding
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surgically induced damage to the endocranium and intracranial environment. Autologous
blood clot models have induced ischemic lesions (28.3+12.4% of the ipsilateral
hemisphere) affecting the caudate, globus pallidus, putamen, internal capsule, claustrum,
and insular cortex (Hill, Millikan et al. 1955, Kito, Nishimura et al. 2001). Clinical signs
compatible with selective occlusion of these middle cerebral artery (MCA) territories in
humans were also observed in macaques exhibiting contralateral facial sensation, pinna
and pain reflexes, and severe paralysis of contralateral hands and legs. Furthermore,
significant correlations between macaque lesion volumes and total neurologic deficit
scores were observed, with similar correlations commonly seen between acute ischemic
stroke patient lesion volumes and the National Institutes of Health Stroke Scale (NIHSS)
neurological scores (Kito, Nishimura et al. 2001, Furlanis, Ajcevic et al. 2018).

The ischemic penumbra is classically defined as potentially salvageable
hypoperfused tissue and is the difference between the perfusion weighted imaging (PWI)
lesion volume and the DWI lesion volume in stroked tissue (Astrup, Siesjo et al. 1981,
Kakuda, Lansberg et al. 2008). This PWI/DWI mismatch is a key characteristic in both
NHP and human stroke pathology and has prompted alterations in therapeutic targets and
treatment windows (Hossmann 1994, Wey, Kroma et al. 2011). Alternative penumbra
imaging concepts more technologically available have also been recently developed using
diffusion tensor imaging (DTI) and associated FA values. For example, in a recent study
by Neal et al., they demonstrated that patients with acute ischemic stroke (<6 hours)
exhibited decreased FA values in regions of ischemic core, yet increased FA values in
hypoperfused penumbra tissues (Nael, Trouard et al. 2015). This trend suggests DTI and

FA related changes in humans could be used to differentiate penumbra and ischemic core
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in addition to currently used PWI/DWI comparisons. Comparatively, NHP coil
endovascular occlusion revealed a PWI/DTI mismatch with PWI lesion volumes being
larger than DTI abnormalities at 1 hour post-stroke with the difference being penumbra
(Guo, Zheng et al. 2011). A similar NHP suture model also identified penumbra evolution
as detected by DWI and corresponding apparent diffusion coefficient (ADC) maps
followed by T2W sequences (Rodriguez-Mercado, Ford et al. 2012). Liu et al. provided
further evidence that the evolution of stroke in macaques is closer to what has been
observed in humans than in rodent models by comparing ADC and FA maps with T2W
and T2FLAIR sequences to establish the temporal profile of diffusion changes and to
determine endpoint lesion volumes in permanent and transient MCAO models (Liu,
D'Arceuil et al. 2007). In human studies, the mean time of pseudonormalized ADC (i.e.
return to an apparently normal ADC value) was ~10-14 days, while in rodent studies a
pseudonormalized ADC was often found much earlier at ~1—4 days post-stroke, likely due
to inherent differences in cerebrovascular collateralization and cytoarchitecture (Eastwood,
Engelter et al. 2003, Munoz Maniega, Bastin et al. 2004, Liu, D'Arceuil et al. 2007).
Comparatively, NHP ADC pseudonormalized at ~8 days in lissencephalic marmosets and
~10 days in gyrencephalic macaques, providing further support for the use of gyrencephalic
NHP species that more adequately replicate human penumbra evolution post-stroke (Liu,
D'Arceuil et al. 2007, Bihel, Pro-Sistiaga et al. 2010). Wey et al. implemented arterial spin
labeling (ASL) to characterize the spatial-temporal characteristics associated with
perfusion-diffusion mismatch and provided evidence that reperfusion salvaged damaged
penumbra tissue in a transient baboon model (Wey, Kroma et al. 2011, Wey, Wang et al.

2011). In humans, this perfusion-diffusion mismatch is often detected for up to 12 hours
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post-stroke with the frequency of detection decreasing over time (Darby, Barber et al. 1999,
Shen, Meng et al. 2003, Zhang, Tong et al. 2015). Comparatively, this mismatch volume
has shown to be detectable for up to 6 hours in both baboons and macaques, whereas it is
only detectable for up to 3 hours post-stroke in rodent models (e.g. intraluminal reperfusion
models). The similarities in the manifestation, evolution and detection of the salvageable
penumbra region between humans and primates provides researchers with valuable
information on ischemic stroke pathophysiological changes and the ability to better assess
drugs targeting the salvageable penumbra tissue (Astrup, Siesjo et al. 1981, Warach, Dashe

et al. 1996).

Non-human primate ischemic stroke model considerations

Despite the translational potential of primate models, there are a number of
important practical and scientific disadvantages that have limited the use of these models.
Baboons exhibit a network of arteries that communicate between the bilateral anterior
cerebral arteries (ACAs) rather than the single vessel found in humans, which may
influence Circle of Willis collateralization (Kapoor, Kak et al. 2003). Additionally, some
NHP species, sheep, and pigs demonstrate complete anterior communicating artery (CoA)
hypoblastia, which may result in poor outcomes due to decreased cerebral blood flow
(Combs, Dempsey et al. 1990, Sorby-Adams, Vink et al. 2018). Baboon MCAO models
are associated with high premature mortality rates and prolonged intensive care (Nehls,
Cartwright et al. 1986, Huang, Mocco et al. 2000, D' Ambrosio, Sughrue et al. 2004). Some
permanent and transient occlusion methods in baboons and macaques require enucleation
for transorbital access to the MCA and the ACA, thus limiting neurobehavioral assessments

due to binocular vision loss (Nehls, Cartwright et al. 1986, Tagaya, Liu et al. 1997, Mack,

23



King et al. 2003, D'Ambrosio, Sughrue et al. 2004). Cynomolgus and rhesus macaque
endovascular induction methods require substantial technological and surgical skill and
may produce unreliable anterior circulation stroke patterns (Kito, Nishimura et al. 2001,
Kuge, Yokota et al. 2001, de Crespigny, D'Arceuil et al. 2005, Wu, Chen et al. 2016).
Reperfusion in autologous blood clot models is difficult to control, while microcatheter
embolization methods utilizing metal coils or guide wires prohibits the use of MRI prior to
reperfusion. The extensive limitations of cost, housing facilities, veterinary care, and
ethical challenges associated with NHP models warrant further investigation of alternative
large animal species for modeling ischemic stroke.
Ovine ischemic stroke models

Sheep are a highly promising surrogate for modeling human stroke due to inherent
anatomical similarities including gyrencephalic cerebral structure with dense WM tracts
(Bataille, Wager et al. 2007). A strong fibrous dura mater and tentorium cerebelli also play
a significant role in modeling human ischemic stroke by confining post-stroke increases in
intracranial pressure (ICP) to the supratentorial compartment (Klintworth 1968,
Gabrielian, Willshire et al. 2011). Comparatively, rodents have a weak vestigial connective
tissue membrane that enables distribution of ICP into other compartments. Increases in ICP
in humans and large gyrencephalic animals post-stroke are therefore more significant and
more common than in rodents and often leads to loss of consciousness, cerebral herniation,
and premature death. Sheep cerebrovasculature also facilitates the development of sheep
stroke models as the intradural internal carotid artery (ICA) supplies blood to a majority of
the supratentorial structures and, like humans, the terminal intradural ICA bifurcates to the

ACA and MCA (Ashwini 2008). Despite these similarities, sheep possess a reticulated
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arterial anastomosis between the maxillary and internal carotids known as the rete mirabile
(Daniel PM 1953, Hoffmann, Stoffel et al. 2014). This capillary network at the branch of
the common carotid artery (CCA) renders endovascular models of cerebral ischemia
virtually impossible due to the minute diameter of arterial vessels, thus transcranial stroke
induction approaches are typically required.

Permanent occlusion in sheep via frontotemporal craniectomy boasts a number of
advantages including preservation of post-operative binocular vision, unlike NHP
transorbital models, as well as lesion reproducibility due to the length of the ICA which
aids in proximal MCA accessibility (Kapoor, Kak et al. 2003). Boltze et al. reported DWI-
based lesion volumes could be titrated, with complete MCAO lesion volumes being
significantly greater than 2-branch and 1-branch-MCAO lesion volumes (16.3+5.2 vs.
8.7+3.9 vs. 5.6+£3.6 cm?, respectively) at 1 day post-stroke (Boltze, Forschler et al. 2008).
These significant differences in lesion volumes were maintained between subgroups up to
42 days post-stroke. Lesion volume was found to be correlated with functional outcomes
based on a novel sheep-specific neurobehavioral score system including important metrics
such as unconsciousness, ataxia, fetlock flexion weakness, delayed hemistanding, circling
behaviors, and impaired hopping reactions. Comparatively, complete proximal MCA
occlusion in humans resulted in similar motor and somatosensory deficits including ataxia
and hemiparesis of contralateral upper and lower extremities as well as loss of
consciousness due to significant cerebral edema and swelling (Battey, Karki et al. 2014,
Navarro-Orozco and Sanchez-Manso 2019). Furthermore, T2W sequences in sheep
revealed significantly higher atrophy ratios for the complete MCAO group compared to

the 2-branch-MCAQO group, whereas 1-branch-MCAO resulted in significantly less
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atrophy ratios compared with 2-branch-MCAOQO 42 days post-stroke (Boltze, Forschler et
al. 2008). Although this model maintains clinically relevant tissue and functional-level
deficits at acute and chronic time points, it also exhibits unrealistic survivability rates
(100%) post-stroke. Researchers believe these survival rates are due to reduced ICP at the
craniectomy site and is therefore a notable limitation of the model.

To address the translational limitations of the permanent sheep occlusion model,
Wells et al. later developed a transient sheep occlusion model and performed a head to
head comparison to more accurately assess intracranial dynamics and reperfusion
mechanism differences between these models (Wells, Vink et al. 2012, Wells, Vink et al.
2015). As expected, lesion volumes were greater in permanent occlusion sheep compared
to transient occlusion sheep (27.4-28.8% vs. 7.9-14.6% of the ipsilateral hemisphere,
respectively) with ischemia affecting both cortical and subcortical structures in both
models. DWI deficits were also greater in permanent occlusion sheep compared to transient
occlusion sheep (25.446.8% vs. 10.7£3.9%, respectively) with restricted diffusion reported
throughout the entire right MCA territory and basal ganglia in permanent occlusion sheep
and throughout the right caudate head and genu of the internal capsule in transient
occlusion sheep. T2W sequences revealed similar model differences in edema volume
(25.0£4.9% vs. 5.4+4.1% of the ipsilateral hemisphere) resulting in increasing midline shift
(MLS) (3.3+0.6 mm vs. 1.0+0.8mm).Sorby-Adams et al. recently reported significantly
elevated ICP levels in excess of 20 mmHg at 5-6 days post-transient MCAO in sheep
(Sorby-Adams, Leonard et al. 2019). These findings are comparable to human patients in
which cerebral edema and ICP peak around 3-5 days following initial ischemic insult

(Hewitt A. 2012). Clinically, ICP readings >20 mmHg warrant treatment intervention as
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persistently elevated ICP following MCA infarction is commonly associated with rapid
neurological deterioration (Treadwell and Thanvi 2010, Lavinio and Menon 2011, Battey,
Karki et al. 2014). Death is common in the 78% of patients that experience herniation and
consequent brainstem compression due to ICP (Hacke, Schwab et al. 1996, Wang, Nair et
al. 2011). The sequela of herniation and comparative mortality rates observed in the
transient sheep model further supports the use of this clinically relevant large animal model
in order to study ICP related pathology and decompressive therapies.
Ovine ischemic stroke model considerations

Arguably the most notable disadvantage of sheep models is the rete mirabile. This
dense network of small diameter arteries renders endovascular methods of ischemic
induction unfeasible, thus necessitating rather complex transcranial surgical approaches to
induce MCAO. Transcranial approaches disturb endocranium dynamics and may lead to
hematomas or hemorrhagic transformation as seen in approximately ~12% patients with
MCA infarctions that undergo decompressive craniectomies (Kenning, Gooch et al. 2012,
Lee, Yang et al. 2012). Furthermore, surgical craniectomy permits the loss of CSF upon
dural excision and minimizes the pathological development of elevated ICP following
MCA occlusion (Boltze, Forschler et al. 2008). Common assessments of patient injury
severity and prognosis in clinical settings are often based on neurological symptoms
including pupillary dilation, anisocoria, consciousness, and paralysis which are caused by
excessive ICP (Chen, Gombart et al. 2011). Without representative increases in ICP,
craniectomy sheep occlusion models display notable alterations in stroke pathophysiology,
thus decreasing this model’s translational potential. Furthermore, with <30% WM,

sensorimotor impairments commonly associated with WM injuries in stroke patients may
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not be fully replicated in sheep models (Figure 2.1) (Sahin B 2001, Nitzsche, Frey et al.
2015, Wang, Liu et al. 2016). Perhaps similarities in other critical brain characteristics

overcome this limitation, yet this remains to be determined.

Porcine ischemic stroke models

Pigs possess notable translational advantages due to inherent neuroanatomical
similarities including gyrification, large intracranial vessel diameter, and a high white-to-
gray matter ratio (Gralla, Schroth et al. 2006, Kobayashi, Hishikawa et al. 2012).
Proportionally comparable cerebral volumes between humans and pigs (1273.6 cm® for
men and 1131.1 cm? for women vs. 111.09 cm® for males and 103.15 cm?® for females)
allows for a more direct assessment of therapeutic dosing in a preclinical model (Allen,
Damasio et al. 2002, Conrad, Dilger et al. 2012). In terms of cytoarchitecture, human and
pig brains are composed of >60% WM (Figure 2.1) (Tanaka, Imai et al. 2008, Nakamura,
Imai et al. 2009). These attributes are critically important as WM and gray matter (GM)
demonstrate different metabolic needs due to neuroanatomical differences. Specifically,
neuron-rich GM requires 2.5 times more ATP and consequently 3-5 times more
vascularization than WM (Borowsky and Collins 1989, Nonaka, Akima et al. 2003, Peters,
Schweiger et al. 2004). The increased vasculaturization of GM permits some protection
following ischemic events, however the limited collateralization of WM leaves these
tissues particularly susceptible to ischemic insult and is a critical factor to consider when
modeling human ischemic stroke. Experimental pig stroke models have also been
characterized with human MRI modalities and may help provide critical insight into the

refinement of acute stroke detection (Figure 2.2). Lastly, high purchase and housing costs
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as well as ethical challenges associated with other large animal models are less pronounced
in pigs making them an attractive alternative (Kobayashi, Hishikawa et al. 2012).

Similar to sheep, the rete mirabile network in pigs makes endovascular methods of
MCA occlusion challenging (Stroke Therapy Academic Industry 1999, Sakoh, Rohl et al.
2000, Watanabe, Sakoh et al. 2007, Ashwini 2008). Watanabe et al. developed a permanent
pig MCAO model in which the proximal MCA was occluded via permanent electrocautery
utilizing a transorbital approach (Watanabe, Sakoh et al. 2007). Although transorbital
induction has been well characterized in NHP models as an efficient method of inducing
focal cortical infarction, DWI analysis in pigs revealed varying lesion volumes in relation
to the magnitude of residual flow following MCAO (Sakoh, Ostergaard et al. 2000,
Watanabe, Andersen et al. 2001, Watanabe, Sakoh et al. 2007). Subsequent loss of
binocular vision and limited neurobehavioral and gait assessments were additional
limitations (Sakoh, Rohl et al. 2000). Comparatively, frontotemporal MCAO approaches
avoid the need for enucleation and intraorbital decompression making it a favorable
alternative over transorbital approaches (Imai, Konno et al. 2006, Platt, Holmes et al. 2014,
Baker, Platt et al. 2017, Webb, Kaiser et al. 2018). This model provides increased visibility
of the MCA and its associated branches, thus resulting in repeatable ischemic injury with
consistent lesion volumes. Platt et al. showed pigs, like humans, exhibit a standard
evolution of ischemic injury with cytotoxic edema primarily observed as hypointense ADC
abnormalities followed by delayed vasogenic edema (Ho, Rojas et al. 2012, Platt, Holmes
et al. 2014). Additionally, as pig cerebrums are approximately 7.5 times smaller than
humans, the West Laboratory has recently confirmed pig DWI lesion volumes (9.91£3.14

cm?; unpublished data) closely replicate patient DWI lesion volume thresholds of 72 cm?,
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which frequently correspond to major cerebral artery occlusions and poor neurological
outcome (Sanak, Nosal et al. 2006, Gonzalez 2012).

T2W sequences in the pig MCAO model revealed acute hemispheric swelling
(126.8+3.4% change from contralateral hemisphere), pronounced MLS, and cerebellar
herniation with functional deficits in gait and behavior performance as well as premature
death (Webb, Kaiser et al. 2018). T2W visualized hemispheric swelling and MLS in
patients is also considered a robust predictor of cerebral herniations and patient death as
rapid neurological deterioration often leads to 60-80% 30-day patient mortality rates
(Ropper 1986, Hacke, Schwab et al. 1996, Berrouschot, Sterker et al. 1998, Walberer,
Blaes et al. 2007, Treadwell and Thanvi 2010). Hemispheric swelling often instigates
herniation leading to abnormal protrusion into adjacent neural structures or through rigid
intracranial barriers (i.e. the foreman magnum) (Klintworth 1968, Kotwica, Hardemark et
al. 1991, Gabrielian, Helps et al. 2013). The tentorium cerebelli in humans and large animal
species is relatively strong, which limits and alters the displacement of the brain post-
stroke. Comparatively, rodents possess a weak tentorium cerebelli that permit the
displacement of the brain. This results in inconsistencies between rodent and human
swelling responses post-stroke. DTI sequences have revealed permanent pig MCAO also
replicates patient reductions in WM integrity of the internal capsule and corpus callosum
at acute and chronic time points (Baker, Platt et al. 2017, Webb, Kaiser et al. 2018, Kaiser
E.E. 2019). These reductions in WM integrity were coupled with deteriorations in pig
spatiotemporal and relative gait pressure measurements including velocity, cadence, swing
percent of cycle, stride length, cycle time, and mean pressure. Likewise, these deficits

correlate with contralateral deteriorations in patient motor function, as studies utilizing
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Functional Ambulatory Categories found patients with internal capsule lesions exhibited
persistent (>6 months) motor deficits and required aids for balance and support during
ambulation (Baltan, Besancon et al. 2008, Srikanth, Beare et al. 2009, Ahmad, Satriotomo
etal. 2015, Lee, Kim et al. 2017). Understanding how brain ischemia leads to WM changes
and consequent motor deficits, preferably in models with comparable WM content (>60%),
is a research priority that will help advance strategies for WM repair and regeneration.
Consequential damage to the dura and disrupted ICP evolution in the pig
craniectomy models has led to the development of an endovascular pig model. Cui et al.
established an endovascular model of focal ischemic stroke in miniature pigs in which
sodium alginate microspheres, a biodegradable material, were injected through the femoral
artery to embolize the rete mirabile as confirmed by angiographic and DWI analysis (Cui,
Tian et al. 2013). Signal abnormalities on T2W sequences revealed lesion volumes
encompassing approximately 30% of the ipsilateral hemisphere with notable ischemia in
the temporal and parietal lobes and the basal ganglia. Infarction in these regions prompted
mild hemiplegia and associated ambulation impairments in balance and coordination as
early as 12 hours post-stroke. Interestingly, stroke patients with confined basal ganglia and
internal capsule injury exhibit persistently impaired balance and ambulation performance
as well (Miyai, Blau et al. 1997). These observed motor memory deficits are likely due to
persistent dysfunction in the cortico-basal ganglia-thalamo-cortical loop, an intricate neural
circuit system responsible for facilitating voluntary movements while simultaneously
inhibiting competing or interfering movements (Boyd, Edwards et al. 2009, Simonyan

2019).
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Porcine ischemic stroke model considerations

Like the sheep, the rete mirabile necessitates transcranial approaches that damage
the cranium and dura and result in uncharacteristic intracranial dynamics and
cerebrovascular pathophysiological changes post-stroke (Imai, Konno et al. 2006).
Although an endovascular occlusion method has been described, minimal sample size,
short observation windows, and occlusion of the anatomical anastomosis the rete mirabile
(a more distal vasculature structure), limits the clinical translatability of this model.
Furthermore, the posterior CoA in the Circle of Willis in both pigs and sheep is comparable
to the diameter of the anterior cerebral artery whereas in humans the posterior CoA is
approximately half the diameter of the anterior cerebral artery. (Ashwini 2008, Deepthi S.
2016). These variations in vessel diameter are an important consideration when modeling
ischemic stroke as equal blood volume flows through both divisions of internal carotid
artery in animals whereas in man the blood flow through the posterior CoA is reduced, thus
impacting collateral flow within the Circle of Willis. Pig plasminogen also displays high
resistance to tPA activation due to unique plasminogen-streptokinase interactions
(Yakovlev, Rublenko et al. 1995, Flight, Masci et al. 2006). As a result, investigation of
combination therapies in conjunction with tPA are hindered, even if a clot model were
available.

Canine ischemic stroke models

Similar to previously discussed large animal models, dogs demonstrate conserved
gyrencephalic structure, well-established WM tracts, and large cerebrovascular diameter
(Traystman 2003). Additionally, unlike sheep and pigs, dogs lack a rete mirabile. This

anatomical similarity to humans favors endovascular approaches of stroke induction and is
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one notable translational advantage of dog models (Gralla, Schroth et al. 2006, Howells,
Porritt et al. 2010). Permittable endovascular access avoids the need for enucleation or
invasive transcranial procedures to access the MCA thus preserving dura, cerebral spinal
fluid volumes, and post-stroke ICP. The use of dogs also minimizes economic, housing,
and handling difficulties commonly associated with NHP use, however ethical concerns
remain a notable consideration (Hillock SM 2006).

First described by Hill et al., several studies have since reported on various
endovascular methods for inducing MCAO in dog models (Hill, Millikan et al. 1955,
Shaibani, Khawar et al. 2006, Rink, Christoforidis et al. 2008, Christoforidis, Rink et al.
2011). Permanent MCA, achieved via ICA injection of synthetic emboli, induced lesion
volumes (32.13+11.98%) in the basal ganglia, left ventral cortex, left ventrolateral cortex,
and left cortex of the cerebrum with swelling, MLS, and mass effect observed via TIW
sequences (Kang, Lee et al. 2007). Kang et al. later reported a mean ADC ratio (0.77+0.08)
that closely replicated human ADC ratios (0.5-0.8) at acute post-stroke time points (van
Everdingen, van der Grond et al. 1998, Lee, Kang et al. 2005, Kang, Jang et al. 2009).
Accumulation of cytotoxic and vasogenic edema were well-preserved within this model,
thus presenting a significant advantage over photothrombotic rodent models (Carmichael
2005, Kang, Lee et al. 2007, Kang, Jang et al. 2009, Macrae 2011). Interestingly, dog
cerebral spinal fluid (CSF) concentration of interleukin-6 (IL-6) positively correlated with
the severity of neurological deterioration and death. This correlation has also been observed
in several human stroke studies in which elevated CSF levels of IL-6 were found to
positively correlate with ischemic lesion volumes and poor functional outcome

(Tarkowski, Rosengren et al. 1995, Tarkowski, Rosengren et al. 1997). As CSF IL-6,
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unlike serum IL-6, maintains significant predicative value in both dog and human stroke,
further examination of this potential biomarker may help identify at-risk patients prior to
onset of severe neurological symptoms and death.

Endovascular occlusion can also be achieved via coil placement in dogs through
the vertebral artery (VA) in order to control for the variable intricacies of the ICA as
previously mentioned (Atchaneeyasakul, Guada et al. 2016). Coil models offer a number
of translational advantages as angiographic guidance in dogs is significantly superior when
compared to rodent models where the relative size of the cranial arteries limits procedural
evaluation and confirmation of occlusion (Flecknell, Flecknell et al. 2009). This method
utilizes comprehensive imaging techniques to precisely position the coil encased within a
microcatheter through the proximal M1 until appropriate permanent or transient occlusion
of the MCA 1is achieved. Although the use of imaging guidance requires a complex
understanding of dog cerebrovasculature, it enables specificity in coil placement that
cannot be achieved by emboli injection via ICA. This yields definite and reproducible dog
ischemic lesions of approximately 9.81-20.58 cm® (30.9+2.1% and 31.2 +4.3%, as
reviewed by two independent observers) as determined by T2 structural sequences 1-day
post-stroke (Rink, Christoforidis et al. 2008, Rink, Christoforidis et al. 2011). DTI fiber
tract projections from the region of the internal capsule to the corona radiata were
dramatically reorganized with impaired connectivity in stroke dogs (Rink, Christoforidis
et al. 2011). These corticospinal and corticobulbar tracts that descend through the corona
radiata and posterior limbs of the internal capsule mainly originate in the primary motor
cortex in humans and play an important role in recovery of motor deficits (Higano, Zhong

et al. 2001, Kunimatsu, Aoki et al. 2003). These anatomical similarities may provide
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important insights into the WM responses to hypoxia as well as necessary therapeutic
measures to induce recovery of these WM structures.

The distal injection of autologous clots through the ICA accurately mimics human
ischemia and is amenable to studies investigating the efficacy of novel thrombolytic
therapies or thrombectomy devices. Despite clinical applicability, this model induces
inconsistent lesion distribution as the precise site of occlusion cannot be controlled due to
individual vascular variability, particularly of the ICA (Liu, Hu et al. 2012). Variations in
emboli size have also contributed to variations in lesion volumes. Liu et al. reported clots
1.7 mm in diameter resulted in small, variable lacunar infarcts of 0.148+0.133 cm?® at 6
hours (DWI), 0.150+0.154 cm? at 24 hours (T2W), and 0.095+0.115 cm?® at 7 days post-
stroke (T2W) affecting the internal capsule and caudate (Liu, Hu et al. 2012). Zu et al.
reported clots 1.4-1.7 mm in diameter resulted in mean infarct volumes of 4.17+0.06 cm?
at 24 hours (T2W) and 3.27+0.062 cm® at 7 days post-stroke (T2W) affecting the basal
ganglia and cortex (Zu, Liu et al. 2013). Van der Bom described larger clots of 2.33 mm in
diameter that induced extremely variable infarct volumes 4 hours post-stroke (0.12 to 12.53
cm?®, ADC) (van der Bom, Mehra et al. 2012). These discrepancies were suggested to be
due to convoluted ICA and perfusion differentials from the extensive leptomeningeal
collaterals and have contributed to heterogeneous strokes in dogs (Symon 1960, Harris,
Kosior et al. 2009, Christoforidis, Rink et al. 2011).

In addition to MCAO models, vertebral artery occlusion (VAO) and basilar artery
occlusion (BAO) models have also been developed. In VAO models, high vertebral artery
blood pressure often prevents emboli from anchoring to the vessel wall, thus limiting

experimental efficacy. To address this, a recent study utilized a preinstalled self-expanding
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thrombus filter in the delivery catheter to allow for successful implantation of emboli
(Zhang, Jin et al. 2015). Although further imaging and clinical outcome studies of this
canine model are still needed, this model may be useful to evaluate novel endovascular
therapy for acute VAO in humans. The BAO model comparatively is commonly used to
test recanalization by intravenous versus intraarterial thrombolysis. Qureshi et al. reported
significant lesion formation following autologous clot injection into the proximal portion
of the basilar artery with intraarterial thrombolysis affording a recanalization rate similar
to that of intravenous thrombolysis, but with a lower rate of intracerebral hemorrhage
(Qureshi, Boulos et al. 2004). The most relevant disadvantages of BAO models are the
exaggerated neurological deficits, prolonged intensive care, and premature mortality which
limit longitudinal assessments of therapeutic efficacy, functional outcomes, and tissue
recovery post-stroke.
Canine ischemic stroke model considerations

An appreciable concern in dog models is the low extent of WM (35%), similar to
that observed in sheep (<30%) (Figure 1) (Krafft, Bailey et al. 2012). Limited WM in these
models may hinder advancements in understanding WM pathophysiology and mechanisms
involved in ischemic injury (Ahmad, Satriotomo et al. 2015). Conversely, NHPs and pigs
display comparable WM to humans (> 60%) that results in similar prognosis and motor
function decline commonly associated with human WM hyperintensities post-stroke
(Debette and Markus 2010). Occlusion of the MCA is primarily achieved via ICA access,
yet this procedure requires great surgical skill due to the intracavernous connection
between the torturous ICAs as well as the small diameter of microcatheter administration

systems (Nanda and Getty 1975, Rink, Christoforidis et al. 2008). A number of dogs exhibit
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extensive leptomeningeal anastomoses branching from the posterior, middle, and anterior
cerebral artery, potentiating variation in lesion volume due to differentials in
collateralization (Symon 1960). Variation in vascular diameter, organization and
physiological responses such as vasospasms between dog breeds may also limit
reproducibility and experimental outcomes especially as mongrel dogs are commonly used
(Rink, Christoforidis et al. 2008, Christoforidis, Rink et al. 2011). In the endovascular coil
model, Christoforidis et al. reported the coil positioned to occlude the proximal MCA,
ACA, and distal ICA resulted in premature mortality of ~38% of the dogs within 1 day
post-stroke (Rink, Christoforidis et al. 2011). These experimental challenges in
combination with pronounced ethical complications, limit the widespread use of canine
species.
Conclusion

The stroke field agrees that a therapeutic breakthrough will most likely require a
multifaceted approach including innovations in clinical trial design, consideration of
systemic biomarkers, and optimization of therapeutic dosing. Large animal ischemic stroke
models are a key part of this approach providing more predictive models for identifying
potential treatment targets and testing novel therapeutics. While rodent models provide
invaluable insight into the initial characterization and screening of potential therapeutic
interventions, the significant failures of novel pharmacological agents in clinical trials may
be partly due to the use of animal models that do not fully reflect stroke pathophysiology
as it occurs in humans. As highlighted throughout this review, NHP, ovine, porcine, and
canine ischemic stroke models possess significant advantages including comparative brain

anatomy, similar tissue-level and functional responses, and compatibility with clinically

37



relevant MRI techniques. To further enhance the predictive power of these large animal
models, advances need to be made to develop thromboembolic clot models that will more
closely mimic patient vascular occlusion mechanisms, enable the study of reperfusion
injury and evaluate the effects of novel combined therapies with thrombolytic agents.
These large animal models must be enlisted as an important step in the translational
framework in order to successfully bridge the gap between pre-clinical basic studies and

effective therapies in human patients.
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Figure 2.1: Major large animal models utilized to evaluate human ischemic stroke
pathophysiology. Inherent white matter composition, stroke type, surgical occlusion
methods, and magnetic resonance assessments provide a platform to investigate human
ischemic stroke pathophysiology and consequent functional outcomes. Collectively, these
clinically-relevant modalities enable researchers to characterize unique tissue-level and
functional (e.g. sensorimotor) changes across acute and chronic time points. These tools
possess indisputable value in identifying therapeutic targets and testing of novel treatments

prior to clinical trials.
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Figure 2.2: Magnetic resonance assessment of a preclinical pig ischemic stroke model
1-day post-middle cerebral artery occlusion. Pathophysiological changes including
increased hemispheric swelling, MLS, and hyperintense lesion formation are observed in
T2W (A) and T2F (B) sequences. DWI (C) sequences showed hyperintense lesions
indicative of territorial edematous injury, while corresponding hypointense lesions on
ADC maps (D) confirmed restricted diffusion and cytotoxic edema. FA maps (E) revealed

increased loss of WM integrity in the internal capsule (IC) and the corpus callosum (CC).
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CHAPTER 3
CHARACTERIZATION OF TISSUE AND FUNCTIONAL DEFICITS IN A

CLINICALLY TRANSLATIONAL PIG MODEL OF ACUTE ISCHEMIC STROKE '

Kaiser, E.E., Waters E.S., Fagan, M.M., Scheulin K.M., Platt S.R., Jeon J.H., Fang, X.,
Kinder H.A., Shin S.K., Duberstein K.J., Park H.J., and West, F.D. In review Plos

ONE, 2019.
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Abstract

The acute stroke phase is a critical time frame used to evaluate stroke severity,
therapeutic options, and prognosis while also serving as a major target for the development
of diagnostics. To better understand stroke pathophysiology and to enhance the
development of treatments, our group developed a translational pig ischemic stroke model.
In this study, the evolution of acute ischemic stroke tissue damage, immune response, and
functional deficits were further characterized in the pig model. Stroke was induced by
middle cerebral artery occlusion in Landrace pigs. At 24 hours post-stroke, magnetic
resonance imaging revealed a decrease in ipsilateral diffusivity and an increase in
hemispheric swelling and intracerebral hemorrhage resulting in notable midline shift.
Stroke negatively impacted white matter integrity leading to decreased fractional
anisotropy. Similar to acute clinical patients, stroked pigs showed a reduction in circulating
lymphocytes and a surge in neutrophils and band cells. Functional responses corresponded
with structural changes with reduced exploration in open field testing and impairments in
spatiotemporal gait parameters. This novel, acute ischemia characterization provides
important insights into tissue and functional level changes in a pig model that can be used
to identify treatment targets and future testing of therapeutics and diagnostics.
Key words Brain ischemia, Gait analysis, Magnetic resonance imaging, Porcine, Acute

stroke
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Introduction

Every year, 6.2 million people worldwide die from stroke making it the leading
cause of death in individuals over the age of 60 and the fifth leading cause of death in
individuals ages 15-59 (1, 2). Of the patients that survive, approximately 5 million are left
permanently disabled making stroke a global medical and socioeconomic problem (3). The
acute phase of ischemic stroke is a critical time window to determine stroke severity,
treatment options, and future prognosis in clinical patients. Specifically, the acute phase is
a major target for the development of novel therapeutics and diagnostics as an early
reduction in brain tissue loss is directly correlated with improvements in functional
outcomes. In addition, all current Food and Drug Administrative approved treatments,
tissue plasminogen activator (tPA) and thrombectomy, are only effective during this acute
window (4-6). The acute phase of ischemic stroke has also been the focus of diagnostic
and prognostic tool development; tools including magnetic resonance imaging (MRI) that
can rapidly and accurately identify ischemic stroke and has demonstrated strong predictive
value with respect to long-term patient outcomes (7-11). However, the development of
therapies and diagnostic tools has been slower than desired particularly with respect to
treatments with numerous failed clinical trials (12-15).

A potential opportunity to hasten the speed at which therapies and diagnostics reach
patients is through the use of translational large animal models that are more predictive of
human outcomes. Assessments by the Stem Cell Emerging Paradigm in Stroke (STEPS)
and the Stroke Therapy Academic Industry Roundtable (STAIR) consortiums identified
therapeutic testing in higher-order gyrencephalic species and in translational animal

models more reflective of human pathology and physiology as major needs in pre-clinical
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stroke studies to better predict therapeutic efficacy (6, 16-21). To address this unmet need,
a pig ischemic stroke model has been recently developed by our research team with
anatomy, physiology, and stroke pathology similar to human patients (22-25). The pig
brain is similar in mass compared to humans being only 7.5 times smaller, whereas the
rodent brain is 650 times smaller in comparison to humans (26). This allots for a more
direct assessment of therapeutic dosing in a pre-clinical model. The pig’s brain size is also
an advantage in developing diagnostic tools as human 3T MRI scanners and coils can be
used to develop new MRI sequences and analytical tools. In terms of cytoarchitecture,
human and pig brains are gyrencephalic and are composed of >60% white matter (WM),
while rodent brains are lissencephalic and are composed of <10% WM, making pig tissue
responses potentially more predictive of human outcomes (27-30). These attributes are
critically important as WM and gray matter (GM) exhibit differing sensitivities to hypoxia
(30). Although the failure of pharmacological translation is multifactorial, the failure to
ameliorate ischemic damage to WM is proposed to be a major factor (31). The similarities
between pig and humans in brain size, cytoarchitecture, and WM composition collectively
support the use of a pig ischemic stroke model to more accurately predict potential
outcomes of human clinical trials. However, more in depth characterization of the acute
ischemic stroke timepoint is needed in the pig model to better understand similarities and
differences between human and pig acute stroke outcomes.

MRI is an excellent tool for use in the pig ischemic stroke model as it allows for
bidirectional development of the pig model as well as MRI diagnostic and prognostics.
MRI allows for the assessment of stroke evolution in the pig model and evaluation of novel

therapeutic efficacy. In addition, new MRI sequences and post-processing tools can be
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developed in the pig for use in clinical settings. Acute MRI assessment of ischemic stroke
patients has become the standard of care in diagnosing and predicting patient clinical
outcomes (8, 32). Clinically, diffusion-weighted imaging (DWI) has been shown to reliably
enable early identification of the lesion size, location, and age with high sensitivity and
specificity (7, 33-38). Moreover, acute stage DWI lesion volume measures have proven to
be highly correlated with chronic lesion size and stroke severity as determined by Modified
Rankin Scale (mRS) and National Institutes of Health Stroke Scale (NIHSS), suggesting
DWI provides valuable prognostic information (7-9, 38-40). DWI derived apparent
diffusion coefficient (ADC) maps have aided in further understanding the time course of
acute ischemic brain damage by tracking the diffusion of water in the hypoxic brain
parenchyma from extracellular to intracellular compartments (41, 42). In conjunction with
other MR techniques, ADC hypointensities allow clinicians to differentiate between
regions at risk for cerebral infarction and irreversibly damaged tissue in order to establish
time windows for stroke treatment and to identify patients who are most likely to benefit
from acute stroke therapies (7, 40, 43, 44). Disruption of WM structural integrity is also
associated with poor early neurological outcomes in stroke patients (45). Diffusion tensor
imaging (DTI) studies of human stroke reveal notable alterations in WM fractional
anisotropy (FA) that correspond with the temporal evolution of stroke (10, 11). FA analysis
has improved the identification of ischemic lesions at acute and subacute time points and
has proved particularly useful in determining time of stroke onset, which is frequently
unknown in clinical settings (11). Recently, progressive structural remodeling of
contralateral WM tracts related to motor, cognitive, and sensory processing was positively

associated with motor function recovery in the acute and sub-acute stages post-stroke as
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well as 1, 4, and 12 weeks post-ischemic onset in patients (46, 47). Acute MRI analysis in
the pig stroke model will allow for the characterization of clinically-relevant parameters
and to assess for correlations with acute functional changes as observed in human patients.

Ischemic stroke leads to a wide array of acute deficits in behavior, cognition, and
sensorimotor function in clinical patients thus resulting in poor mRS scale scores (48).
Neurological deficits in executive function, episodic memory, visuospatial function, and
language manifest within 48 to 72 hours in 33.6% of patients (49-52). Occlusions of the
middle cerebral artery (MCA) and territorial infarction are regularly linked to acute limb
paresis that is sustained long-term (52). Understanding these motor impairments are
essential to planning rehabilitation efforts to restore ambulatory activity levels and balance
deficiencies in stroke survivors (53, 54). Specifically, improvements in foot placement,
stride length, and walking speed are recognized as powerful indicators of long-term
recovery (55-59). Among these neurologic and functional consequences, post-stroke
depression (PSD) is the most frequent psychiatric problem occurring in one-third of stroke
survivors (60). PSD is strongly associated with further inhibition of recovery processes due
to the combination of ischemia-induced neurobiological dysfunctions and psychosocial
distress (61, 62). The pig stroke model offers a unique opportunity to study acute changes
in behavior, cognition, and motor function due to anatomical similarities in the size of the
prefrontal cortex and cerebellum in addition to somatotopical organization of the motor
and somatosensory cortices which are critically important in modeling human motor
function effects in the acute ischemic stroke phase (26, 63-65).

The objective of this study was to utilize clinically relevant assessment modalities

to characterize acute ischemic stroke in a pig model that will provide a translational
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platform to study potential diagnostics and therapeutic interventions. We present evidence
pigs display an acute ischemic stroke response similar to human patients including brain
lesioning, swelling, loss of WM integrity, and increased white blood cell (WBC) counts.
These physiological changes correlated with aberrant behavior and worsened motor
function. This compelling evidence suggests the pig stroke model could serve as a valuable
tool in bridging the gap between pre-clinical rodent studies and human clinical trials.
Materials and methods
Animals and housing

All work performed in this study was approved by the University of Georgia
Institutional Animal Care and Use Committee (IACUC; Protocol Number: 2017-07-
019Y1A0) and in accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals guidelines. 6, sexually mature, castrated male Landrace pigs,
5-6 months old and 48-56 kg were purchased from the University of Georgia Swine Unit
and enrolled in this study. Male pigs were used in accordance with the STAIR guidelines
that suggests initial therapeutic evaluations should be performed with young, healthy male
animals (66). Pigs were individually housed in a Public Health Service (PHS) and
AAALAC approved facility at a room temperature approximately 27°C with a 12-hour
light/dark cycle. Pigs were given access to water and fed standard grower diets with
provision of enrichment through daily human contact and toys.

Study design

The sample size for this study was determined by a power calculation based on our
routine use of the middle cerebral artery occlusion model with lesion volume changes by

MRI imaging being the primary endpoint (67). The power analysis was calculated using a
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two-tailed ANOVA test, a=0.05, and an 80% power of detection effect size of 1.19 and a
standard deviation of 44.63. This was a randomized study where 2 pigs were randomly
assigned to each surgical day. All endpoints and functional measurements were
prospectively planned and underwent blinded analysis. Predefined exclusion criteria from
all endpoints included instances of infection at the incision site, self-inflicted injuries that
required euthanasia, inability to thermoregulate, uncontrolled seizure activity, and/or
respiratory distress. 1 pig was excluded from MRI collection as well as post-stroke blood
and functional analysis due to post-operative complications and premature death. No
outliers were removed from the data.

Middle cerebral artery occlusion surgical procedures

The day prior to surgery, pigs were administered antibiotics (Excede; 5 mg/kg
intramuscular (IM) and fentanyl for pain management (fentanyl patch; 100 mg/kg/hr
transdermal (TD)). Pre-induction analgesia and sedation were achieved using xylazine (2
mg/kg IM) and midazolam (0.2 mg/kg IM). Anesthesia was induced with intravenous (IV)
propofol to effect and prophylactic lidocaine (1.0 mL 2% lidocaine) topically to the
laryngeal folds to facilitate intubation. Anesthesia was maintained with isoflurane (Abbott
Laboratories) in oxygen.

As previously described, a curvilinear skin incision extended from the right orbit to
an area rostral to the auricle (24). A segment of zygomatic arch was resected while the
temporal fascia and muscle were elevated and a craniectomy was performed exposing the
local dura mater. The distal middle cerebral artery (MCA) and associated branches were
permanently occluded using bipolar cautery forceps resulting in ischemic infarction. The

temporalis muscle and epidermis were routinely re-apposed.
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Anesthesia was discontinued and pigs were returned to their pens upon extubation
and monitored every 15 minutes until vitals including temperature, heart rate, and
respiratory rate returned to normal, every 4 hours for 24 hours, and twice a day thereafter
until post-transplantation sutures were removed. Banamine (2.2 mg/kg IM) was
administered for post-operative pain, acute inflammation, and fever management every 12
hours for the first 24 hours, and every 24 hours for 3 days post-stroke.

Magnetic resonance imaging acquisition and analysis

MRI was performed 24 hours post-stroke on a General Electric 3.0 Tesla MRI
system. Pigs were sedated and maintained under anesthesia as previously described for
MCAO surgery. MRI of the cranium was performed using an 8-channel torso coil with the
pig positioned in supine recumbency. Multiplanar MR brain imaging sequences were
acquired including T2 Fluid Attenuated Inversion Recovery (T2FLAIR), T2Weighted
(T2W), T2Star (T2*), DWI, and DTI. Sequences were analyzed using Osirix software.
Cytotoxic edema consistent with ischemic stroke was confirmed 24 hours post-stroke by
comparing corresponding hyperintense regions in T2FLAIR and DWI sequences and
hypointense regions in ADC maps.

DWI sequences were used to generate ADC maps. ADC values were calculated for
each axial slice at a manually drawn region of interest (ROI) that was defined by areas of
hypointensity and directly compared to an identical ROI in the contralateral hemisphere.
Average ADC values were obtained by calculating the average signal intensity across all
slices and reported as 102 mm?/s. Hemisphere volume was calculated using T2W
sequences for each axial slice by manually outlining the ipsilateral and contralateral

hemispheres. The hemisphere areas were multiplied by the slice thickness (3mm) to obtain
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total hemisphere volumes. Lesion volume was calculated using DWI sequences for each
axial slice by manually outlining hyperintense ROIs. The area of each ROI was multiplied
by the slice thickness (2mm) to obtain the total lesion volume. Similarly, intracerebral
hemorrhage (ICH) volume was calculated by manually outlining areas of hypointensity
utilizing T2* sequences. Midline shift (MLS) was calculated utilizing T2W sequences for
each axial slice by measuring the distance from the natural midline along the anterior and
posterior attachments of the falx cerebri to the septum pellucidum. DTI was utilized to
generate FA maps. FA values of the internal capsules were calculated manually on one
representative slice per pig and were expressed as a percent change in the ipsilateral
hemisphere relative to the contralateral hemisphere.
Blood collection and analysis

Venous blood samples were collected pre-stroke, 4, 12, and 24 hours post-stroke
into K2EDTA spray coated tubes (Patterson Veterinary). 4 uL of blood was pipetted onto
the base of a ColorFrost microscope slide (ThermoScientific) approximately 1 cm from the
edge. At an angle of approximately 45 degrees, a spreader slide was placed in front of the
blood and retracted until the blood sample evenly spread along the width of the slide. Even
pressure on the spreader slide was applied in a forward direction in order to create a smear.
Care was taken to ensure each blood smear covered two-thirds of the slide and exhibited
an oval feathered end. Each slide was air dried for 10 minutes, fixed with methanol for 2
minutes, air dried for 2 minutes, and then stained in Wright-Giemsa stain for 5 minutes.
The stained slide was submerged in distilled water (dH2O) for 10 minutes. Finally, the slide
was rinsed, air dried, and then a cover slip was applied using Phosphate Buffered Saline

(PBS). Trained, blinded personnel completed manual white blood cell counts of
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lymphocytes, neutrophils, and band cells at the monolayer, beginning approximately one
millimeter away from the body of the smear. The first 100 white blood cells visualized

were identified and cell counts were expressed as a percentage.

Gait analysis

Pigs underwent gait analysis pre-stroke and 48 hours post-stroke to assess
changes in spatiotemporal gait parameters. Data was recorded using a GAITFour®
electronic, pressure-sensitive mat (CIR Systems Inc., Franklin, NJ) 7.01 m in length and
0.85 m in width with an active area that is 6.10 m in length and 0.61 m in width. In this
arrangement, the active area is a grid, 48 sensors wide by 480 sensors long, totaling
23,040 sensors. 2 weeks pre-stroke, pigs were trained to travel across a gait mat at a
consistent, 2-beat pace. To reinforce consistency, rewards were given at each end of the
mat for successful runs. Pre-stroke gait data was collected on 3 separate days for each
pig. At each time point, pigs were encouraged to move along the mat until 5 consistent
trials were collected in which the pigs were not distracted and maintained a consistent
pace with no more than 15 total trials collected.

Gait data was semi-automatically analyzed using GAITFour® Software to provide
quantitative measurements of velocity (cm/sec) and cadence (steps/min). Additional
measurements were quantified specifically for the affected front left limb, which is
contralateral to the induced stroke lesion on the right side of the brain. These
measurements included stride length (the distance between successive ground contact of
the same hoof), swing percent of cycle (the percent of a full gait cycle in which a limb is

not in contact with the ground), cycle time (the amount of time for a full stride cycle),
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swing time (the amount of time a limb is in the swing phase, or not in contact with the

ground) and mean pressure (the amount of pressure exerted by a limb).

Open field testing

As an additional measure of functional outcome, pigs underwent open field (OF)
behavior testing pre-stroke and 48 hours post-stroke. All tests took place ina 2.7 m x 2.7
m arena lined with black rubber matting, used to provide stable footing. White curtains
were hung around the arena to reduce visual distractions during testing. Trials were
recorded using EthoVision video tracking software (Noldus Systems) to obtain objective
and quantifiable measures of behavioral characteristics.

Pigs were individually brought to the behavior arena and allowed to explore for
10 minutes during the OF test. Behaviors automatically tracked during this test include
velocity and distance traveled. Additionally, exploratory behaviors typical of pigs such as
sniffing the wall (perimeter sniffing) were manually tracked and coded in the EthoVision
software by trained personnel.
Statistical analysis

All quantitative data was analyzed with SAS version 9.3 (Cary, NC) and statistical
significances between groups were determined by one-way analysis of variance (ANOVA)
and post-hoc Tukey-Kramer Pair-Wise comparisons. Comparisons where p-values were <

0.05 were considered significantly different.

Results
MCAO induces acute ischemic infarction and decreased diffusivity.
To confirm ischemic stroke 24 hours post-MCAO, MRI DWI (Figure 3.1A) and

T2FLAIR sequences were assessed. Scans exhibited territorial hyperintense lesions
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characteristic of an edematous injury. Hypointense lesions observed on corresponding
ADC maps (Figure 3.1B) confirmed areas of restricted diffusion indicative of cytotoxic
edema thus confirming permanent cauterization of the MCA resulted in ischemic stroke.
DWI-ADC mismatch resulted in identification of potentially salvageable penumbra tissue.
DWI sequences revealed an average lesion volume of 9.91+1.40 cm® (Figure 3.1A). ADC
sequences revealed significantly (p<0.0001) decreased diffusivity within ischemic lesions
when compared to identical regions of interest in the contralateral hemisphere (0.34+0.02
vs. 0.62+0.03 x10* mm?/s, respectively; Figure 3.1B-C).

Ischemic stroke results in acute hemispheric swelling, hemorrhage, and loss of white

matter integrity.

Analysis of T2W sequences at 24 hours post-stroke revealed a trending (p=0.16)
increase in ipsilateral hemisphere volume indicative of cerebral swelling when compared
to the contralateral hemisphere (25.99+1.78 vs. 22.49+1.40 cm?’, respectively; Figure
3.2A-C) and an associated MLS of 2.48+0.55 mm (Figure 3.2A-B). Acute ICH was
observed via T2* sequences with a consistent mean hemorrhage volume of 1.73+0.07 cm?
(Figure 3.2D-E, white arrow), which suggests the ischemic infarct area underwent
hemorrhagic transformation (HT). These HTs impacted basal ganglion structures as well
as portions of the cerebellum, brain regions responsible for motor function. To assess
changes in WM integrity, FA values of the internal capsules were evaluated 24 hours post-
stroke, revealing a significant (p<0.01) decrease in the ipsilateral internal capsule (IC)
when compared to the contralateral side (0.17+0.01 vs. 0.23+0.01 respectively; Figure

3.3A-C). Collectively, MRI results demonstrated MCAO led to tissue-level damage
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including ischemic infarction, decreased diffusivity, hemispheric swelling, pronounced
MLS, HT, and disrupted WM integrity.

Ischemic stroke increases circulating neutrophil levels and decreases circulating
lymphocyte levels.

To determine changes in immune cell response to acute ischemic stroke, venous
blood samples were collected pre-stroke, 4, 12, and 24 hours post-stroke. Band
neutrophils (Figure 3.4A-B), neutrophils (Figure 3.4C-D), and lymphocytes (Figure
3.4E-F) were assessed via manual cell counts. Band neutrophils significantly (p<0.05)
increased 12 hours post-stroke compared to pre-stroke (5.50+0.99% vs. 1.92+0.51%
respectively; Figure 3.4B). Similarly, the number of circulating neutrophils was
significantly (p<0.05) increased at 4- and 12-hours post-stroke when compared to pre-
stroke (43.7£5.27% and 48.9+£3.92% vs. 26.5+1.96%, respectively; Figure 3.4D). The
number of circulating lymphocytes was significantly (p<0.05) decreased at 12- and 24-
hours post-stroke compared to pre-stroke (25.60+4.01% and 26.60+4.29% vs.
44.83+3.66% respectively; Figure 3.4F). These results demonstrated stroke resulted in an
increase in circulating band neutrophils and neutrophils and a decrease in circulating

lymphocytes which indicates an acute immune response.

Ischemic stroke decreases exploratory behaviors during open field testing.

Changes in exploratory behaviors were assessed using the open field (OF) test 48
hours post-stroke. Perimeter sniffing, a typical exploratory behavior exhibited by pigs,
was recorded utilizing Ethovision XT tracking software to assess differences in perimeter
sniffing pre- and post-stroke (Figure 3.5A-B); representative 10-minute movement

tracings show perimeter sniffing (red) and non-perimeter sniffing (yellow). Pigs’
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perimeter sniffing frequency significantly (p<0.05) decreased 48 hours post-stroke
compared to pre-stroke (13£2.94 vs 26+4.02 times, respectively, Figure 3.5C). However,
no significant differences were noted for velocity and distance traveled in the OF test
between pre- and 48 hours post-stroke. These results suggest that stroke impairs normal
exploratory behaviors.

Ischemic stroke results in spatiotemporal gait deficits.

Key spatiotemporal gait parameters were analyzed pre-stroke and 48 hours post-
stroke to detect potential impairments in motor function as an outcome of stroke.
Significant (p<0.01) decreases were noted in the average velocity and cadence at 48
hours post-stroke compared to pre-stroke indicating the speed of the pigs decreased as a
result of stroke (61.01+8.39 vs 162.9+£12.73 cm/s and 61.01£5.91 vs 126.44£3.72
steps/min, respectively, Figure 3.6A-B). Further changes were noted in measurements of
the contralateral left forelimb (LF). The limb contralateral to the stroke lesion typically
has more pronounced motor deficits relative to the ipsilateral limb in humans, mice, and
rats (68, 69). The swing percent of cycle significantly (p<0.01) decreased demonstrating
pigs spent more time with the LF in contact with the ground at 48 hours post-stroke
compared to pre-stroke suggesting an increased need for support (30.70+2.12 vs
48.8912.35%, respectively, Figure 3.6C). A significant (p<0.01) decrease in stride length
of the LF was observed at 48 hours post-stroke compared to pre-stroke (59.04+3.85cm vs
76.72+4.60cm, respectively, Figure 3.6D). Cycle time of the LF significantly (p<0.01)
increased signifying a slower gait at 48 hours post-stroke compared to pre-stroke
(1.02+.09 vs 0.48+0.013sec, respectively, Figure 3.6E). Finally, the mean pressure

exhibited by the LF significantly (p<0.01) decreased at 48 hours post-stroke compared to
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pre-stroke (2.62+.03 vs 2.82+.03 arbitrary units (AU), respectively, Figure 3.6F).
Deficits in the measured gait parameters indicate stroke lead to substantial motor

impairments at acute time points in pigs.

Discussion

In this study, we observed and characterized acute stroke injury severity, prognostic
biomarkers, and potential therapeutic targets utilizing clinically-relevant MRI, immune,
behavior, and motor function tests in the translational ischemic stroke pig model. Lesion
volumes were consistent among pigs and closely replicated human lesion volumes with
similar impairments in functional performance (70-73). Ischemic injury produced cerebral
swelling and consequent MLS as well as notable ICH, all of which are strongly associated
with stroke patient morbidity (39, 74, 75). In addition, stroke led to reduced WM integrity
of the IC correlating with a contralateral deteriorations in motor function commonly seen
in patients post-stroke (30, 76, 77). Also similar to human stroke patients, MCAO led to an
acute immune response marked by an increase in circulating neutrophils and a
corresponding decrease in circulating lymphocytes which is a key biomarker for
identifying ischemic stroke patients at risk for the development of intracerebral hemorrhage
thus influencing the use of tPA (78-80). Functional assessments showed impaired behavior
and motor function disruptions that affected both spatiotemporal parameters and weight
distribution, all of which parallel clinical functional outcomes in stroke patients (81-83).
By further understanding these physiological hallmarks and exploiting the similarities
between pigs and humans, the ischemic stroke pig model can be utilized to decrease the

translational gap between rodent models and human stroke patients.

79



Early detection of ischemic infarction via DWI analysis has proven to be a critical
component for both prognosis and therapeutic potentials within the narrow treatment
window of acute ischemic stroke (84-86). This study showed mean lesion volumes of
9.91£3.14 cm? at 24 hours post-stroke. Given that pig brains are approximately 7.5 times
smaller than human brains, lesion volumes were found to closely replicate patient DWI
lesion volumes. Acute DWI lesion thresholds of 72 cm? are common in patients with major
cerebral artery occlusions (26, 87-90). Often pre-clinical stroke models have relied on T1
or T2 MRI sequences which are typically delayed in early recognition of cerebral ischemia
and do not account for diffusion abnormalities that may evolve into infarction (91-93).
DWI lesion measurements overcome this limitation. Common pathological features of
human ischemic infarction were also observed in our model including significant restricted
diffusion in focal regions spanning the parietal, limbic, and temporal lobes as indicated by
ADC maps (85, 94-96). Specifically, our pig model replicates characteristics of human
MCA stroke by primarily demonstrating cytotoxic edema which will later evolve into
vasogenic edema. In some pre-clinical stroke models, including rodent photochemical and
photothromobotic models, cytotoxic edema and vasogenic edema develop simultaneously
resulting in ischemic lesions lacking a penumbra (97, 98). This is a major model limitation
as the penumbra is considered potentially salvagable tissue in human patients and is a
coveted therapeutic intervention target. MRI-based discrimination of core from penumbra
and non-ischemic tissue provides critical information for the testing of neuroprotective and
restorative treatments as well as the initiation of surgical interventions within acute and
sub-acute treatment windows (99, 100). For example, ischemic core volumes

distinguishable from penumbra enable clinicians to consider the risk of cerebral
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hemorrhage from acute revascularization therapy (101). For these reasons, evaluating the
efficacy and safety of potential treatments in an animal model with similar pathophysiology
of acute ischemia in terms of cytotoxic and vasogenic edema as humans is of significant
value.

Cerebral edema and consequent hemispheric swelling are serious stroke
complications that result in rapid neurological deterioration and a disproportionately high
30-day patient mortality rate of 60-80% (102-104). Crudely managed via osmotic diuretics
and/or decompressive craniectomies, patients are in desperate need for more effective and
less invasive pharmacotherapies (105-107). These needs have been met with poor
therapeutic translation due to discrepencies in lissencephalic small animal stroke models
including limited cerebral edema and swelling as well as variable MLS and mortality rates
(108-110). Specifically in endothelin-1 (ET-1) rodent stroke models, animals exhibit a
dose-dependent ischemic lesion with marginal ischemic edema making this model less
suited for studying acute stroke pathophysiology (111-114). In contrast, our pig stroke
model exhibited increased ipsilateral hemipshere swelling due to the development of
cytotoxic edema and consquent MLS within 24 hours post-stroke. These observations are
in keeping with other large animal models of stroke, in which permanent ovine MCAO
demonstrated cerebral edema and MLS (115). These physiological responses post-
ischemic stroke are frequently associated with different levels of consciousness and serve
as a predictive indicator of patient prognosis (116, 117). Furthermore, clinical studies
indicate quantification of MLS can predict cerebral herniations and subsequent death prior

to clinical signs and are a clinically-relevant feature of this pig stroke model (118).
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Although MRI techniques have become increasingly valuable in characterizing and
refining the field’s understanding of ICH, the time course and underlying mechanisms
remain poorly understood due to variability in the onset, size, and location of ICH in current
stroke animal models (119). Often resulting from hemorrhagic transformation (HT) in
ischemic stroke patients, spontaneous ICH incidence ranges from 38-71% in autopsy
studies and from 13-43% in CT studies (120, 121). Furthermore, when ICH occupies >30%
of the infarct zone, it has been correlated with early neurological deterioration and a
significant increase in mortality rates 90 days post-ischemic stroke (122, 123). T2*
sequences showed consistent mean hemorrhage volume between stroke pigs, indicating
MCAO caused loss of macro- and microvessel integrity. The classical clinical
presentations of ICH were replicated in our model through the progression of neurological
deficits within hours post-stroke including decreased consciousness, head-pressing,
vomiting, facial paralysis, and limb weakness (120, 124, 125). Interestingly, these
neurological deficits correlated with the location of ICH. For example, ICH in the
cerebellum was associated with ataxia whereas ICH in basal ganglia structures were
associated with limb weakness. In previous studies, early neurologic deterioration was
attributed primarily to cerebral edema and lesion volume; however, recent clinical
pathological, MR, and CT studies suggest hemorrhage into ischemic tissues is a major
contributor to poor clinical outcome, making ICH a novel target of pre-clinical studies
(126-129). By replicating both tissue-level and neurological presentations unique to ICH,
our model presents an exciting new platform for testing hemostatic therapies and surgical

Interventions.
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For the first time, it was observed MCAO led to reduced WM integrity in the IC 24
hours post-stroke in the pig model. This subcortical structure is highly involved in
communication between the cerebral cortex and brainstem resulting in profound muscle
weakness and inhibited perception of sensory information of the patient’s face, arm, trunk,
and leg post-stroke (130). Studies using Functional Ambulatory Categories found patients
with IC lesions experience persistent (>6 months) functional motor deficits; requiring aids
for balance and support during ambulation (131). As the right IC transmits nerve signals
for movement of the left side of the body, our pig MCAO model closely replicated post-
stroke deficits as seen through a decrease in spatiotemporal gait parameters of the
hemiplegic limb including LF stride length and LF swing percent of cycle. Similarly, stroke
patients exhibit decreases in the duration of stride length and the swing phase in the
hemiplegic limb (132-135). Mean pressure of the LF limb was also decreased in stroke
pigs likely as a result of overall greater weakness of the hemiplegic limb (136). Stroke pigs
compensated for limb weakness and balance impairments by taking shorter, slower steps,
thus reducing their velocity and cadence to better stabilize their gait. In a comparable
human study utilizing the analogous GAITRite system, WM lesions corresponded with a
poorer gait score as measured by step length and abnormal cadence in patients (77). These
manifestations support our previous studies evaluating functional deficits post-stroke, thus
providing further evidence quantitative gait analysis is a critical tool for the evaluation of
stroke severity and therapeutic impact on recovery (25, 137).

Immune and inflammatory responses have been shown to play a key role in the
sequela of ischemic stroke (138). Within the first few hours after stroke, neutrophils are

recruited to the site of injury and release cytokines, chemokines, free oxygen radicals, and
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other inflammatory mediators (139). In this study, we observed a significant increase in
neutrophils at 4- and 12-hours post-stroke. Neutrophil release of inflammatory mediators
has been directly associated with cell damage or death as well as damage to the vasculature
and extracellular matrices (139). Neutrophils have been implicated to play a significant
role in blood brain barrier disruption and HT following ischemic stroke, which may explain
one potential mechanism for HT observed 24 hours post-stroke in this study (79).
Conversely, acute ischemic stroke has been shown to induce a rapid and long-lasting
suppression of circulating immune cells such as lymphocytes that can lead to increased
susceptibility of systemic infections after stroke (140). In this study, we observed a
significant decrease in lymphocytes at 12 and 24 hours post-stroke, consistent with reports
that stroke in humans induces immediate loss of lymphocytes that is most pronounced at
12 hours post-stroke (141). Though the exact mechanisms by which lymphocytes mediate
immunosuppression post-stroke remain unclear, clinical evidence supports that lower
levels of lymphocytes are a sign of poor long-term functional outcome (142-144). The
neutrophil-to-lymphocyte ratio (NLR) was determined to be a useful marker to predict
neurological deterioration and short-term mortality in patients with acute ischemic stroke
(145, 146). Elevated NLRs have been reported to be associated with chronic inflammation,
poor functional prognosis, and larger lesion volumes in ischemic stroke patients (78, 139,
146-148). These results suggest that neutrophil recruitment in our pig model may play a
significant role in inflammatory-mediated secondary injury processes that contribute to the
development of functional impairments. Furthermore, similar to human stroke patients,
neutrophil and lymphocyte levels in our pig model may also serve as ideal markers for

stroke severity and outcome prediction.
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Open field testing is regularly used to evaluate behavior in rodents after ischemic
stroke (149), specifically as an indicator of changes in exploratory behaviors (150, 151). In
this study, a significant decrease was noted in perimeter sniffing frequency post-stroke in
open field testing. Pigs are inherently exploratory animals and perimeter sniffing is a
typical exploratory behavior (152). This change in behavior may be attributed to post-
stroke depression (PSD) as this behavioral disturbance has been reported to commonly
develop in humans in the acute post-stroke period (153, 154). In accordance with the
behavioral changes noted in the present study, PSD in humans is characterized by general
apathy and lack of interest (155, 156). Evaluation and understanding of behavioral changes
in a translational, large animal stroke model is crucial for future studies to assess functional
outcomes of potential therapies.

In this study, we have demonstrated our pig model of ischemic stroke positively
replicates cellular, tissue, and functional outcomes at acute time points similar to human
stroke patients. MCAO in our pig ischemic stroke model exhibited a multifactorial effect
leading to cytotoxic edema, lesioning, hemispheric swelling, and ICH, while also impairing
diffusivity and WM integrity. These structural changes correlated with behavioral and
motor function deficits in a similar manner to acute human stroke patients. As an effective
model of acute ischemic stroke pathophysiology, the pig system is potentially an excellent
tool for identifying potential treatment targets and testing novel therapeutics and
diagnostics.
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Figure 3.1: MCAO induces acute ischemic infarction and decreased diffusivity. DWI
sequences exhibited territorial hyperintense lesions of 9.91£1.40 cm? characteristic of an
edematous injury (A, white arrow). ADC maps revealed signal void indicative of restricted
diffusion and cytotoxic edema (B, white arrow). Ipsilateral ROIs exhibited a significantly
(p<0.0001) lower ADC value relative to the contralateral hemisphere (0.3440.02 vs.
0.62+0.03 x10°mm?/s, respectively; C). * indicates significant difference between

hemispheres.
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Figure 3.2: Ischemic stroke results in hemispheric swelling, consequent midline shift,
and intracerebral hemorrhage. T2W sequences revealed increased swelling of the
ipsilateral hemisphere (25.99+1.78 vs. 22.49+1.40 cm?; A-C) resulting in a pronounced
MLS 0f2.48+0.55 mm compared to pre-stroke imaging (A and B, red lines). Characteristic
hypointense ROIs indicated the presence of ipsilateral ICH when compared to pre-stroke

T2* sequences (1.73£0.17 cm?, D and E, white arrow).
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Figure 3.3: Ischemic stroke diminishes white matter integrity of the internal capsule.
Pre-stroke the left and right IC possess similar WM integrity (A). 24 hours post-stroke, the
ipsilateral IC exhibited a disruption in WM integrity (B, white arrow). Further analysis
revealed a significant (p<<0.01) decrease in the ipsilateral IC FA value when compared to
the contralateral IC (0.17+£0.01 vs. 0.23+£0.01 respectively; C). * indicates significant

difference between hemispheres.
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Figure 3.4: Ischemic stroke leads to increases in circulating neutrophil levels and
decreases in circulating lymphocyte levels. Band neutrophils showed a significant
(p<0.05) increase 12 hours post-stroke when compared to pre-stroke (5.50+0.99 vs.
1.92+0.51% respectively; A, B). Circulating neutrophils were significantly (p<0.05)
increased at 4- and 12-hours post-stroke relative to pre-stroke (43.7£5.27 and 48.94+3.92%
vs. 26.5+1.96%, respectively; C, D). Circulating lymphocytes were significantly (p<0.05)
decreased at 12- and 24-hours post-stroke compared to pre-stroke (25.60+4.01 and
26.60+4.29% vs. 44.83+£3.66% respectively; E, F). * indicates significant difference

between pre-stroke and post-stroke time points.
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Figure 3.5: MCAO leads to functional disabilities and behavioral abnormalities.
Ethovision XT tracking software was used during OF testing to automatically assess
differences in perimeter sniffing (red line) versus OF arena exploration (yellow line) pre-
stroke (A) and post-stroke (B). Exploratory perimeter sniffing frequencies were
significantly (p<0.05) reduced at 48 hours post-stroke compared to pre-stroke observations
(13.0£2.94 vs 26.0£4.02, respectively; C). * indicates a significant difference from pre-

stroke.
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Figure 3.6: Ischemic stroke results in spatiotemporal gait deficits. Velocity and
cadence significantly (p< 0.01) decreased post-stroke (61.01£8.39 vs 162.9+12.73 cm/s
and 61.01£5.91 vs 126.44£3.72 steps/min, respectively, A-B). The LF swing percent of
cycle significantly (p<0.01) decreased compared to pre-stroke (30.70+£2.12 vs
48.8912.35%, respectively, C). A significant (p<0.01) decrease in LF stride length was
observed post-stroke compared to pre-stroke (59.04+3.85 vs 76.72+4.60cm, respectively,
D). LF cycle time significantly (p<0.01) increased relative to pre-stroke (1.02+.09 vs
0.48+0.013sec, respectively, E). The mean pressure exhibited by the LF significantly
(p<0.01) decreased at post-stroke compared to pre-stroke (2.62+.03 vs 2.82+.03 arbitrary

units (A.U.), respectively, F). * indicates significant difference between pre-stroke and

post-stroke time points.
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CHAPTER 4
HUMAN NEURAL STEM CELL EXTRACELLULAR VESICLES IMPROVE

RECOVERY IN A PORCINE MODEL OF ISCHEMIC STROKE!

"Webb, R.L.T, Kaiser, E.E.T, Jurgielewicz, B.J., Spellicy, S.E., Scoville, S.L., Thompson,
T.A., Swetenburg, R.L., Hess, D.C., West, F.D., and Stice, S.L. Stroke. 2018;
49:1248-1256. Reprinted here with permission of the publisher.

1 these authors equally contributed to this work
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Abstract
Background and Purpose:

Recent work from our group suggests human neural stem cell derived extracellular
vesicle (NSC EV) treatment improves both tissue and sensorimotor function in a preclinical
thromboembolic (TE) mouse model of stroke. In this study, NSC EVs were evaluated in a
pig ischemic stroke model, where clinically-relevant endpoints were utilized to assess
recovery in a more translational large animal model.

Methods

Ischemic stroke was induced by permanent middle cerebral artery occlusion
(MCAOQ), and either NSC EV or PBS treatments were administered intravenously (IV) at
2, 14, and 24 hours post-MCAO. NSC EV effects on tissue level recovery were evaluated
via magnetic resonance imaging (MRI) at 1 and 84 days post-MCAO. Effects on functional
recovery were also assessed through longitudinal behavior and gait analysis testing.
Results

NSC EV treatment was neuroprotective and led to significant improvements at the
tissue and functional levels in stroked pigs. NSC EV treatment eliminated intracerebral
hemorrhage (ICH) in ischemic lesions in NSC EV pigs (0/7) versus control pigs (7/8). NSC
EV treated pigs exhibited a significant decrease in cerebral lesion volume and decreased
brain swelling relative to control pigs 1-day post-MCAO. NSC EVs significantly reduced
edema in treated pigs relative to control pigs, as assessed by improved diffusivity through
Apparent Diffusion Coefficient (ADC) maps. NSC EVs preserved white matter (WM)
integrity with increased corpus callosum fractional anisotropy (FA) values 84 days post-

MCAO. Behavior and mobility improvements paralleled structural changes, as NSC EV
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treated pigs exhibited improved outcomes including increased exploratory behavior and
faster restoration of spatiotemporal gait parameters.
Conclusions

This study demonstrated for the first time in a large animal model novel NSC EVs
significantly improved neural tissue preservation and functional levels post-MCAO,

suggesting NSC EVs may be a paradigm changing stroke therapeutic.
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Introduction

Food and Drug Administration (FDA) approved therapies for stroke (tissue
plasminogen activator and endovascular thrombectomy) are currently only available to a
small subpopulation of stroke victims ! 2. Following a litany of failed treatments,
assessment by the Stem Cell Emerging Paradigm in Stroke (STEPS) consortium meetings
identified major needs including 1) a regenerative therapy, and 2) testing in translational
animal models more reflective of human pathology > *. Similarly, the Stroke Therapy
Academic Industry Roundtable (STAIR) encouraged 1) testing in higher-order
gyrencephalic species, 2) evaluating clinically-relevant routes of administration, and 3)
longitudinal behavior assessment > 6. These recommendations prompted our therapeutic
evaluation of intravenously (IV) administered human neural stem cell extrecellular vesicles
(NSC EVs) in a translational pig ischemic stroke model.

One of the most promising emerging therapeutics capable of addressing the need
for a neuroprotective and/or regenerative therapy are extracellular vesicles (EVs) sourced
from stem cells cultures ’. EVs are heterogeneous populations of both 50-1,000 nm plasma
membrane shed microvesicles, and 40-150 nm exosomes derived from the endocytic
pathway. These EVs are enriched in transmembrane proteins, bioactive lipids, and
miRNAs, and are produced by virtually all cell types ®°. Recently, the therapeutic potential
of these cell signaling vesicles has been explored from several cell sources and for varied
applications '°. The vast majority of previously reported neural injury studies evaluating
stem cell derived EVs have utilized mesenchymal stem cell (MSC) derived EVs !!"13,
However, in vivo biodistribution of EVs is highly dependent on cell source, suggesting

EVs will display specific biodistribution patterns in vivo reflecting their parent cell line !4,

122



We compared the neuroprotective and regenerative properties of NSC EVs versus
isogenically derived MSC EVs in a mouse thromboembolic (TE) stroke model. MSC EV
treatments trended towards decreasing stroke lesion volume whereas NSC EVs
signifincantly decreased lesion size, preserved motor function, and improved episodic
memory'>. These findings collectively warrant further rigorous testing of NSC EVs in a
secondary pig ischemic stroke model.

Following the STEPs and STAIR committees’ recommendations, NSC EV
therapeutic benefits should be extensively tested using clinically-relevant routes of
administration, treatment regimen, and endpoints in a large animal model of ischemic
stroke. The porcine permanent middle cerebral artery occlusion (MCAO) model possesses
several advantages including brain anatomy and physiology comparable to humans '8,
Both human and porcine brains are gyrencephalic and are composed of >60% white matter
(WM), while rodent brains are lissencephalic and are composed of <10% WM *-22, These
similar attributes in cytoarchitecture are critically important as WM is highly vulnerable to
pathological processes that follow ischemic stroke ?2. Since pigs are of similar body size to
humans and their brains are only 7.5 times smaller than human brains, compared to the 650
times smaller rodent brain, pigs are a more direct assessment of dosing in a preclinical
model '%. These similarities in brain composition, cytoarchitecture, and size collectively
support the use of a pig ischemic stroke model to better predict outcomes between
preclinical rodent models and human clinical trials.

The objectives of this study were to evaluate the therapeutic potential of NSC EVs
through magnetic resonance imaging (MRI) at 1 and 84 days post-MCAOQO, and to

longitudinally assess changes in motor function via gait analysis and open field testing. In
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this study we present for the first time, evidence NSC EVs promote extensive tissue and
functional level recovery in a large animal preclinical stroke model.
Materials and Methods

Data that support the findings of this study are available from the corresponding
author upon reasonable request.
Study design

The overarching aim of these studies were to evaluate NSC EV efficacy as a
potential acute stroke therapy in a preclinical, biologically relevant porcine MCAO model
of ischemic stroke. Endpoints were selected to evaluate tissue and functional level changes
in response to treatment. We employed a split plot experimental design, where all treatment
groups were conducted within one day to control for and reduce experimental variation.
The sample size for this study was determined by a power calculation based on our
previously published work using the pig MCAO model with lesion volume changes by

MRI imaging being the primary endpoint®?

. The power analysis was calculated using a
two-tailed ANOVA test, 0=0.05, and an 80% power of detection, effect size of 1.19 and a
standard deviation of 44.63. Initially, 14 pigs were randomly assigned to the treated and
control groups. However, due to high mortality rates within the control group, 2 additional
pigs were added to the control group for a total 9 pigs in the control group and 7 pigs in the
treated group (physiological data, and mortality information included in online-only data
supplement Table I and II, respectively). While a greater percentage of NSC EV pigs
survived relative to control pigs, there were no statistically significant survival rate

differences between treatment groups (online-only data supplement Fig. I). Ischemic stroke

was induced by a blinded surgeon and EVs were delivered as single use aliquots by
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investigators. To control for potential day effects, one treated and one control pig were
assigned to each surgical day except for one surgical day in which the two additional
control pig surgeries were performed. Due to the timing of the first treatment, it was not
possible to show proof of identical lesion sizes prior to NSC EV administration or account
for progression rate of lesions. However, a one-way ANOVA and post-hoc Tukey-Kramer
pair-wise test comparing the lesion volumes of pigs within each treatment group between
the first and second half of the study resulted in no significant difference (treated p=0.9994,
non-treated p= 0.7804). This consistency in lesion volumes suggests there was no
significant difference in time dependent variables including the effect of surgical
procedures over the course of the study. All endpoints and functional measurements were
prospectively planned and underwent unblinded analysis. Predefined exclusion criteria
from all endpoints included instances of infection in the injury site, self-inflicted injuries
that required euthanasia, inability to thermoregulate, uncontrolled seizure activity, and/or
respiratory distress. 1 control pig was excluded from MRI collection due to post-operative
complications and premature death (online-only data supplement Table II). Data collection
from 1 treated pig was retrospectively excluded from all assessments due to a Trueperella
(Arcanobacterium) pyogenes abscess and was determined to be the result of the surgery by
pathologists and veterinarians. No outliers were removed from the data.
Results
NSC EV manufacture consistently produced biologically active and reproducible vesicles.
EVs were harvested from NSC basal culture medium according to standard
production protocol and with reproducible size profile with over 90% of EVs under 200

nm in diameter as determined by Nanosight (Supplemental methods) !°. To determine
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cellular uptake of NSC EVs, a critical component of EV function, uptake of Dil labeled
NSC EVs was evaluated using an interferometric technique known as spatial light
interference microscopy (SLIM) 2%, Time lapse imaging (18-hour time point shown)
indicated NSC EVs were taken up by cells and were visualized while being transported
within the cell (Figure 4.1A-C, online-only data Supplemental Movie S1). NSC EVs may
ultimately exert their efficacy through uptake by various cell types when in circulation.
NSC EVs were analyzed using a commercially available MACSPlex exosome kit and
displayed a consistent EV marker profile (Figure 4.1D). Along with the recently published
physical size evaluation this data supported a consistent profile and bioactivity of NSC EVs

derived from separate purifications °.

NSC EVs decreased lesion volume and mitigated cerebral swelling 1-day post-MCAQO.

To confirm ischemic stroke 1-day post-MCAO, MRI T2 Weighted Fluid
Attenuated Inversion Recovery (T2FLAIR), and Diffusion Weighted Imaging (DWI)
sequences were assessed and exhibited territorial hyperintense lesions characteristic of an
edematous injury (Figure 4.2A, white arrows). Hypointense lesions observed on
corresponding Apparent Diffusion Coefficient (ADC) maps confirmed areas of restricted
diffusion indicative of cytotoxic edema (Figure 4.2A, white arrows), thus confirming
permanent cauterization of the middle cerebral artery (MCA) resulted in ischemic
stroke. T2 Weighted (T2W) sequences at 1-day post-MCAO revealed characteristic
hyperintense lesions indicative of acute ischemic stroke (Figure 4.2B). To account for the
space-occupying effect of brain edema, edema-corrected lesion volume (LVc) was
calculated utilizing T2W and corresponding ADC maps revealing a significant (p<0.05)

decrease in LVc in NSC EV treated pigs when compared to controls (6.0+1.4 vs. 10.7+1.4
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cm?® respectively, Figure 4.2C). T2W based results also indicated significantly (p<0.01)
decreased swelling of the affected ipsilateral hemisphere resulting in a less pronounced
midline shift in NSC EV treated pigs relative to control pigs 1-day post-MCAO (113.74+2.6
vs. 126.8+3.4 % respectively, Figure 4.2B, D). Despite these acute changes, there were no
significant differences in lesion volume or brain atrophy between treatment groups 84 days
post-MCAO (Supplemental Figure 4.3). The occurrence of intracerebral hemorrhage
(ICH) was also substantially reduced in NSC EV treated pigs relative to controls (0/7 and
7/8 pigs, respectively, Figure 4.2B, white arrows, Supplemental Figure 4.2).

NSC EVs promoted increased diffusivity and white matter integrity 1 and 84 days post-
MCAO.

Cerebral diffusivity was evaluated utilizing DWI sequences and derived ADC
maps. Signal void, consistent with restricted diffusion and indicative of cytotoxic edema
was quantified (Figure 4.3A, white arrows). Mean ADC values in the affected ipsilateral
hemisphere were compared to the contralateral hemisphere with calculated percent changes
closer to zero being more similar to normal tissue. NSC EV treated pigs exhibited a
significantly (p<0.01) reduced percent change in ADC values when compared to control
pigs 1-day post-MCAO (-18.7+2.6 vs. -32.3%+1.5 % respectively; Figure 4.3C). To assess
long-term changes in WM integrity, the corpus callosum was examined 84 days post-
MCAO. Changes in FA in the affected ipsilateral hemisphere were again compared to the
contralateral hemisphere. FA maps depicted a decrease in the corpus callosum of the
ipsilateral hemisphere of control pigs 84 days post-MCAO (Figure 4.3B, white arrow),
while NSC EV treated pigs exhibited a significantly (p<0.01) lower percent decrease in FA

values (-13.9£3.2% vs. -43.3+6.7 %, respectively; Figure 4.3D). Collectively, MRI results
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offered compelling evidence NSC EV treatment provided neuroprotection and promoted
tissue level recovery by decreasing cerebral lesion volume, swelling, incidence of ICH, and
preserving diffusivity and WM integrity.

NSC EVs resulted in increased motor activity and exploratory behavior.

Exploratory behavior and motor activity pre- and post-MCAO were assessed by
open field testing. NSC EV treated pigs did not significantly decrease their distance
traveled, while control pigs were less active, compared to pre-MCAO time points
(113.6+12.0 vs. 42.0+12.7 m; p<0.01; Figure 4.4A). Interestingly, longitudinal analysis at
84 days post-MCAO revealed NSC EV treated pigs exhibited a significant increase in
distance traveled compared to their pre-MCAO time points (107.3+£9.9 vs. 217.0+£29.6 m;
p<0.05), however this trend was not observed in control pigs. Together, these findings
suggest NSC EVs preserved normal exploratory behaviors and motor activity post-MCAO.
NSC EV treatment led to faster and improved recovery of spatiotemporal gait parameters

In addition to exploratory activity, there were several key differences in measured
temporal gait parameters between treatment groups. Velocity (distance traveled/second),
cadence (strides/minute), and swing percent of cycle (percentage of one full gait cycle in
which the contralateral hind limb was in the noncontact phase) significantly decreased 1-
day post-MCAO for both NSC EV treated and control pigs. However, by 7 days post-
MCAO, NSC EV treated pigs recovered when compared to pre-MCAO performance
(Figure 4.4B). In contrast, control pigs’ deficits in velocity, cadence and swing percent of
cycle persisted through 7 days post-MCAO. By 28 days post-MCAO, NSC EV treated pigs
exhibited a significant increase in temporal gait parameters relative to control pigs, thus

demonstrating substantial improvement.
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Similar functional outcomes in spatial gait parameters were also observed. Stride
length (distance between consecutive hoof prints of the contralateral forelimb), hoof print
area (measured by the number of activated sensors of the contralateral forelimb), and total
scaled pressure (the sum of peak pressure values recorded from each activated sensor by a
hoof during contact) decreased similarly in both groups 1-day post-MCAO (Figure 4.4C).
However, NSC EV treated pigs recovered by 7 days post-MCAO while control pigs
remained significantly impaired at the same time points for these spatial parameters,

indicating faster recovery.

Discussion

This pivotal study presents the first experimental evidence IV administration of
NSC EVs improved tissue and functional level outcomes in a translational porcine
ischemic stroke model while adhering to the STEPS and STAIR committee
recommendations for developing and testing novel stroke therapeutics >**2>2°, NSC EV
intervention led to significant decreases in lesion volume, which has never been observed
before in EV-related neural injury studies and has been considered a key biomarker for
recovery '%13:27:28  Although EVs were harvested from human NSC EVs, no overt negative
immune responses were detected in the porcine model. These data support our recently
published data in a thromboembolic mouse model where the injury response to stroke was
dampened while augmenting a reparative systemic response favoring macrophage
polarization toward anti-inflammatory M2 cells, increasing Treg cells, and decreasing
proinflammatory TH17 cells '°. In addition, NSC EV therapy led to preserved diffusivity
and sustained WM integrity, which strongly correlates with improvements in executive

function, cognitive decline, and sensorimotor deterioration, as well as decreased
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hemispheric swelling and ICH incidence, which are intimately associated with stroke
patient morbidity 2233,

Significant decreases in hemispheric swelling and decreased incidence of ICH
indicated NSC EV treatment not only preserved cellular integrity in the ischemic site, but
also preserved the integrity of microvessels and associated capillary beds 1-day post-
MCADO. A recent study of MSC EVs post-MCAO reported increased vascular remodeling
in the ischemic boundary zone of rats 2. The NSC EV marker profile (Fig. 1D) indicated
consistent presence of integrins, including integrin beta-1 (CD29) and integrin alpha 2b
(CD41Db). Integrin beta-1 is known to mediate cell-to-cell and cell-to-matrix interactions,
and regulate cell migration **3°. Similarly, integrin alpha-2b is a receptor known to bind a
variety of ligands leading to rapid platlet aggregation as well as positive regulation of
leukocyte migration and megakaryocyte differentiation *% 37. In addition, blockade of
integrin alpha-2b (CD41) increases ICH incidence and mortality after transient MCAO in

a dose-dependent manner .

By altering the processes of coagulation and vascular
function, IV administered NSC EVs may protect the integrity of the blood brain barrier
through inherent intercellular signaling components. While the exact molecular mechanism
of action is currently unknown, whether dependent on one or multiple EV components or
direct action at the systemic level or on the brain directly, this data, in addition to our
published rodent study, supports that NSC EVs are biologically active and elicit a positive
neuroprotective response in vivo in both rodent and large animal preclinical stroke models
15

A frequently used predictive indicator of patient prognosis is acute lesion volume

due to the high correlation between neurological deficits and long-term functional
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outcomes 2. Although multiple MSC EV related rodent models of stroke have observed
improvements in tissue and functional recovery, the extent of neural protection seen with
NSC EV treatment is unprecedented. Previous rodent stroke studies assessing the efficacy
of MSC EVs showed no changes in lesion volume !> 32728 In comparison, our recently
published data indicated a ~35% reduction in lesion volume in the mouse TE-stroke model.
Comparatively, our data in the porcine model possessed a significant 44% decrease in
lesion volume at 1-day post-MCAO, suggesting NSC EVs are potentially more protective
and thus more therapeutically relevant than MSC EVs.

Restoring motor function in stroke patients is critical for improvement in quality of

1 447, Most stroke patients exhibit

life and is a robust measure of therapeutic potentia
hemiparesis with correlative asymmetries, decreased velocity, stride length, and other
spatiotemporal parameters, therefore it was vital to determine whether these cellular
benefits resulted in functional benefits at the organismal level ***°. To date, no exosome
efficacy study has performed a comprehensive assessment of changes in gait function post-
stroke. Previous studies have relied on gross measurements (foot fault tests, rotarod), which
do not account for fine motor changes in gait as do relative pressure, swing percent, and
stride length ' 12, In this study, we found significant changes and decreased recovery time
in these and other translational parameters that are critical readouts for human patients. The
pig is also likely a more representative model of human gait changes post-stroke when
compared to rodents, despite being a quadruped, as weight (pigs in this study were between

72 and 104 kg), limb, and body length are more comparable to humans and are more

similarly affected by biomechanical forces generated during normal movement.
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In this study, we have demonstrated NSC EVs are a potent biological treatment that
positively impact both molecular and functional outcomes post-stroke, while abiding by
STEP and STAIR committee recommendations for rigorously developing and testing
therapeutics. NSC EVs in our porcine ischemic stroke model exhibited a multifactorial
effect leading to decreased lesion volume, hemispheric swelling, and ICH, while also
promoting diffusivity, WM integrity, and functional performance in a large animal model
with similar cerebral architecture and WM composition to humans. As an effective
treatment in both rodent and porcine stroke models, NSC EVs possess inherent biological

characteristics suitable for translation into human stroke therapeutics.
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Figure 4.1: NSC EV manufacture produces biologically active, consistent vesicles. Dil
labeled vesicles (B) were added into the culture medium of human umbilical MSCs (A)
and imaged over 24 hours (A-C). Vesicles are taken up by the cells (C) and can be seen
being actively transported within the cell. Flow cytometry is routinely used for batch
analysis of NSC EVs (using the commercially available MACSPlex kit) and indicates NSC

EVs have a consistent marker profile (D).
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Figure 4.2: NSC EV treatment decreases intracerebral hemorrhage, lesion volume,
and hemispheric swelling 1-day post-MCAQO. T2W and DWI sequences revealed
territorial hyperintense lesions characteristic of an edematous injury (A, white arrows).
Hypointense lesions observed on corresponding ADC maps confirmed areas of restricted
diffusion indicative of cytotoxic edema (A, white arrow). These resulting hallmarks
demonstrated permanent cauterization of the ventral aspect of the MCA resulted in bona
fide, repeatable ischemic stroke in all pigs. NSC EV treated pigs exhibited a reduced
incidence of ICH (B, white arrows). NSC EV treated pigs also demonstrated a significant
(p<0.05) decrease in LVc when compared to control pigs at 1 day post-MCAO (6.0<1.4
vs. 10.7£1.4 cm?® respectively; C) and a significantly (p<0.01) lower percent increase in
hemisphere volume resulting in a less pronounced midline shift relative to control pigs at
1 day post-MCAO (113.7742.571 vs. 126.8343.41 % respectively; D). * indicates

significant difference between treatment groups.
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Figure 4.3: NSC EV treatment promotes increased diffusivity of ischemic lesions and
preserved white matter integrity of the corpus callosum. ADC maps derived from DWI
sequences revealed signal void indicative of restricted diffusion and cytotoxic edema. NSC
EV treated pigs exhibited a significantly (p<0.01) lower percent decrease in ADC values
relative to control pigs 1-day post-MCAO (-18.7242.55 vs. -32.35+1.54 % respectively;
A, C, white arrows) suggesting improved diffusivity in ischemic lesions. Color-coded FA
maps depicted territorial changes in the corpus callosum 84 days post-MCAOQO. NSC EV
treated pigs exhibited a significantly (p<0.01) lower percent decrease in FA values

(-13.9443.18 vs. -43.29+6.65 % respectively; B, D, white arrows) when compared to
control pigs, suggesting preserved white matter integrity. * indicates significant difference

between treatment groups.
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Figure 4.4: NSC EV treatment results in increased motor activity and improved
recovery of spatiotemporal gait parameters. Ethovision™ XT tracking software was
utilized during open field testing to automatically assess differences in distance traveled
between treatment groups; representative 10-minute movement tracings shown for control
(A, blue) and NSC EV treated (A, green) pigs. Control pigs experienced a significant
decrease in distance traveled at 7 days post-MCAO while treated pigs did not. Both groups
increased distance traveled over 28 days, however treated pigs traveled significantly further
than their pre-MCAO distance while control pigs did not. At 1-day post-MCAO, NSC EV
treated and control pigs exhibited significant decreases in temporal gait parameters
including velocity, cadence, and swing percent pigs (B). By 7 days post-MCAO, NSC EV
treated pigs recovered these parameters while control pigs did not recover until 28 days.
At 28 days the NSC EV treated pigs performed significantly better in velocity, cadence,
and swing percent than control pigs. Differences in spatial gait parameters were also noted
between NSC EV treated and control pigs in terms of stride length, hoof print area, and
relative pressure (C). By 7 days post-MCAO, NSC EV treated pigs had recovered from
deficits in stride length, hoof print area, and relative pressure, whereas control pigs
remained impaired. In addition, NSC EV treated pigs performed significantly better in
terms of stride length when compared to control pigs at the same time point. *, # indicates
significant (p<0.01) difference between pre- and post-MCAO timepoints. a indicates

significant (p<<0.01) difference between treatment groups.
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Supplemental Material
Materials and Methods
Animals and housing

All work performed in this study was approved by the University of Georgia
Institutional Animal Care and Use Committee guidelines. Sexually mature, castrated male
Landrace pigs, 5-6 months old and 72-104 kg were obtained from the biosecure University
of Georgia Swine farm, original seed stock was from one commercial entity. Young,
healthy male pigs were used in accordance with the STAIR guidelines that suggests initial
therapeutic evaluations should be performed with young, healthy male animals, and further
studies should be performed in females, aged animals, and animals with co-morbidities
such as hypertension and diabetes !. Pigs were individually housed at a room temperature
of 27°C with a 12-hour light/dark cycle. All pigs were fed standard grower diets ad libitum
prior to stroke induction, and only feed restricted prior to anesthetic events.
Middle cerebral artery occlusion (MCAO) surgical procedure

MCAO was induced as previously described with minor adjustments 2. The day of
surgery pigs were administered antibiotics (Ceftiofur sodium (Naxcel®; 4 mg/kg IM) and
non-steroidal anti-inflammatory Flunixin Meglumine (Banamine-S; 2.2mg/kg IM). Pre-
induction analgesia and sedation was achieved using xylazine (7 mg/kg IM), butorphanol
(0.3 mg/kg IM) and midazolam (0.3 mg/kg IM). Anesthesia was induced with IV propofol
to effect, and prophylactic lidocaine (0.5 to 1.0 mL of 2% lidocaine) was administered
topically to the laryngeal folds to facilitate intubation. Anesthesia was maintained with

1.5% inhalational isoflurane (Abbott Laboratories) in oxygen.
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As previously described, neural injury was induced by making a curvilinear skin
incision extending superiorly from the right orbit to an area rostral to the auricle. A portion
of zygomatic arch was resected with the rostral aspect extended from the insertion point of
the orbital ligament caudally 3-4 cm. The temporal fascia and muscle were elevated and a
craniectomy was generated exposing the local dura mater. The distal middle cerebral artery
(MCA) and associated branches were permanently occluded using bipolar cautery forceps
thus resulting in ischemic infarction spanning the most caudal aspect of the frontal lobe,
significant areas of the temporal lobe, and portions of the parietal and occipital lobes. The
exposed brain was covered with a sterile biograft made of porcine small intestine
submucosa (MatriStem, ACell) and the temporalis muscle was routinely reattached along
the temporalis line and the skin was routinely reapposed.

Anesthesia was discontinued and pigs were returned to their pens upon extubation
and monitored every 4 hours for the next 24 hours. Heart rate, respiratory rate, and
temperature were recorded at each time point. Banamine (2.2 mg/kg) was administered IM
for postoperative pain, acute inflammation, and fever management every 12 hours for the
first 24 hours, and every 24 hours for 3 days post-MCAO. Naxcel (4 mg/kg) was
administered IM as an antibiotic every 24 hours for 3 days post-MCAO.

Cell culture, EV enrichment, and characterization

H9 cells were differentiated into NSCs using standard operating procedures
previously published 3. Media was harvested off NSC cultures when cells reached ~80%
confluence. Media was filtered through a 0.22 pum filter and further enriched by
ultrafiltration using a 100 kDa regenerated cellulose Amicon or Centricon ultra-centrifugal

filter units or the Amicon stirred cell system, and washed twice with PBS. Enriched EVs
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were stored in single use aliquots 52 ml for pigs (2.7 x 10!+ 10% vesicles/kg) and stored
at -20°C. Labeled EVs were incubated with 10 uM Dil for 30 minutes before washes. Dil
labeled EVs were applied to differentiated NSCs or MSCs and visualized by SLIM as
previously described.
NSC EV and PBS +/+ administration

A total of 50 mLs of either PBS with calcium and magnesium (PBS+/+) or NSC
EVs suspended in PBS +/+ IV access were administered via peripheral ear vein. PBS +/+
or NSC EVs treatment was administered 2, 14, and 24 hours post-MCAO.
MRI acquisition and analysis

MRI was performed 1 and 84 days post-MCAO on a Siemens 3.0 Tesla Magnetom
Avanto MRI system. Utilizing the previously described surgical anesthesia protocol, MRI
of the cranium was performed using a 12-channel head coil, 25 cm in diameter with the pig
positioned in supine recumbency. Standard multiplanar magnetic resonance (MR) brain
imaging sequences were acquired including T2FLAIR, T2W, DWI, and DTI. T2FLAIR,
T2W, DWI, and ADC maps were analyzed using Osirix software whereas DTI and
computed FA values were analyzed using Imagel software. Cytotoxic edema consistent
with ischemic stroke was confirmed at 1-day post-MCAO by comparing corresponding
hyperintense regions in T2FLAIR and DWI sequences, and hypointense regions in ADC
maps. To control for the space-occupying effect of brain edema, hemisphere volumes were
calculated utilizing T2W sequences while ischemic lesion volumes were calculated via
ADC maps as previously described by Gerriets et al . Corrected lesion volumes were

calculated according to the following formula modified from Loubinoux et al. where LV¢
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and LVu indicate corrected and uncorrected lesion volume, respectively, and HVc and HVi

indicate volume of the contralateral and ipsilateral hemisphere, respectively ’.

HVc+HV;
2HV¢

LV¢=HVc+HVi-(HVc+HVi-LVY)-
DWI sequences were utilized to identify hypointense regions of interest (ROI) in the
ipsilateral hemisphere and directly compared to identical ROIs in the contralateral
hemisphere at each coronal plane. Average ADC values were calculated for each coronal
slice, and changes in mean ADC value of the ipsilateral hemisphere were expressed as a
percentage change relative to the contralateral hemisphere. DTI was utilized to generate
FA values in the corpus callosum and was expressed as a percent change in the ipsilateral
hemisphere relative to the contralateral hemisphere.
Behavior assessment and analysis

Open field testing occurred pre-MCAO, 1, 7, and 21 days post-MCAO. Pigs were
permitted to enter the open field arena via two starting gates according to a predetermined
pseudorandomized pattern. Pigs were recorded utilizing Ethovision™ XT tracking
software (Noldus) while exploring the novel 14ft x 16ft open field arena for 10 minutes.
All surfaces of the open field arena were cleaned thoroughly with ethanol between pigs.

Gait data was collected pre-MCAO, 1, 7, and 28 days post-MCAO. Analysis was
performed using an automated computer software program (GaitFour 4.9x9i, GaitRite,
New Jersey) to objectively evaluate multiple spatiotemporal gait parameters ®. Predefined
inclusion criteria included a consistent gait with less than a 10% velocity variation, a
minimum of 12 consecutive footfalls or 3 gait cycles, and no external distractions within

each individual trial. The surfaces of the gait track were cleaned thoroughly with ethanol

between pigs.
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Statistical analysis

All quantitative data was analyzed with SAS version 9.3 (Cary, NC) and statistical
significances between groups were determined by one-way analysis of variance and post-
hoc Tukey-Kramer Pair-Wise comparisons. Treatments where p-values were < 0.05 were

considered significantly different.
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Supplemental Table 4.1: Physiological data. There were no statistical differences in any

physiological parameters between groups.
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Control NSC EV
HR (bpm)[Temp (°F)[RR (bpm)JHR (bpm)|{Temp (°F)[RR (bpm)
Average 0 hours 73.78 97.90 25.33 65.33 96.92 28.00
Standard Deviation 0 hours | 36.99 1.09 8.94 17.28 1.65 6.69
Average 13 hours 100.44 100.68 36.78 92.67 100.68 35.33
Standard Deviation 13 hours| 26.64 1.85 33.00 35.09 1.50 14.18
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Supplement Table 4.2: Death summary.
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Survival

%g W Post- Cause of Death
= — MCAQO
4 Control 1 day Seizure
5 NSCEV 7 days Non-stroke related
treated post-operative injury;
broken leg
6 Control 3 days Seizure
8 Control 0 days Non-stroke related
post-operative
complication
11 NSCEV 21 days Idiopathic; possibly
treated endocarditis
13 Control 2 days Seizure
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Supplemental Figure 4.1: NSC EVs do not alter post-stroke survival rate. Although a
greater percentage of treated pigs survived to the endpoint, there were not statistically

significant differences in survival rate between groups.
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Supplemental Figure 4.2: NSC EVs resulted in decreased ICH. T2W sequences
revealed characteristic hyperintense lesions indicative of acute ischemic stroke. Control
pigs exhibited significantly (p=0.0100) greater hemorrhage indicated by hypointense areas

in the infarct region relative to NSC EV treated pigs at 1-day post-MCAO.
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Supplemental Figure 4.3: NSC EVs do not alter lesion volume and brain atrophy at
84 days post-MCAO. There were no significant differences in lesion volume or brain

atrophy between groups 84 days post-MCAO.
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CHAPTER 5
INTRACISTERNAL ADMINISTRATION OF TANSHINONE ITA-LOADED
NANOPARTICLES LEADS TO REDUCED TISSUE INJURY AND FUNCTIONAL

DEFICITS IN A PORCINE MODEL OF ISCHEMIC STROKE !
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Abstract

Rationale

Although the absolute number of new stroke patients has increased every year, few Food
and Drug Administration approved treatments are available to patients. Tanshinone-IIA
(Tan ITA) is a promising potential therapeutic for ischemic stroke that has shown success
in preclinical rodent studies, but led to inconsistent efficacy results in human patients.
The physical properties of Tan IIA, including short half-life and low solubility, suggest
that poly (lactic-co-glycolic acid) (PLGA) nanoparticle (NP) delivery may lead to
improved and consistent therapeutic effects. The objective of this study was to develop
Tan I1A-loaded nanoparticles (Tan IIA-NPs) and evaluate their therapeutic effects on
cerebral pathological changes and consequent motor function deficits in a translational
pig ischemic stroke model.

Methods

Tan ITA-NPs were synthesized through a nanoprecipitation method and assessed for NP
characteristics, cytotoxicity (MTT assay), antioxidative (SOD assay), and anti-
inflammatory (TNF-a and IFN-y ELISA assays) properties in vitro. Ischemic stroke was
induced by permanent middle cerebral artery occlusion in male Landrace pigs. At 1-hour
post-stroke, Tan IIA-NPs or vehicle only was administered via intracisternal injection.
Magnetic resonance imaging (MRI) was performed at 24 hours post-stroke to assess brain
pathology and blood was collected pre-stroke, 4, 12, and 24 hours post-stroke to evaluate
immune responses. Gait analysis was performed pre- and post-stroke to measure changes
in spatiotemporal gait parameters.

Results
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Tan ITIA-NPs treated cells showed a reduction in SOD activity and TNF-a and IFN-y
inflammatory cytokines in in vitro assays demonstrating antioxidative and anti-
inflammatory effects. MRI results demonstrated that ischemic stroke pigs treated with Tan
ITA-NPs had reduced hemispheric swelling (7.85 vs. 16.83 %), midline shift (1.72 vs. 2.91
mm), and lesion volumes (9.54 vs. 12.01 cm?). Treatment also lead to reduced change in
diffusivity (-37.30 vs. -46.33 %), white matter damage (-19.66 vs. -30.11 %), and
hemorrhage (0.84 vs. 2.90 cm?) 24 hours post-stroke. Tan IIA-NPs also lead to a reduced
percentage of circulating band neutrophils at 12 (7.75 vs. 14.00 %) and 24 (4.25 vs. 5.75
%) hours post-stroke suggesting a mitigated immune response. Spatiotemporal gait deficits
including cadence, cycle time, step time, swing percent of cycle, and stride length, as well
as changes in relative mean pressure were also less severe post-stroke in Tan IIA-NP
treated pigs relative to control pigs.

Conclusion

The findings of this study demonstrate administration of Tan IIA-NPs in the acute phase
post-stroke mitigates cerebral injury leading to less severe gait deficits in a translational
pig ischemic stroke model. With stroke being the leading cause of functional disability in
the United States, and gait deficits being a major component, these promising results
suggest acute Tan IIA-NP administration may improve functional outcomes and the quality

of life of many future stroke patients.
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Introduction

The absolute number of new stroke patients has increased to an estimated 10.3
million people a year [1, 2]. Unfortunately, there are few Food and Drug Administration
(FDA)-approved treatments for ischemic stroke with each presenting potential risks. Tissue
plasminogen activator (tPA), for example, has a limited administration window with
potentially deadly risk factors including intracerebral hemorrhage (ICH) [3-7]. The limited
therapeutic time window results in relatively low administration rates (<5% patients) of
tPA. There is a clear need for further investigation of novel stroke therapies and delivery
approaches that lead to robust recovery. Therapeutic approaches that modulate key
processes in the secondary injury cascade including inflammation and oxidative stress are
promising neuroprotective options [8]. Tanshinone IIA (Tan IIA) is one such
neuroprotectant that acts as a free-radical scavenger and has antioxidant and anti-
inflammatory effects post-stroke [9, 10]. Similar to many other neuroprotective
therapeutics, administration of Tan IIA has resulted in reduced lesion volumes, mortality,
and improved neurological function in preclinical rodent studies [11-13]. However, Tan
ITA and many other neuroprotective therapies have demonstrated limited efficacy in human
clinical trials [14, 15]. One potential way to improve the efficacy of Tan IIA in humans is
through the use of a nanoparticle (NP) delivery system. NP drug delivery can improve drug
circulation time and control release over extended periods of time while simultaneously
reducing toxicity [16, 17]. The disconnect in neuroprotectant success between preclinical
rodent studies and human clinical trials is likely in part due to major differences in size,
cytoarchitecture, and physiology between rodent and human brains leading to dissimilar

therapeutic responses [18-21]. These inherent anatomical differences have led to a demand
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from the stroke therapeutic community for the development and testing of novel treatments
in more representative translational animal models, such as the pig, that more closely
resemble human brain anatomy and physiology [22, 23].

Following the primary ischemic insult, a secondary injury cascade is initiated with
the release of the excitatory neurotransmitter, glutamate, from dying neurons causing
excitotoxicity, peri-infarct depolarizations, production of reactive oxygen species (ROS),
and inflammation [24, 25]. Generated ROS leads to the damage of DNA, RNA, and critical
cellular machinery leading to cell death. The increase in ROS, the release of damaged-
associated molecular patterns (DAMPS), and hypoxia triggers an immune response
including an increase in neutrophils and the production of inflammatory cytokines such as
tumor necrosis factor o (TNF-a) and interleukin 6 (IL-6) [26, 27]. The secondary injury
cascade leads to rapid and substantial brain damage. Therefore, inhibiting ROS production
and inflammation may be a promising therapeutic target.

Tan IIA has been shown to have antioxidant and anti-inflammatory effects in rodent
and human stroke studies [28, 29]. Rodent studies showed Tan IIA was effective in
reducing brain edema and infarct volume in response to ischemic injury [11, 13, 28].
Reduced brain edema and lesioning correlated with rodent improvements in overall
neurological function post-stroke including limb mobility, ambulation, righting reflexes,
and reduced circling behavior [11]. Human clinical trials testing Tan ITA in its purified or
crude form (dried Salvia miltiorhiza root) has led to mixed efficacy results with studies
showing significant to no improvements in clinical outcomes (e.g. cerebral blood flow,
neurological symptoms, and muscle strength) of ischemic stroke patients [14, 15, 30, 31].

Conflicting results between rodent and human outcomes suggest Tan IIA may be a
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potentially effective treatment, yet further optimization is needed to achieve improved
consistency in post-stroke outcomes.

In its purified form, Tan IIA has a short circulation half-life and poor solubility,
which limits systemic drug concentrations and consequent pharmacological responses [32,
33]. Furthermore, the hydrophobic properties of Tan IIA reduces permeability and
bioavailability, thus requiring higher administration doses [33]. Poly (lactic-co-glycolic
acid) (PLGA) NPs are an FDA-approved copolymer made of lactic acid and glycolic acid.
PLGA or the PEGylated derivative, polyethylene glycol-poly lactic acid-co-glycolic acid
(PEG-PLGA), can encapsulate large amounts of hydrophobic molecules, like Tan IIA, and
release them at a controlled rate [34]. A sustained drug release improves drug
bioavailability and reduces the frequency of drug administration. The controlled release,
low toxicity, high biodegradability, low immunogenicity, and significant clinical
experience makes PLGA a favorable nanoplatform for drug delivery [35]. Extensive
preclinical and clinical studies confirm PLGA NPs are a safe and efficient delivery system
[17, 34, 36]. A PLGA NP delivery system could significantly improve the bioavailability,
solubility, and pharmacological efficacy of Tan IIA in ischemic stroke patients. NP
treatments are commonly delivered intravenously (IV), however this limits the therapeutic
effects of NP delivered drugs for ischemic stroke as NPs cannot freely transverse the blood
brain barrier (BBB). Intracisternal delivery of NPs may overcome this challenge as NPs do
not need to cross the BBB due to direct administration into the cerebral spinal fluid (CSF)
of the central nervous system (CNS). Additionally, intracisternal NP treatments are not

diluted in the circulatory system, removed by filtering organs such as the liver, thus lower
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NP concentrations are required, and the potential of off target effects in other organ systems
is reduced.

The Stroke Therapy Academic and Industry Roundtable (STAIR) recommended
preclinical testing of potential therapeutics in gyrencephalic species to increase the
possibility of translating therapies to the clinic [22]. The use of large animal models is an
important step in the translational framework as most therapies that have reached and failed
in clinical trials have been successfully tested in rodent models, indicating a need for a
more predictive model. The pig has anatomical and physiological similarities to humans
making it a robust model for studying novel therapeutics for ischemic stroke [37]. While
rodent brains are lissencephalic and composed of <10% white matter (WM), both human
and pig brains are gyrencephalic and composed of >60% WM [38]. These differences have
proven critically important in ischemic stroke pathology as WM and gray matter (GM)
exhibit differing sensitivities to hypoxia, with WM more consistently injured in most stroke
cases [39-41]. The pathology of GM is believed to differ from WM in terms of lymphocyte
infiltration, macrophage activity, and BBB alterations in response to injury [42]. WM also
has a greater dependence on Na"and Ca** exchange, y-aminobutyric acid (GABA), and
adenosine with an autoprotective feed-back loop [43]. These anatomical similarities
support that stroke pathophysiology in the pig model is likely more representative of the
human condition and therefore more predictive of human outcomes compared to traditional
rodent models.

In this study, Tan IIA PLGA NPs (Tan ITA-NPs) were characterized and
demonstrated antioxidative and anti-inflammatory capabilities in vitro. Acute testing of

Tan IIA-NPs in a pig model of ischemic stroke showed Tan IIA-NPs have a
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neuroprotective effect leading to reduced cerebral swelling, lesion volume, and improved
WM integrity. These tissue level improvements corresponded with improved motor
function suggesting Tan IIA-NPs may be an effective treatment for ischemic stroke.
Methods and Materials
Synthesis of PLGA-b-PEG-OH

PLGA acid (PLGA-COOH;1.0 g, 0.170 mmol; Lactel), polyethylene glycol (HO-
PEG-OH;2.29 g, 0.684 mmol; Sigma Aldrich), and deoxyadenosine monophosphate
(dMAP; 0.023 g, 0.187 mmol; Alfa Aesar) were dissolved in 30 mL of anhydrous
dichloromethane (CH2Cly; Sigma Aldrich). Next, a 10 mL CHxCl, solution of
dicyclohexylmethanediimine (DCC; 0.141 g or 0.684 mmol; Sigma Aldrich) was added
dropwise to the reaction mixture at 0 °C with magnetic stirring. The mixture was warmed
up to room temperature and stirred overnight. Insoluble dicyclohexylurea (C13H24N>O) was
filtered out. The raw product was precipitated out by adding 50 mL of 50:50 diethyl ether
((C2H5)20; Sigma Aldrich) and methanol (CH30H; Sigma Aldrich) to the mixture. The
mixture was centrifuged for 15 minutes at 4 °C. The purification step was repeated 4-5
times, followed by '"H NMR analysis that was performed on a Varian Mercury Plus 400

system.

NP synthesis

PLGA NPs were synthesized through a nanoprecipitation method. Briefly, poly
(lactide-co-glycolide)-b-poly (ethylene glycol)-maleimide (PLGA-b-PEG-OH) was first
dissolved in dimethylformamide (DMF) at a concentration of 50 mg/mL. 100 pL of the
polymer solution was mixed with drug-to-be-loaded (150 pL, 0.15 mg; Tan IIA, TCI

America; Pioglitazone (Piog), Sigma Aldrich; Baicalin (Baic), Sigma Aldrich; Puerarin
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(Puer), Sigma Aldrich; Edaravone (Edar), Sigma Aldrich; Resveratrol (Resv), Sigma
Aldrich) for 30 % feeding and diluted with DMF (Fisher Scientific) to a final polymer
concentration of 5 mg/mL. The mixture was added dropwise to sterile nanopure water with
constant stirring, and the resulting solution was agitated in a fume hood for 2 hours. Drug
loaded NPs were collected on an amicon ultracentrifugation unit (100 kDa cut-off) and
were washed 3-4 times with water. Finally, the NPs were resuspended in sterilized
nanopure water.
NP characterization

A drop of diluted NP solution was deposited onto a transmission electron
microscopy (TEM) grid, followed by staining with 2% uranyl acetate. TEM images were
taken on a FEI Tecnai 20 transmission electron microscope operating at an accelerating
voltage of 200 kV. Hydrodynamic size and surface charge of NPs were analyzed on a
Malvern Zetasizer Nano ZS system.
Drug loading and release

For drug loading analysis, a 50 uLL aqueous solution of NPs was diluted to 900 puL
and 100 uL 0.1 mM sodium hydroxide (NaOH; Sigma Adrich) was added to the solution.
The mixture was incubated at room temperature overnight. Next, the solution was
sonicated for 30 minutes and centrifugated at 5000 rpm for 10 minutes. 100 uL supernatant
was transferred into a 96-well UV transparent plate and its absorbance at the relevant
wavelength was measured (Tan IIA: 258 nm; Baic: 320 nm; Piog: 270 nm).
Drug release study

For the drug release study, 100 L NP solution was loaded onto a dialysis unit

and allowed to float on a 1.1 mL phosphate buffered saline (PBS) solution (pH: 5.5, 6.5,
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or 7.4; Gibco). The system was put on an Eppendorf shaker set at 37 °C. At each time
point (0.5, 1, 2, 4, 8, 12, 24, 36, and 48 hours), 100 uL PBS solution was transferred to a
96-well UV transparent plate. The drug content was assessed by measuring the relevant
absorbance (Tan ITA: 258 nm; Baic: 320 nm; Piog: 270 nm) and compared to a standard

curve. 100 pL of fresh PBS solution was added back to the dialysis system.

Cell culture

Neural stem cells (NSCs; HIP™ hNSC BC1, GlobalStem) were maintained on
Matrigel-coated (Corning) tissue culture treated plates in NSC media composed of
Neurobasal medium (Gibco), 2% B-27 Supplement (Gibco), 1% non-essential amino acids
(Gibco) 2 mM L-glutamine (Gibco), 1% penicillin/streptomycin (Gibco), 20 ng/mL basic
fibroblast growth factor (bFGF; R&D Systems). NSCs were incubated at 37 °C with 5%
CO; and a complete media change was performed every other day. When NSCs reached
confluence, cells were enzymatically passaged using Accutase (Gibco).

Microglia cells (ATCC) were maintained on tissue culture treated plates in
microglia media composed of Eagle’s Minimum Essential Medium (ATCC), 11% fetal
bovine serum (ATCC) 1% penicillin/streptomycin (Gibco). Microglia were incubated at
37 °C with 5% CO; and a complete media change was performed every other day. When
microglia reached confluence, cells were enzymatically passaged using 0.05% trypsin
(Gibco).

MTT assay

The MTT assay was performed according to the manufacturer’s protocol (Sigma

Aldrich). Briefly, 8x10° NSCs were seeded into each well of a 96 well plate. After 8 hours

of incubation at 37 °C in a humidified atmosphere with 5% CO», a gradient of the tested
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drugs or NPs were added into the wells. After 24 hours of incubation, the medium was
removed and cells were washed. 10 pLL MTT solution (10 mg/mL) was added into each
well and incubated with cells for 4 hours. The absorbance at 570 nm was measured on a
plate reader. Viability was calculated by computing relative absorbance with regard to PBS
treated cells.
SOD activity assay

The superoxide dismutase (SOD) activity assay was performed according to the
manufacturer’s protocol (Cayman). Briefly, 1x10° NSCs were seeded into each well of a
6-well plate. After 24 hours, the cells were incubated with 250 uM hydrogen peroxide
(H20») to induce oxidative stress. After 30 minutes, the cells were washed with PBS and
then incubated with drugs or drug-containing NPs at different concentrations for 24
hours. The cells were then detached from plate using a cell scraper, collected by
centrifugation, and washed 3 times with PBS. The resultant cells were homogenized by
sonication and then centrifuged at 3600 rpm at 4 °C for 10 minutes. The supernatant was
immediately collected and diluted with assay buffers by 4 times the supernatant amount.
The diluted solutions were transferred into a 96-well plate at a volume of 200 pL per
well. 20 puL of diluted xanthine oxidase was added into the solution and the plate was
covered with foil and shaken at room temperature for 30 minutes. The absorbance at 450
nm was then read on a plate reader. The SOD activity was calculated as U/mL of protein
by comparing to SOD standards.
ELISA assays

Anti-inflammatory efficacy was tested by TNF-a and IFN-y enzyme-linked

immunosorbent assay (ELISA) assays according to the manufacturer’s protocol
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(Invitrogen). Briefly, 2x10* microglia cells in microglia media were seeded in 12 well
plates overnight. To induce an inflammatory response in microglia cells, 150 ng/mL
lipopolysaccharide (LPS) was added in each well and incubated at 37 °C with 5% CO..
After 24 hours, cells were washed with PBS 2 times and then incubated with either drugs
or at each respective drug’s inhibitory concentration (IC) 20, IC 6.7, IC 2.2, IC 0.74, IC
0.25 or 0 based on the previously performed MTT assay and 150 ng/mL LPS. Negative
control samples were not treated with LPS or drug. After 24 hours, supernatant was
collected from each well, processed and absorbance was read at 450nm. Cytokine values
were calculated as pg/mL.
Animals and housing

All work performed in this study was approved by the University of Georgia
Institutional Animal Care and Use Committee (IACUC) guidelines. Sexually mature,
castrated male Landrace pigs, 5-6 months old and 48-56 kg were enrolled in this study.
Male pigs were used in accordance with the STAIR guidelines that suggests initial
therapeutic evaluations should be performed with young, healthy male animals [44]. Pigs
were individually housed at a room temperature approximately 27 °C with a 12-hour
light/dark cycle. All pigs were fed standard grower diets.
MCA Occlusion and NP delivery

One day prior to surgery, antibiotics and pain medication were administered
(Excede; 5 mg/kg intramuscular (IM) and fentanyl patch; 100 mg/kg/hr transdermal (TD)).
Pre-induction analgesia and sedation were achieved using xylazine (2 mg/kg IM) and

midazolam (0.2 mg/kg IM). Anesthesia was induced with IV propofol to effect and
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prophylactic lidocaine (1.0 mL 2% lidocaine) topically to the laryngeal folds to facilitate
intubation. Anesthesia was maintained with isoflurane (Abbott Laboratories) in oxygen.

As previously described, a curvilinear skin incision extended from the right orbit to
an area rostral to the auricle [45]. A segment of the zygomatic arch was resected while the
temporal fascia and muscle were elevated and a craniectomy was performed exposing the
local dura mater. Following a local durectomy, the distal middle cerebral artery (MCA)
and associated branches were permanently occluded using bipolar cautery forceps resulting
in ischemic infarction. The temporalis muscle and epidermis were routinely re-apposed.

At 1 hour post-stroke, PBS (n=2) or Tan IIA-NPs (n=2) were intracisternally
delivered via a 20 gauge, 3.5 or 6” spinal needle inserted through the skin on the midline
of the dorsal neck, at an anatomical intersection of a vertical line created by the rostral
aspect of the wings of the first vertebral body and a horizontal line connecting the dorsal
arch of C2 with the occipital protuberance. Once the needle was through the cutaneous
tissues, the stylet was removed and advanced until CSF appeared in the needle hub
confirming entry into the cistern. A small volume (3-5 mLs) of CSF was removed while
the spinal needle was in place and the volume removed was replaced with PBS or Tan IIA-
NPs. The volume of NPs delivered was determined by the NP loading efficiency and each
animal received a dose of 133ug/kg Tan IIA.

Anesthesia was discontinued, pigs were returned to their pens upon extubation, and
monitored every 15 minutes until vitals including temperature, heart rate, and respiratory
rate returned to normal. Monitoring was reduced to every 4 hours for 24 hours, and then

twice a day thereafter until post-transplantation sutures were removed. Banamine (2.2
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mg/kg IM) was administered for post-operative pain and fever management every 12 hours
for the first 24 hours post-stroke and then every 24 hours for 3 days.
MRI acquisition and analysis

MRI was performed 24 hours post-stroke on a General Electric 3.0 Tesla MRI
system. Pigs were sedated and maintained under anesthesia as previously described for
MCA occlusion surgery. MRI of the cranium was performed using an 8-channel torso coil
with pigs positioned in supine recumbency. Multiplanar MRI sequences were acquired
including T2 Fluid Attenuated Inversion Recovery (T2FLAIR), T2Weighted (T2W),
T2Star (T2%*), Diffusion-Weighted Imaging (DWI), and Diffusion Tensor Imaging (DTTI).
Sequences were analyzed using Osirix software (Version 5.6). Cytotoxic edema consistent
with ischemic stroke was confirmed 24 hours post-stroke by comparing hyperintense
regions in T2FLAIR and DWI sequences to corresponding hypointense regions in DWI
generated Apparent Diffusion Coefficient (ADC) maps.

Hemisphere volume was calculated using T2W sequences for each axial slice by
manually outlining the ipsilateral and contralateral hemispheres, while excluding the
ventricles. The hemisphere areas were multiplied by the T2W slice thickness (3 mm) to
obtain total hemisphere volumes. Lesion volume was calculated using DWI sequences for
each axial slice by manually outlining hyperintense regions of interest (ROI). The area of
each ROI was multiplied by the DWI slice thickness (2 mm) to obtain the total lesion
volume. ADC values were calculated for each axial slice based on hypointense ROI and
directly compared to identical ROI in the contralateral hemisphere. DTI was utilized to
generate fractional anisotropy (FA) maps. FA values of the internal capsules were manually

calculated on the slice where the internal capsules and the splenium of the corpus callosum
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were visualized. FA values were expressed as a percent change in the ipsilateral
hemisphere relative to the contralateral hemisphere. ICH volume was calculated based on
hypointense ROIs in T2* sequences and multiplied by the slice thickness (2 mm).
Blood collection and analysis
Venous blood samples were collected pre-stroke, 4 hours, 12 hours, and 24 hours post-
stroke into K2EDTA spray coated tubes (Patterson Veterinary). Samples were stored at
room temperature for 30 minutes. 4uL of blood was then pipetted onto a ColorFrost
microscope slide (ThermoScientific) approximately 1 cm from the bottom. A spreader slide
was placed in front of the blood at a 45° angle and retracted while maintaining even
pressure until the blood sample spread evenly along the width of the slide. Care was taken
to ensure each blood smear covered approximately two-thirds of the slide and exhibited an
oval feathered end. Each slide was air-dried for 10 minutes and fixed with methanol for 2
minutes. Once dry, the slide was stained with Rowmanosky stain for 5 minutes. The stained
slide was then submerged in double-distilled water (ddH2O) for 10 minutes. Finally, the
slide was rinsed and allowed to air dry prior to applying a cover slip. Trained, blinded
personnel completed manual cell counts of lymphocytes and band neutrophils at the
monolayer, beginning approximately 1 mm away from the body of the smear. The first 100
cells visualized were identified and cell counts were expressed as a percentage.
Gait analysis

Pre- and post-stroke, all pigs underwent gait analysis to measure differences in
spatiotemporal and relative pressure gait parameters between treatment groups. 2 weeks
prior to stroke induction, all pigs were trained to travel across a gait mat at a consistent,

two-beat pace. Pigs received food rewards at each end of the mat for each successful run
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in which the pig was not distracted and moved at a consistent pace. For each pig, pre-
stroke data was collected on 3 separate days. At each time point, pigs moved across the
mat until 5 consistent repetitions were achieved, with no more than 15 total repetitions
collected.

All data was automatically captured using a GAITFour® electronic, pressure-
sensitive mat (CIR Systems Inc., Franklin, NJ) that is 7.01 m in length and 0.85 m in width
with an active area that is 6.10 m in length and 0.61 m in width. In this arrangement, the
active area is a grid, 48 sensors wide by 480 sensors long, totaling 23,040 sensors. Gait
data was then semi-automatically analyzed using the GAITFour® Software. All resulting
data was analyzed for cadence (steps/min). Further measurements were quantified for the
left forelimb, contralateral to the stroke lesion. These measurements included stride length
(distance between successive ground contact of the left forelimb), swing percent of cycle
(percent of a full gait cycle in which the left forelimb is not in contact with the ground),
cycle time (amount of time for a full stride cycle), and mean pressure (amount of pressure
exerted by the left forelimb).

Statistical analysis

All quantitative data was analyzed with SAS version 9.3 (Cary, NC) and statistical
significances between groups were determined by one-way analysis of variance (ANOVA)
and post-hoc Tukey-Kramer Pair-Wise comparisons. Treatments where p-values <0.05
were considered significantly different. Only two animals were included in each treatment
group for in vivo studies, therefore statistical analysis was limited to in vitro studies.
Results

Tan 1A and Baic drug characteristics enable NP drug delivery.
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Six neuroprotective drugs with antioxidative and/or anti-inflammatory properties
were identified, Baic, Piog, Tan IIA, Puer, Edar, and Resv, and were selected for testing as
a NP based ischemic stroke therapy. These drugs were selected based on preclinical success
in treating ischemic stroke, with some advancing and proving unsuccessful in human
clinical trials, while also having biological characteristics that could benefit from the use
of a NP delivery system such as a short half-life [11-15, 46-55]. Puer, Edar, and Resv
showed very low NP loading efficiency, due to their relatively high hydrophilicity, and
therefore these drugs were eliminated from the study. Baic, Piog, and Tan IIA showed
higher loading efficiencies of 17.01, 4.90, and 15.90 %, respectively. Baic, Piog, and Tan
ITA loaded NPs (henceforth referred to as Baic-NPs, Piog-NPs, and Tan ITA-NPs) were
imaged using TEM and had an average size of 60.80, 74.20, and 52.20 nm, respectively
(Figure 5.1A). Baic-NPs, Piog-NPs, and Tan IIA-NPs size was also assessed by dynamic
light scattering (DLS), which found the hydrodynamic sizes to be 89.28+1.8, 122.404+2.3,
and 91.34+£1.3 nm, respectively (Figure 5.1B). The relative increase of hydrodynamic sizes
is attributed to surface PEGylation and hydration. Assessment of zeta potential showed that
all three NPs have a negatively charged surface, -31.91, -27.39, -28.98 mV, respectively,
which is due to the hydroxyl termini of the PEG chains (Figure 5.1C). For all three
formulations, the drug molecules were slowly released from NPs at acidic and more neutral
pH levels (pH 5.5, 6.5, and 7.4; Figure 5.1D), which is beneficial from a sustained delivery
perspective. However, while Tan IIA-NPs and Baic-NPs afford good colloidal stability,
Piog-NPs showed a relatively high degree of aggregation after dispersing in PBS for 2-3

hours. Hence, subsequent cellular tests focused on Baic-NPs and Tan IIA-NPs.
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Tan IIA-NPs and Baic-NPs suppress oxidative stress in NSCs and inflammation in
microglia.

Tan IIA and Baic have been previously shown to be effective in ischemic stroke
animal models at a dose range of 15 mg/kg and 90 mg/kg, respectively [56, 57]. Therefore,
Tan IIA-NPs, Baic-NPs and corresponding free drugs were tested for cytotoxicity and
efficacy in a comparable dose range. MTT assays were performed to determine the relative
cytotoxicity of Tan IIA-NPs, Baic-NPs and corresponding free drugs on NSCs. MTT
assays at 24 hours showed the 1Cso values of Tan IIA-NPs and Baic-NPs were 33 uM and
over 672 uM, respectively (Figure 5.2A-B). Notably, while Baic-NPs showed very similar
profiles to the Baic free molecules, Tan IIA-NPs showed significantly (p<0.05) less
toxicity compared to free Tan IIA at ICso: 6.6 uM. This may be attributed to NP-mediated,
slow release of Tan ITA at early timepoints.

To study the antioxidative efficacy of Tan IIA-NPs and Baic-NPs, NSCs were
treated with H,O> (250 uM) and incubated with drug-loaded NPs and corresponding free
drugs. A series of dilutions (determined from respective 1C>o doses) were tested.
Oxidative stress was tested by measuring SOD activity at 24 hours (Figure 5.2). Both
Tan ITA-NPs and Baic-NPs showed a concentration-dependent reduction of SOD activity,
indicating an antioxidative effect (Figure 5.2C-D). Tan ITA-NPs resulted in a greater
reduction in SOD levels than Baic-NPs at their respective 1Coo (2 vs. 672 uM,
respectively) and IC25(0.25 vs. 84 uM, respectively) doses.

To assess the potential anti-inflammatory effect of Tan IIA-NPs and Baic-NPs,
microglia cells were treated with LPS and then incubated with drug-loaded NPs and free

drugs. The inflammatory response was assessed by measuring TNF-a and IFN-y. Positive
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controls treated with LPS showed a significant (p<0.05) increase in TNF- a and IFN-y
levels (128.03+£26.21 and 45.92+1.02 pg/ml, respectively). Treatment of microglia with
Tan ITA-NPs and Baic-NPs at ICz9 and IC: s doses resulted in undetectable levels of TNF-
a and IFN-y demonstrating an anti-inflammatory response (data not shown). Based on
these combined cytotoxicity, oxidative stress, and inflammatory test results, Tan ITA-NPs
were selected for further testing in an ischemic stroke pig model.

Tan IIA-NPs reduce hemispheric swelling, consequent MLS, and ischemic lesion volumes
post-ischemic stroke.

T2W sequences collected 24 hours post-stroke revealed Tan IIA-NP treated pigs
(Figure 5.3B) exhibited a reduced percent change in ipsilateral hemispheric swelling when
compared to PBS controls (Figure 5.3A) (7.85 vs. 16.83 %, respectively; Figure 5.3C).
This mitigation of hemispheric swelling resulted in a decreased MLS (1.72 vs. 2.91 mm;
red lines; Figure 5.3D). Acute ischemic lesion volumes were also reduced in Tan I[TA-NP
treated pigs 24 hours post-stroke (9.54 vs. 12.01 c¢cm?®; Figure 5.3E), which suggests a
reduction in acute tissue injury.

Tan IIA-NP treatment leads to reduced cytotoxic edema, WM damage, and ICH post-
ischemic stroke.

Hypointense lesioned areas were observed on ADC maps, which are indicative of
restricted diffusion and cytotoxic edema (Figure 5.4A-B, white arrows). Tan ITA-NP
treated pigs (Figure 5.4B) had a reduced percent change in mean ADC values when
compared PBS control pigs (Figure 5.4A) (-37.30 vs. -46.33 %; Figure 5.4C). To
determine the neuroprotective effect of Tan IIA-NPs on cerebral WM, internal capsule FA

values were evaluated in Tan IIA-NP and PBS treated animals at 24 hours post-stroke. Tan
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ITA-NP treated animals showed a decreased reduction in FA value relative to PBS treated
animals (-19.66 vs. -30.11 %; Figure 5.4D). T2* sequences showed hypointense acute ICH
in PBS and Tan IIA-NP treated pigs 24 hours post-stroke (Figure 5.5A-B, respectively).
However, Tan IIA-NP treated pigs had smaller hemorrhage volumes compared to PBS
treated pigs (0.85 vs. 2.91 cm?; Figure 5.5C). This data supports that Tan IIA-NPs lead to
a reduction in restricted diffusion, cytotoxic edema, WM damage, and ICH in ischemic
stroke animals.

Tan IIA-NPs reduce circulating band neutrophils in post-stroke pigs.

To assess changes in the stroke immune response, band neutrophil and lymphocyte
populations were measured in blood samples collected pre-stroke, 4, 12, and 24 hours post-
stroke. At 12 hours post-stroke, the percentage of circulating band neutrophils was lower
in Tan [IA-NP treated animals than in the PBS control animals at 12 (7.75 vs. 14%) and 24
(4.25 vs. 5.75 %) post-stroke (Figure 5.6A-B). Conversely, the percentage of circulating
lymphocytes was similar in both treatment groups at all assessed time points (Figure 5.6C-
D).

Spatiotemporal and kinetic gait deficits are less severe post-stroke in Tan IIA-NP treated
DpIigs.

Changes in key spatiotemporal and kinetic gait parameters were measured to detect
differences in functional outcomes post-Tan IIA-NP treatment. A decrease was noted for
both treatment groups in the average cadence of the pigs from pre-stroke to post-stroke
indicating a decrease in speed. However, the decrease in cadence was more severe for the
PBS treated pigs compared to Tan IIA-NP treated pigs (133.9 to 64.8 steps/min vs. 135.7

to 116.9 steps/min, respectively, Figure 5.7A). The limb contralateral to the stroke lesion
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is often more affected as compared to the ipsilateral limb, which in this study are the limbs
of the left side. In addition, pigs typically carry more weight on the forehand, typically
making deficits more severe in the left forelimb. Deficits were noted for the left forelimb
in both treatment groups for multiple gait parameters. The cycle time of the left front limb
increased post-stroke for both treatment groups, with a more drastic increase in cycle time
noted for the PBS treatment group as compared to the Tan IIA-NP treated pigs (0.46 to
0.93 vs. 0.44 to 0.55 sec, respectively, Figure 5.7B). Similarly, the left front step time
increased post-stroke in both groups, with a greater increased step time in PBS pigs
compared to Tan ITA-NP pigs (0.24 to 0.49 vs. 0.22 to 0.27 sec, respectively, Figure 5.7C).
Decreases in cycle time and step time indicated an overall slower gait post-stroke, opposed
to pre-stroke performance. The swing percent of cycle decreased for the left front limb of
all pigs, with PBS pigs decreasing further than Tan IIA-NP pigs (49.4 to 33.3 vs. 49.1 to
43.2 %, respectively, Figure 5.7D). A reduction was noted in the left front stride length of
all animals, with PBS pigs displaying a greater reduction in stride length relative to Tan
ITA-NP pigs (78.38 to 63.18 vs. 84.87 to 77.44 cm, respectively, Figure 5.7E). Finally, the
mean pressure of the left front limb decreased in both treatment groups with a larger
decrease in pressure noted for the PBS pigs opposed to the Tan IIA-NP pigs (2.93 to 2.76
vs. 2.87 to 2.88 arbitrary units (AU), respectively, Figure 5.7F). Post-stroke deficits were
noted for all parameters in both treatment groups, however more pronounced deficits were
seen in the gait of PBS pigs, thus indicating administration of Tan ITA-NP in the acute

phase post-stroke leads to less severe gait deficits.
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Discussion

In this study, we demonstrate for the first time Tan IIA-NP treatment leads to
improvements in clinically relevant MRI-based stroke tissue injury parameters and
functional deficits in a translational ischemic stroke pig model. Tan IIA-NP therapy was
selected from a number of drug candidates based on in vitro assessment of biochemical
properties that augment NP delivery of a drug and efficacy in antioxidative and anti-
inflammatory studies. Tan IIA-NP therapy resulted in considerable reductions in MLS,
lesion volumes, WM damage, and ICH in the pig stroke model; parameters that closely
correlate with functional deficits and mortality in human patients [41, 58, 59]. Tan IIA-NP
treatment and associated reduction in overall brain injury corresponded with less severe
spatiotemporal and relative pressure gait deficits including parameters that are often
affected in human patients including stride length and cadence [60, 61]. These promising
preclinical results in the pig model suggest that Tan IIA-NP therapy is ready for the next
step in the STAIR criteria for translating pre-clinical studies into human clinical trials
including expanded studies with additional animals of both genders and therapeutic
window and dose finding studies.

To improve drug bioavailability, Tan IIA was encapsulated into PLGA-PEG NPs.
The nanoplatform allows for controlled release of Tan I1A, potentially leading to prolonged
ant-inflammatory and oxidative effects. In addition, Tan IIA-NPs were injected
intracisternal into the subarachnoid space rather than IV. This injection route bypasses the
BBB that would otherwise prevent the delivery of therapeutics to the ischemic areas.
Combining NP delivery and intracisternal administration represents a novel approach in

drug delivery. A recent study performed in mice also observed efficient distribution and
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good tolerance of NPs after intracisternal injection [62]. Because the entire central nervous
system (CNS) can be accessed through the CSF, this approach may be extended for the

treatment of other CNS diseases.

Infarct volume, cerebral swelling, and consequent MLS have been shown to play a
key role in the development of neurological deficits and high patient mortality rates [13,
58,59, 63]. In the present study, the acute treatment window of Tan IIA-NPs demonstrated
potential in mitigating these clinical presentations by decreasing hemisphere and lesion
volumes. In a study of free form Tan IIA, Tang et al. provided evidence that lesion volumes
were significantly reduced in 1 and 4 hour post-stroke Tan IIA treatment groups versus 6
and 12 hour Tan IIA treatment groups [28]. Additional studies have indicated Tan IIA
possesses a neuroprotective effect in cerebral ischemia-reperfusion rodent models,
whereby encephaledema and hemispheric swelling were relieved, infarction volumes
decreased, and neurobehavior scores were significantly improved [64, 65].

Measures of ICH and ADC and are also strong predictors of clinical outcomes with
increased hemorrhage and decreased ADC values being closely associated with poor
clinical outcomes and higher mortality rates [66-68]. In the current study, Tan IIA-NP
treated animals showed a decreased hemorrhage volume and a decreased percent change
in ADC values relative to PBS treated animals. A recent study in a MCAO ischemic stroke
mouse model showed that free form Tan IIA has a protective effect on the BBB, which
would result in reduced hemorrhage [65]. This study demonstrated increased presence of
the tight junction protein claudin-5 and reduced BBB leakage in Tan IIA treated animals.
In a study assessing the ability of Tan IIA to maintain vascular integrity in a rat aneurysm

model, researchers demonstrated Tan IIA reduced aneurysm size and increased vascular
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wall thickness improving vascular integrity relative to control animals [69]. Zhou et al.
showed in an ICH zebrafish model, Tan IIA reduced ICH area and incidence [70]. In a
follow-up in vitro study with human umbilical vein endothelial cells, they demonstrated
that Tan IIA inhibits actin depolymerization near cell borders and cell contraction, which
would result in destabilization of cell-cell adheren junctions critical to maintaining the
BBB. These results in multiple unique disease models across three different species
demonstrates Tan IIA leads to increased stability in intracerebral vasculature that would
result in reduced ICH as observed in this study. Preservation of diffusivity observed in this
study is likely a direct result of decreased injury due to acute Tan IIA-NP treatment. This
corresponds with previous Tan IIA studies in rodent models showing improved cerebral
blood flow, reduced free radical formation, inflammation, and a decrease in infarcted brain
tissue [11, 28].

Gait deficits constitute a significant portion of disabilities related to stroke.
Unsurprisingly, many patients report improvement in mobility as a main goal for post-
stroke recovery, making this an important benchmark for stroke therapeutic treatment
potential [71]. Human stroke patients are often left with hemiparesis resulting in gait
deficits including decreased cadence and stride length with associated increased swing
percent of cycle and cycle time [60, 61, 72]. Similarly, pigs in the current study exhibited
a post-stroke decrease in stride length and cadence with an associated increase in cycle
time and step time in the left forelimb. These alterations in gait patterns mirror what is seen
in humans and are likely reflective of the decreased velocity that typically accompanies
postural instability following stroke. Further, pigs in the current study showed decreased

swing percent of cycle of the affected contralateral forelimb post-stroke. While this is
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opposite of what is often seen in human stroke patients, a decrease in relative swing and
increase in relative stance has been reported as a hallmark gait change in pig models for
both stroke and traumatic brain injury and is likely due to an increased need for ground
contact to stabilize the gait along with decreased propulsion [73-75]. In the present study,
changes in spatiotemporal gait properties were noted in all pigs in the acute time frame
following stroke, however a more pronounced deficit was noted in the gait of PBS pigs as
compared to Tan ITA-NP pigs post-stroke. Additionally, PBS pigs in this study also showed
a reduction in mean hoof pressure of the contralateral forelimb, indicating compensatory
balance mechanisms to distribute weight away from the affected contralateral side, while
Tan ITA-NP pigs showed no kinetic changes. Several studies have demonstrated Tan ITA
administration in rodent stroke models led to a reduction in severity of functional
neurologic deficits (determined by factors such as failure to extend the forepaw of the
contralateral limb, circling, lack of balance, or inability to walk) as compared to control
animals [11, 76, 77]. The results of the present study are in agreement with these rodent
models and suggest the administration of Tan ITA-NPs in the acute phase post-stroke
mitigates cerebral injury and thereby results in less severe functional deficits.
Conclusion

This study demonstrated Tan IIA-NPs have notable potential to be a novel
treatment for ischemic stroke. Utilizing a highly translatable pig model of ischemic stroke,
Tan IIA-NP treatment leads to reduced hemispheric swelling, MLS, lesion volumes,
cytotoxic edema, WM damage, and ICH 24 hours post-stroke. These manifested
improvements in acute ischemic stroke pathophysiology led to marked improvements in a

number of spatiotemporal and kinetic gait parameters. These promising results support the
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idea Tan IIA-NPs are ready for further preclinical studies assessing safety and efficacy in
a larger cohort of animals in both sexes in order to evaluate dosing and administration

windows in accordance with the STAIR criteria for therapeutic translation to clinical trials.
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Figure 5.1: Baic, Piog, and Tan IIA are capable of undergoing NP packaging. TEM
images of drug loaded PLGA NPs (A). The average NP sizes were 60.8, 74.2, and 52.2 nm
for Baic-NPs, Piog-NPs, and Tan IIA-NPs, respectively. Hydrodynamic sizes of NPs were
89.28+1.8, 122.4 £2.3, and 91.34+ 1.3 nm for Baic-NPs, Piog-NPs, and Tan IIA-NPs,
respectively (B). NPs zeta potentials were -31.91, -27.39, and -28.98 mV for Baic-NPs,
Piog-NPs, and Tan IIA-NPs, respectively (C). Drug release profiles for Baic-NPs, Piog-

NPs, and Tan IIA-NPs (D).
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Figure 5.2. Tan IIA-NPs and Baic-NPs reduce oxidative stress in NSCs. MTT assay
results showed Tan IIA-NPs (A) and Baic-NPs (B) or free drugs ICso values were over 33
uM and 672 uM, respectively. * or # indicates a significant difference between vehicle
only control and treatment. & indicates a significant difference between drug only and drug
loaded NP. SOD assay results showed a significant reduction in SOD at 2 uM and 336 uM
for Tan ITA-NPs (C) and Baic-NPs (D), respectively. * or # indicates a significant
difference between positive control and treatment. & indicates a significant difference

between drug only and drug loaded NP.
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Figure 5.3: Tan IIA-NPs reduce hemispheric swelling, MLS, and ischemic lesion
volumes. Compared to PBS pigs (A), Tan IIA-NP treated pigs (B) exhibited a reduction
in ipsilateral hemispheric swelling (7.85 vs. 16.83 %, respectively; C), MLS (1.72 vs.
2.91 mm, respectively, red lines; D), and lesion volumes (9.54 vs. 12.01 cm?,

respectively; E) at 24 hours post-stroke.
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Figure 5.4: Tan IIA-NPs lead to reduced cytotoxic edema and WM damage post-
ischemic stroke. Hypointense lesioned areas were observed on ADC maps in PBS (A)
and Tan IIA-NP (B) treated pigs. Tan IIA-NP treated pigs had a smaller percent change
in mean ADC relative to PBS treated pigs (-37.30 vs. -46.33 %, respectively; C). Treated
pigs showed a decreased reduction in FA values relative to PBS treated pigs (-19.66 vs. -

30.11%, respectively; D).
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Figure 5.5: Tan IIA-NPs lead to reduced hemorrhage post-ischemic stroke. T2*
sequences showed acute ICH in PBS (A) and Tan IIA-NP (B) treated pigs 24 hours post-
stroke. Tan IIA-NP treated pigs had smaller hemorrhage volumes compared to PBS treated

pigs (0.84 vs. 2.90 cm?, respectively; C).
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Figure 5.6: Tan IIA-NPs reduce circulating band neutrophils. Band neutrophil (A)
and lymphocyte (C) populations were determined in blood samples collected pre-stroke,
4, 12, and 24 hours post-stroke. At 12 hours post-stroke the percentage of circulating
band neutrophils was lower in Tan IIA-NP treated pigs than in the PBS control pigs (7.75
vs. 14.00 %, respectively; B). The percentage of circulating lymphocytes was similar in

both treatment groups at all assessed time points (D).
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Figure 5.7: Spatiotemporal and Kinetic gait deficits are less severe post-stroke in Tan
ITA-NP treated pigs. A decrease in the average cadence of the pigs from pre-stroke to
post-stroke was more severe in PBS control pigs opposed to Tan IIA-NP treated pigs
(133.9-64.8 vs. 135.7-116.9 steps/min, respectively; A). The cycle time of the left front
limb increased more drastically in PBS control pigs as compared to Tan ITA-NP treated
pigs (0.46-0.93 vs. 0.44-0.55 sec, respectively; B). The left front step time increased post-
stroke in PBS pigs more so than Tan IIA-NP pigs (0.24-0.49 vs. 0.22-0.27 sec, respectively;
C). The swing percent of cycle decreased more for the left front limb of PBS control pigs
than Tan IIA-NP pigs (49.40-33.30 vs. 49.10-43.20 %, respectively; D). The left front
stride length of pigs treated with PBS displaying a greater reduction in stride length relative
to Tan IIA-NP pigs (78.38-63.18 vs. 84.87-77.44 cm, respectively; E). A larger decrease
in mean pressure of the left front limb was noted for PBS control pigs but not Tan IIA-NP

treated pigs (2.93-2.76 vs. 2.87-2.88 AU, respectively; F).
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CHAPTER 6
TANSHINONE ITA-LOADED NANOPARTICLES AND INDUCED PLURIPOTENT
STEM CELL-DERIVED NEURAL STEM CELL THERAPIES ENHANCE

RECOVERY IN A TRANSLATIONAL PIG ISCHEMIC STROKE MODEL!

Kaiser, E.E., Waters E.S., Yang, X., Fagan, M.M., Scheulin K.M., Jeon J.H.,
Shin S.K., Kinder H.A., Kumar, A., Platt S.R., Duberstein K.J., Park H.J., Xie, J.,

and West, F.D. To be submitted to Stroke.
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Abstract
Background

Tissue plasminogen activator (tPA) continues to be the gold standard for
treatment of ischemic stroke. However, due to the restrictive treatment window and
potentially deadly risk factors, clinical application of tPA is limited. Combination
therapies, both pharmacological and non-pharmacological, have been hypothesized as a
logical approach to enhancing the development of novel stroke therapies. To test this
hypothesis, the combined effects of administration of Tanshinone IIA drug-loaded
nanoparticles (Tan IIA-NPs) and transplanted induced pluripotent stem cell-derived
neural stem cells (INSCs) were evaluated in a translational pig ischemic stroke model.
Methods

Eighteen male pigs underwent middle cerebral artery occlusion (MCAO) surgery
with six pigs randomly assigned to the following treatment groups: PBS+PBS,
PBS+INSC, and iNSC+Tan IIA-NP. PBS or Tan IIA-NPs were administered
intracisternally 1-hour post-stroke and either PBS or iNSCs were transcranially
transplanted into the parenchyma 5 days post-stroke. Multiparametric magnetic resonance
imaging (MRI) was collected at 24 hours post-stroke and 12 weeks post-transplantation.
Results

MRI assessments demonstrated Tan I[IA-NP administration reduced lesion and
intracerebral hemorrhage volumes and swelling-induced midline shift. Diffusivity within
ischemic lesions was also preserved. iNSC transplantation attenuated changes in white

matter integrity at chronic time points.
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Conclusion

Collectively, Tan IIA-NPs and iNSCs possess significant potential as a
multifaceted neuroprotective and regenerative treatment for ischemic stroke patients. The
robust preservation of cerebral tissues and associated neural recovery responses to Tan
ITA-NP and iNSC therapies in a large animal model with increased predicative value
strongly supports the continued evaluation of this novel combination therapy.
Key words Ischemia, Neural stem cells, Tanshinone IIA, Nanoparticles, Pig, Magnetic

resonance
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Introduction

Projections show that by 2030 an additional 3.4 million Americans will have had
a stroke — a 20.5% increase from 2012 !. The lack of vital oxygen and nutrients to
cerebral tissues results in the destruction of 1.9 million neurons, 14 billion synapses, and
12 kilometers of myelinated fibers each minute a patient goes without treatment 2. Food
and Drug Administration (FDA) approved stroke therapies, tissue plasminogen activator
(tPA) and endovascular thrombectomy, are currently available to only a small
subpopulation of stroke victims due to short administration windows and associated risk
factors **. Furthermore, these therapies possess no direct regenerative potentials to
enhance the replacement of damaged cerebral tissue and associated improvements in
functional recovery °. As a result, substantial efforts have been made to develop novel
therapeutics that are capable of mitigating cerebral damage through neuroprotectant and
regenerative mechanisms. This need prompted the combined therapeutic evaluation of
Tanshinone IIA nanoparticles (Tan IIA-NPs) and induced pluripotent stem cell-derived
neural stem cells (INSCs) in a translational pig ischemic stroke model.

One of the most promising therapeutics capable of addressing the need for a
regenerative therapy are iNSCs. Recent investigations have shown induced pluripotent
stem cells (iPSCs) can be successfully generated from patient somatic cells and
differentiated into neural stem cells (INSCs). This is critical for clinical translation as
these autologous cells avoid the need for patient immunosuppression and consequent
post-stroke infection susceptibility ® 7. Upon transplantation in rodent models of ischemic
stroke, iNSCs have been found to differentiate into neural cell types (e.g. neurons and

glia), thus serving as a cell replacement therapy while simultaneously producing
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synergistic angiogenic (e.g. VEGF) and neuroprotective (e.g. BDNF) factors that promote
endogenous repair of the damaged parenchyma 3'°. Specifically, many of the grafted
cells have showed GABA immunoreactivity with mature neuronal electrophysiological
properties capable of receiving synaptic input from host neurons ' 2. Transplanted cells
within the center of the graft also revealed a symmetrical glia-like current-voltage
relationship according to whole-cell patch recordings '*. Collectively, these effects have
led to reduced lesion volumes as well as improvements in beam walking, grasping tasks,
and Morris water maze performance '* !°. Over the years neural stem cell-based therapies
have progressed from testing in preclinical models to clinical trials with promising
results. In a recent clinical trial, improved neurological function as indicated by NIHSS
scores with no adverse outcomes (e.g. immunological response, tumor formation) was
demonstrated following engraftment of an immortalized human neural stem cell (NSC)
line . In order to provide additional support for the clinical application of stem cell
transplantation, further testing of iNSCs therapies are required.

An increasing body of research suggests pretreatment with a neuroprotectant
agent may bolster the effectiveness of iNSCs and improve patient outcomes post-stroke
17 Tanshinone IIA (Tan IIA) is one such potential therapeutic with antioxidant and anti-
inflammatory effects post-stroke '* !°. Similar to many other neuroprotective
therapeutics, administration of Tan IIA has resulted in reduced lesion volumes and
improved neurological function in preclinical rodent studies 2-?2. Recent studies have
confirmed Tan IIA mediates nerve cell apoptosis by inhibiting caspase-3, caspase-8, and
macrophage migration inhibitory factor (MIF) 2*2°. Tang et al. provided evidence Tan

ITA may also attenuate blood-brain barrier (BBB) damage through the reduction of matrix
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metallopeptidase 9 (MMP-9) expression 2°. Interestingly, these results were replicated in
a recent clinical trial in which patients who received both tPA and Tan IIA administration
also exhibited significant reductions in MMP-9 7. This resulted in ameliorated blood-
brain barrier (BBB) damage and excellent functional outcome indicated by a 90-day
modified Rankin scale (mRS) scores <1. Nanoparticle delivery of Tan IIA with an FDA-
approved poly lactic-co-glycolic acid (PLGA) nanoparticle (NP) may further improve the
therapeutic potential of Tan IIA by increasing its bioavailability and reducing
cytotoxicity 2. The sustained pharmacological release associated with NP
biodegradability also reduces drug administration frequencies 2°. By mediating post-
stroke inflammatory responses and decreasing levels of endogenous cytotoxicity,
pretreatment with Tanshinone ITA nanoparticles (Tan ITA-NPs) may improve iNSC
regenerative effects and promote enhanced neurobehavioral and functional recovery in
patients.

To increase the translational potential of a Tan IIA and iNSC combination
therapy, preclinical testing should be performed in a large animal model of ischemic
stroke- such as the pig model. Compared to commonly used rodent models, pigs possess
inherent anatomical similarities to humans that directly affect ischemic severity,
penumbra evolution, and tissue recovery including gyrification, white to gray matter
ratios, and collateral blood flow %33, Comparable cerebral volumes between pigs and
humans (~10% larger) also allows for a more direct assessment of Tan IIA and iNSC
dosing ***°. These attributes collectively support the use of a preclinical pig model to
better predict treatment efficacy and consequent pathophysiological outcomes between

rodent studies and clinical trials. Furthermore, comparable body size between pigs and
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humans permits the use of clinically relevant magnetic resonance technologies which
may provide critical insight into Tan ITIA and iNSC mediated tissue-level changes across
acute and chronic time points %3637,

The objective of this study was to evaluate the therapeutic potential of a Tan IIA-
NPs and iNSCs through magnetic resonance imaging (MRI) at 24 hours post-stroke and
12 weeks post-iNSC transplantation. Prior to iNSC transplantation, Tan IIA-NP
administration preserved diffusivity and reduced acute lesion volumes. iNSC treatment
decreased chronic lesion volumes and preserved white matter (WM). The results
demonstrate that a Tan IIA-NP and iNSC transplantation combination therapy possess
significant potential as a neuroprotective and cell replacement therapy in a robust
gyrencephalic large animal model, thus providing further support for the use of these
novel therapies in clinical trials.
Materials and methods
Animals and housing

This study was performed in accordance with the Guide for the Care and Use of
Laboratory Animals guidelines and approved by the University of Georgia Institutional
Animal Care and Use Committee (Protocol Number: 2017-07-019Y1A0). 9 months old,
sexually mature, castrated Yucatan miniature swine 31-41 kg were purchased from the
Lonestar™ Laboratory Swine. Pigs were group housed prior to stroke induction in a
Public Health Service (PHS) and AAALAC approved facility at a room temperature
approximately 27°C with a 12-hour light/dark cycle. Pigs were given access to water and
fed standard grower diets with provision of enrichment through daily human contact and

toys.
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Study design

6 pigs were randomly assigned to each respective treatment group. The sample
size for this study was determined by a power calculation based on our routine use of the
middle cerebral artery occlusion model with lesion volume changes by MRI imaging
being the primary endpoint. The power analysis was calculated using a two-tailed
ANOVA test, 0=0.05, and an 80% power of detection effect size of 1.19 and a standard
deviation of 44.63. This was a randomized study in which 2 pigs were assigned to each
surgical and MRI day. All endpoints and functional measurements were prospectively
planned and underwent blinded analysis. Predefined exclusion criteria from all endpoints
included instances of infection at the incision site, self-inflicted injuries that required
euthanasia, inability to thermoregulate, uncontrolled seizure activity, and/or respiratory
distress. No outliers were removed from the data.

Synthesis of Poly(lactide-co-glycolide)-b-poly(ethylene glycol)-maleimide (PLGA-b-
PEG-OH)

Poly(D,L-lactide-co-glycolide)-COOH (PLGA-COOH, 1.0 g, 0.170 mmol,
Lactel), poly(ethylene glycol) (OH-PEG-OH, 2.29 g, 0.684 mmol, Sigma Aldrich), and 4-
(Dimethylamino)pyridine (DMAP, 0.023 g, 0.187 mmol, Alfa Aesar) were dissolved in
30 mL of anhydrous dichloromethane (CH>Cl>). 10 mL CH>Cl; solution of N, N’-
Dicyclohexylcarbodiimide (DCC, 0.141 g, 0.684 mmol, Sigma Aldrich) was added
dropwise to the reaction mixture at 0°C and continuously stirred with a magnetic stir bar.
The reaction mixture was warmed to 23°C and stirred overnight. Insoluble
dicyclohexylurea (Ci13H24N20) was filtered out. The raw product was precipitated out by

adding 50 mL of 50:50 diethyl ether ((C2Hs)>0) and methanol (CH3OH) to the reaction
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mixture. The mixture was centrifuged for 15 minutes at 4°C. The purification step was
repeated 4-5 times, followed by '"H NMR analysis (Varian Mercury Plus 400).
Tanshinone-Ila nanoparticle (Tan-Ila NP) synthesis and characterization

Poly(lactide-co-glycolide (PLGA) nanoparticles (NPs) were synthesized through
a nanoprecipitation method. Briefly, PLGA-b-PEG-OH was dissolved in
dimethylformamide (DMF) at a concentration of 50 mg/mL. A 100 uL of the polymer
solution was mixed with Tanshinone-Ila (Tan-IIa, 150 pL, 0.15 mg) for 30 % feeding and
diluted with DMF to a final polymer concentration of 5 mg/mL. The mixture was added
dropwise to sterilized nanopure water with constant stirring, and the resulting solution
was agitated in a fume hood for 2 hours. Tan-Ila NPs were collected on an amicon
ultracentrifugation unit (100 kDa cut-off) and were washed 3-4 times with water. Finally,
the NPs were resuspended in sterilized nanopure water.

A drop of diluted NP solution was deposited onto a transmission electron
microscopy (TEM) grid, followed by staining with 2% uranyl acetate (UO2(CH3COO)
2H20). A TEM image was taken on a FEI Tecnai 20 transmission electron microscope
operating at an accelerating voltage of 200 kV. Hydrodynamic size and surface charge of
NPs were analyzed on a Malvern Zetasizer Nano ZS system.

For drug loading analysis, a 50 uLL aqueous solution of NPs was diluted to 900
puL. 100 pL. 0.1 mM sodium hydroxide (NaOH) was added to the solution and left at
23°C overnight. Afterwards, the solution was sonicated for 30 minutes and centrifugated
at 5000 rpm for 10 minutes. 100 uL supernatant was transferred into a 96-well
ultraviolent (UV) transparent plate and its absorbance at 258 nm was measured.

Human Induced Pluripotent Stem Cell-Derived Neural Stem Cells (iNSC) culture
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iNSCs were maintained on Matrigel-coated (Corning) tissue culture plates and
maintained in neural stem cell media composed of Neurobasal medium (Gibco), 2% B-27
Supplement (Gibco), 1% non-essential amino acids (Gibco) 2 mM L-glutamine (Gibco),
1% penicillin/streptomycin (Gibco), 32 and 20 ng/mL bFGF (R&D Systems). A complete
media change was performed every other day. When iNSCs reached confluence, cells
were enzymatically passaged using Accutase (Gibco) and removed from the dish using a
cell scraper.
Labeling of iNSCs

3 days prior to transplantation, 1.4x107 iNSCs were labeled with 1,1'-dioctadecyl-
3,3,3',3'-tetramethylindotricarbocyanine iodide (DiR) at a concentration of 2 pg/mL
diluted in phosphate buffered saline (PBS). After incubation at 37°C for 5 minutes,
iINSCs were washed twice with PBS, then washed once with media via centrifugation at
250 x g. Cells were re-plated on Matrigel-coated (Corning) tissue culture treated plates at
7 million cells per 150 mm plate and maintained in neural stem cell media as described
above until transplantation day.
Pre-surgical and anesthetic protocol

1 day prior to surgical induction, pigs were administered Excede (5 mg/kg,
intramuscular (IM)) and fentanyl (100 mg/kg/hr, transdermal (TD)) for infection
prevention and pain management. Pre-induction analgesia and sedation were achieved
using xylazine (2 mg/kg, IM) and midazolam (0.2 mg/kg, IM). Anesthesia was induced
with intravenous (IV) propofol to effect and 1 mL prophylactic 2% lidocaine topically to
the laryngeal folds to facilitate intubation. Lactated ringers solution was administrated as

well (5 ml/kg/hour, IV).
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Anesthesia was maintained with isoflurane (Abbott Laboratories) in oxygen.
Artificial ventilation was maintained at 8-12 breaths per minute with tidal volume of 5—
10 ml/kg. Heart rate was monitored by Doppler probe placement on the ventral tail artery
while blood pressure was monitored by sphygmomanometer (Riester). Rectal temperature
was recorded every 15 minutes using a digital thermometer.

Following surgical procedures, anesthesia was discontinued and pigs were
returned to their pens upon extubation and monitored every 15 minutes until vitals
including temperature, heart rate, and respiratory rate returned to normal, every 4 hours
for 24 hours, and twice a day thereinafter until post-transplantation sutures were
removed. Banamine (2.2 mg/kg IM) was administered for post-operative pain, acute
inflammation, and fever management every 12 hours for the first 24 hours, and every 24
hours for 3 days post-stroke.

Middle cerebral artery occlusion (MCAQO) surgical procedures

As previously described by Platt et al. a right transcranial approach was utilized to
access the MCA 3. Briefly, a curvilinear skin incision enabled the temporal fascia and
muscle to be reflected from skin flap. The zygomatic arch was partially resected exposing
the ventral aspect of the calvaria. A surgical defect was generated in the calvaria and the
visible dura mater was reflected. The arachnoid was opened exposing the distal portion of
the MCA for permanent cauterization utilizing bipolar cautery forceps resulting in
ischemic infarction. The exposed brain was then covered with a sterile biograft made of
porcine small intestine submucosa (MatriStem, ACell) and the temporalis muscle and
epidermis were routinely re-apposed.

Tan Ila NP administration
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At 1 hour post-stroke, PBS or Tan IIA-NPs were delivered via a 20 gauge, 3.5 or
6” spinal needle inserted through the skin on the midline of the dorsal neck, at an
anatomical intersection of a vertical line created by the rostral aspect of the wings of the
first vertebral body and a horizontal line connecting the dorsal arch of C2 with the
occipital protuberance. Once the needle was through the cutaneous tissues, the stylet was
removed and advanced until cerebral spinal fluid (CSF) appeared in the needle hub
confirming entry into the cistern. A small volume (3-5 mLs) of CSF was removed while
the spinal needle was in place and the volume removed was replaced with PBS or Tan
ITA-NPs. The volume of NPs delivered was determined by the NP loading efficiency and
each animal received a dose of 133ug/kg Tan IIA.
iNSC transplantation surgical procedures

5 days post-stroke, all pigs received either iNSC treatment or vehicle only PBS
transplantation. Pigs were anesthetized according to the aforementioned pre-surgical and
anesthetic protocol. Transplantation surgeries were performed as previously described by
Baker et al. utilizing a stereotaxic frame (David Kopf Instruments) with pig specific
modifications '°. A mounted quintessential stereotaxic injector (Stoelting Company) was
utilized to inject 1.2x10” DiR-labeled iNSCs at a rate of 2 pL/minute to prevent
backflow. Immediately prior to injection, approximately 80 uL of iNSCs suspended in
PBS or vehicle control were sterilely loaded into a glass micro-pipette syringe with a 26-
gauge needle (Hamilton Co, Reno, NV) and attached to the stereotaxic apparatus.

Transplantation depth at the most dorsal aspect of the craniectomy site within the
perilesional region was determined by 24-hour post-stroke MRI analysis of each pig. This

transplantation depth was equally subdivided into four separate injection depths to permit
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the injection of 4 boli, approximately 20 uL each, into both white and gray matter
compartments spanning inferior to superior relative to the cortex. After transplantation
was complete, the needle retracted at a rate of | mm/minute to prevent backflow.
Anesthesia was discontinued and the pigs were returned to their pens upon extubation.
Magnetic resonance imaging (MRI) acquisition and analysis

MRI was performed 24 hours post-stroke and 12 weeks post-transplantation on a
General Electric 3.0 Tesla MRI system. Pigs were sedated and maintained under
anesthesia as previously described for surgical procedures. Following acquisition of 12-
week post-transplantation MRI, pigs were not recovered from anesthesia and euthanized
via lethal IV injection of euthanasia solution (1ImL/10 Ibs). MRI of the cranium was
performed using an 8-channel torso coil with the pig positioned in supine recumbency.
Multiplanar MR brain imaging sequences were acquired including T2Weighted (T2W),
T2 Fluid Attenuated Inversion Recovery (T2FLAIR), T2Star (T2%*), Diffusion Weighted
Imaging (DWI), and Diffusion Tensor Imaging (DTI). Sequences were analyzed using
Osirix software. Ischemic stroke was confirmed by comparing corresponding
hyperintense regions in T2FLAIR and DWI sequences and hypointense regions in ADC
maps.

Hemisphere volume was calculated using T2W sequences for each axial slice by
manually outlining the ipsilateral and contralateral hemispheres. The hemisphere areas
were multiplied by the slice thickness (3 mm) to obtain total hemisphere volumes.
Changes in the ipsilateral hemisphere were expressed as a percentage change relative to
the contralateral hemisphere. Lesion volume was calculated using T2W sequences for

each axial slice by manually outlining hyperintense ROIs. The area of each ROI was
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multiplied by the slice thickness (3 mm) to obtain the total lesion volume and is reported
as cm’.

To control for the space-occupying effect of brain edema, hemisphere volumes
were calculated utilizing T2W sequences while lesion volumes were also calculated via

138, Corrected lesion volumes were

ADC maps as previously described by Gerriets et a
calculated according to the following formula modified from Loubinoux et al. where LVc¢

and LVu indicate corrected and uncorrected lesion volume, respectively, and HVc and

HVi indicate volume of the contralateral and ipsilateral hemisphere, respectively *.

HVc+HV;
2HV ¢

LV®=HVc+HVi-(HVc+HVi-LVY)-

Midline shift (MLS) was calculated utilizing T2W sequences for each axial slice
by measuring the distance from the natural midline along the anterior and posterior
attachments of the falx cerebri to the septum pellucidum. The distance between the exact
midpoint of the length of the septum pellucidum and the ideal midline was measured and
is reported in mm.

DWI sequences were used to generate ADC maps. ADC values were calculated
for each axial slice at a manually drawn region of interest (ROI) that was defined by areas
of hypointensity and directly compared to an identical ROI in the contralateral
hemisphere. Average ADC values were obtained by calculating the average signal
intensity across all slices, while changes in the ipsilateral hemisphere were expressed as a
percentage change relative to the contralateral hemisphere and is reported as 10 mm?/s.

DTI sequences were utilized to generate fractional anisotropy (FA) maps. FA

values were calculated for the internal capsule that was defined by an area of

hyperintensity and directly compared to internal capsule in the contralateral hemisphere.
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Changes in the ipsilateral internal capsule were expressed as a percentage change relative
to the contralateral internal capsule.

Intracerebral hemorrhage (ICH) volume was calculated by manually outlining
areas of hypointensity utilizing T2* sequences for each axial slice by manually outlining
hypointense ROIs. The area of each ROI was multiplied by the slice thickness (3 mm) to
obtain the total ICH volume and is reported as cm?.

Statistical analysis

All quantitative data was analyzed with SAS version 9.3 (Cary, NC). Statistical
significances between groups were determined by one-way analysis of variance
(ANOVA) and post-hoc Tukey-Kramer Pair-Wise comparisons with p-values < 0.05
considered significantly different.

Results
Tan IIA-NP+iNSC treatment decreased chronic lesion volume and consequential MLS.

T2W sequences revealed significantly (p<0.05) reduced hyperintense lesion
volumes in Tan [TA-NP+iNSC treated pigs when compared to PBS+iNSC and PBS+PBS
control pigs 24 hours post-stroke (7.34+1.27 vs. 14.71+1.23 and 13.07+1.12 cm®
respectively; Figure 6.1A-C, white arrows, 6.1D). As iNSCs were not transplanted until
day 5, this suggests that Tan ITA-NP nanoparticles have a significant therapeutic effect.
At 12 weeks post-transplantation, Tan IIA-NP+INSC treated pigs exhibited significantly
(p<0.01) reduced lesion volumes compared to PBS+PBS control pigs (2.35+0.66 vs.
5.68+0.53 cm’ respectively; Figure 6.1E-G, white arrows, 6.1D). All treatment groups

demonstrated significantly (p<0.05) reduced lesion volumes at 12 weeks post-
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transplantation relative to 24 hours post-stroke (5.68+0.53 vs. 13.07£1.12; 3.40+0.65 vs.
14.7241.23; 2.35+0.66 vs. 7.34+1.27 cm? respectively; Figure 6.1D).

Although Tan IIA-NP administration at 24 hours post-stroke had no significant
effect on MLS (Figure 6.1A-C, red lines, 6.1H), T2W imaging results indicated
significantly (p<0.01) reduced MLS in Tan IIA-NP+INSC treated pigs relative to
PBS+PBS control pigs 12 weeks post-transplantation (0.81+0.21 vs. 2.60+0.42 mm
respectively) suggesting reduced tissue atrophy in the affected ipsilateral hemisphere
(Figure 6.1E-G, red lines, 6.1H). Tan IIA-NP+iINSC and PBS+iNSC treated pigs also
exhibited significant (p<0.05) changes between time points (0.81£0.21 vs. 1.99+0.29 mm;

1.31£0.28 vs. 1.9940.29 mm respectively; Figure 6.1H).

Tan IIA-NPs preserved diffusivity and reduced edema-corrected lesion volumes.

Cerebral diffusivity was evaluated utilizing DWI sequences and derived ADC
maps. Signal void, consistent with restricted diffusion and indicative of cytotoxic edema
was quantified (Figure 6.2A-C, white arrows). Mean ADC values in the affected ipsilateral
hemisphere were compared to the contralateral hemisphere with calculated percent changes
closer to zero being more similar to normal tissue. Tan I[IA-NP-+iINSC treated pigs exhibited
a significantly (p<0.05) reduced percent change in ADC values when compared to
PBS+INSC and PBS+PBS control pigs 24 hours post-stroke (-17.11£2.90 vs. -41.81+4.94
and 31.58+3.43 % respectively; Figure 6.2D). To account for the space-occupying effect
of brain edema, edema-corrected lesion volumes (LVc) were calculated utilizing to ADC
maps revealing a significant (p<0.05) decrease in LVc in Tan ITA-NP+iINSC treated pigs
when compared to controls (2.11£0.76 vs. 7.39+1.74 and 7.17+0.76 cm® respectively,

Figure 6.2E).
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iNSCs prevented chronic WM degradation.

To assess long-term changes in WM integrity, the internal capsules were examined
24 hours post-stroke and 12 weeks post-transplantation. Changes in fractional anisotropy
(FA) in the affected ipsilateral internal capsule were compared to the contralateral internal
capsule with similar percent increases in FA values being observed between treatment
groups 24 hours post-stroke (Figure 6.3A-C, white arrows, 6.3D). At 12 weeks post-
transplantation, Tan ITA-NP+iNSC and PBS+iNSC treated pigs exhibited a lower percent
decrease in FA values compared to PBS+PBS control pigs with trending (p=0.1)
differences between Tan I[IA-NP+iNSC and PBS+PBS control pigs (Figure 6.3E-G, white
arrows, 6.3D). Although PBS+iNSC treated pigs exhibited the greatest percent change in
FA values at 24 hours post-stroke, they show comparable FA values to Tan IIA-NP+iNSC
treated pigs 12 weeks post-transplantation. This suggests iNSC transplantation may help
prevent WM degradation following ischemic injury. This hypothesis is reinforced as
PBS+PBS control pigs demonstrated a significant (p<0.01) difference in percent change
between time points (-42.25+4.31 vs. 23.01£2.96 %, respectively; Figure 6.3D) whereas

Tan ITA-NP+INSC and PBS+iNSC treated pigs did not.

Tan IIA-NPs mitigated acute ICH volumes.

Acute ICH was observed via hypointense abnormalities on T2* sequences 24 hours
post-stroke (Figure 6.4A-C, white arrows). The occurrence of ICH was significantly
reduced in Tan ITA-NP+iNSC treated pigs relative to PBS+PBS control pigs (0.73+0.15
vs. 1.52+0.12 cm? respectively, Figure 6.4D). These results suggest Tan IIA-NPs may help
reduce ICH volumes during the acute phase post-stroke. Collectively, these MRI based

results offer compelling evidence Tan IIA and iNSC treatments provided neuroprotection
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and promoted tissue level recovery by decreasing lesion and ICH volumes, consequent
MLS while also preserving diffusivity and WM integrity.
Discussion

This pivotal study presents the first experimental evidence that intracisternal
administration of Tan ITA-NPs and intraparenchymal transplantation of iNSCs improved
MRI tissue-level outcomes in a translational pig ischemic stroke model. These therapies
attenuated tissue degradation and promoted neural recovery processes as seen through
reductions in lesion volumes, MLS, WM damage, and ICH; critical predicative indicators
of patient prognosis due to the high correlation between neurological deficits and
functional outcomes ****. Consequently, these results suggested Tan IIA-NP and iNSC
intervention could be a potent therapeutic for patients with ischemic stroke.

Delivering therapeutic compounds to target tissues is a major challenge in the
treatment of stroke. To potentially improve Tan IIA’s pharmacological responses, Tan ITA
was encapsulated into PLGA-PEG NPs. This nano-delivery platform protects drugs from
rapid degradation and enhances drug concentration in target tissues **. Furthermore,
physiochemical and biological properties of NPs permit increased cellular uptake when

45 These properties could therefore induce

compared to free-form larger molecules
controlled, extended release of Tan ITA that may result in prolonged anti-inflammatory and
antioxidative effects while reducing potential cytotoxicity. Intracisternal injection of Tan
ITA-NPs into the subarachnoid space rather than IV eliminates filtering by peripheral
organs and allows for the administration of lower Tan IIA doses (10-30 mg/kg

intraperitoneal in rodents vs. 0.133 mg/kg intracisternal in pigs) and decreased dosage

frequency 2> %%, Intracisternal injection also bypasses the BBB that would otherwise prevent
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the delivery of therapeutics to ischemic areas. NP delivery and intracisternal administration
of Tan ITA was well tolerated by pigs and represents a novel approach in drug delivery.

A frequently utilized predictor of patient prognosis is acute lesion volumes due to
the high correlation between functional outcomes and neurological deficits % 41:46:47 Here,
acute treatment with Tan IIA-NPs demonstrated potential in mitigating these clinical
outcomes by significantly decreasing T2W and edema-corrected lesion volumes at acute
and chronic time points which was not observed in pig stroke studies with iINSC

19 In similar rodent studies, Tan IIA treatment resulted in

transplantation alone
significantly reduced lesion volumes in the striatum and lateral cortex 2% 2°. Tang et al.
further compared the effect of Tan IIA administration times on lesion volumes reporting
1- and 4-hour post-stroke delivery of Tan IIA resulted in the greatest reduction in lesion

25 Similar to human correlations between lesion volumes and functional

volumes
outcomes, additional studies have indicated the neuroprotective effect of Tan IIA in
cerebral ischemia-reperfusion rodent models leads to significantly improved
neurobehavior scores 2> 8. Reduced rodent lesion volumes were also accompanied by
decreased motor function deficits including extension of the forepaw, circling, and
imbalanced walking/righting reflexes following Tan IIA administration 2% 2°,

ICH and diffusivity also possess prognostic value with increased hemorrhage
volumes and decreased ADC values being closely associated with early neurological
deterioration and a significant increase in mortality rates 90 days post-ischemia 32, In the
current study, T2* and DWI sequences showed reduced ICH and preserved diffusivity in

Tan ITA-NP treated pigs 24 hours post-stroke. In zebrafish, Tan I1A effectively reduced the

occurrence and area of cerebral hemorrhage while restoring motor function impairments in
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a dose dependent manner .

Comparatively, Tan IIA administration in rodents
successfully maintained vascular integrity observed through increased vessel wall
thickness relative to control animals >*. Reduced changes in diffusivity observed in this
study corresponded with previous Tan IIA studies in rodent models presenting evidence of
improved cerebral blood flow, increased anti-oxygen radical and anti-inflammatory
activities, and decreased infarcted brain tissue >2°. Liu et al. credited Tan IIA’s influence
on the TORC1 signal pathway for reductions in brain water content ?2. This signaling
pathway has also been found to influence protein synthesis, cell growth, and
neurotransmission and thus remains a potential therapeutic target for ischemic
cerebrovascular diseases > °.

Tan ITA effects in reducing post-stroke tissue damage may be in part due to its
capabilities in ameliorating blood-brain barrier (BBB) damage. In humans, disruption of
the BBB occurs within hours of ischemic onset followed by an increase in matrix
metallopeptidase (MMP)-9 levels, edema formation, and hemorrhagic transformation
within 24-72 hours 73, Likewise, elevated levels of MMPs following transient ischemia
in rodents resulted in the degradation of tight junction proteins, claudin-5 and occludin,
that are integral components of the BBB °°. Interestingly, Tan IIA-NP treated pigs
demonstrated reductions in cytotoxic edema and ICH 24 hours post-stroke, thus suggesting
BBB breakdown may be somewhat preserved in these animals. Tang et al. reported Tan
ITA administration mediated BBB breakdown by significantly decreasing MMP-9 levels
while restoring occludin expression in a dose-dependent manner 6. Wang et al. also

demonstrated reduced BBB leakage in Tan IIA treated animals was associated with

significant increases in the presence of claudin-5 *8. Patients who received tPA and daily
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IV injections of Tan IIA exhibited ameliorated BBB damage with significant differences
in claudin-5 and MMP-9 expression and impressive functional outcomes as indicated by
90-day modified Rankin scale (mRS) scores <I when compared to the placebo group ?’.
Tan IIA’s protective effects in multiple species demonstrates increased BBB stability and
remains an important treatment target that should be further investigated.

Although it has been shown that Tan IIA possess antioxidant and anti-inflammatory
neuroprotective effects, chronic reductions in WM damage and MLS in iNSC treated pigs
suggests iINSCs are a critical component of neural recovery as treatment effects were
greater in PBS+iNSC and Tan IIA+iNSC groups 12 weeks post-transplantation 2>,
Disruption of WM axonal bundles often leads to cognitive, behavioral, and motor
dysfunctions, thus studying stroke induced WM changes in a model with comparable
WM volumes is critically important for the testing of novel therapeutics *2. In a similar
study by Baker et al., transplantation of iNSCs resulted in significant improvements in
pig FA values 12 weeks post-transplantation '°. Human neural stem cells transplanted
into chronic stroke patients also resulted in increased FA values '®. Rodent research
endeavors aimed at further understanding WM repair processes found transplantation of
stem cells enhanced WM reorganization and connectivity through increased myelination,
WM bundle thickness, and axonal sprouting within ischemic tissues °!"%. Reductions in
tissue atrophy and consequent MLS suggested iNSC treatment also enhanced cellular
survival. Neurotrophic factors meditated by iNSCs may induce tissue recovery through
the expression of BDNF, GDNF, and NTF3 which have been shown to protect neurons
from ischemic injury in both small and large animal models '* %55 Acute treatment with

Tan ITA may also supplement neuronal survival by inhibiting NF-xB binding activity
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through the suppression of the NF-xB inducing kinase-IkB kinase (NIK—IKK) pathway
48 Recent research suggested persistent activation of the NF-kB complex rendered
neurons vulnerable to ischemic insult and attenuation of this activation by Tan 1A
provided a potential mechanism that explained the anti-inflammatory and neuroprotective
activity of Tan IIA 2%, Collectively, these longitudinal effects of combined Tan IIA-NP
and iINSC treatment warrants further investigation.
Conclusion

For the first time, this study demonstrated administration of Tan IIA-NPs and
iNSCs mitigated ischemic injury responses, thus leading to improved tissue recovery in a
translational pig ischemic stroke model. Acute Tan ITA-NP macro-level changes were
mechanistically supported by iNSC cellular level changes, resulting in multifaceted
effects including decreased lesion and ICH volumes, preserved diffusivity, and attenuated
WM damage and MLS. These findings collectively support the continued investigation of
this novel combination therapy for translation into human clinical trials.
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Figure 6.1: Tan IIA-NP+iNSC treatment decreased lesion volume and consequential
MLS. Tan ITA-NP+INSC treated pigs exhibited a significant decrease in hyperintense
lesion volumes when compared to PBS+iNSC and PBS+PBS groups at 24 hours (24
HPS) post-stroke (A-C, white arrows, D) and compared to PBS+PBS control pigs at 12
weeks post-transplantation (12 WPT) (E&G, white arrows, D). All treatment groups
possessed significantly reduced lesion volumes compared to 24 hours post-stroke values
(D). Tan ITA-NP+INSC treated pigs demonstrated a significantly less pronounced MLS
12 weeks post-transplantation compared to PBS+PBS control pigs (E&G, red lines, H)
while Tan ITIA-NP-+INSC and PBS+INSC treated pigs also exhibited significant changes
between time points (0.81£0.21 vs. 1.99+0.29 mm; 1.31£0.28 vs. 1.99+0.29 mm
respectively; H). * indicates significant difference between treatment groups; # indicates

significant difference between time points.
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Figure 6.2: Tan IIA-NP+INSC treatment preserved diffusivity and reduced edema-
corrected lesion volumes. Tan IIA-NP+INSC treated pigs exhibited significant
conservation of diffusivity 24 HPS relative to PBS+iNSC and PBS+PBS control pigs (A-
D, white arrows). Tan IIA-NP+iNSC treated pigs also demonstrated a significant decrease
in LVc¢ in when compared to control groups 24 hours post-stroke (E). * indicates significant

difference between treatment groups.
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Figure 6.3: iINSC treatment prevented chronic WM degradation. Tan I[TA-NP+iNSC
and PBS+INSC treated pigs exhibited a lower percent decrease in FA values compared to
PBS+PBS control pigs at 12 WPT. PBS+PBS control pigs demonstrated a significant
percent change between time points (A-G) whereas Tan IIA-NP+iINSC and PBS+iINSC

treated pigs did not. # indicates significant difference between time points.
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Figure 6.4: Tan-I1A NPs reduced acute ICH volumes. T2* sequences 24 hours post-
stroke revealed ICH in all treatment groups (A-C, white arrows). ICH was significantly
reduced in Tan ITA-NP+iNSC treated pigs relative to PBS+PBS control pigs (0.73+0.15

vs. 1.52+0.12 cm3 respectively, D).
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CHAPTER 8
CONCLUSION
The only Food and Drug Administration (FDA)-approved therapies currently
available to ischemic stroke patients include tissue plasminogen activator (tPA), a
thrombolytic agent, and thrombectomy surgical procedures [1, 2]. Limitations in
pharmacological administration intervals (< 4.5 hours) and potentially deadly
hemorrhagic consequences, highlight the need for safer and more inclusive patient
treatment options that are capable of reducing ischemic damage and promoting
neuroregenerative processes [3, 4]. A potential opportunity to hasten the speed at which
novel therapeutics are developed and tested is through the use of translational animal
models that are more predictive of the human condition. Compared to other large animal
models, pigs are an attractive alternative for preclinical testing due to lower costs,
reduced ethical concerns as well as inherent neuroanatomical similarities to humans (i.e.
gyral pattern, brain size, white matter composition) that frequently correlate with
neuronal network complexity and ischemic injury progression [5-7]. Furthermore,
therapeutic dosing can be more accurately assessed in a pig model as humans and pigs
share similarities in body size and metabolism. In order to expand the current knowledge
on pig post-stroke physiological outcomes and to bolster therapeutic development and
assessment strategies, the studies that comprise this dissertation 1) further characterized
pig ischemic stroke using clinically-relevant and quantifiable modalities and 2) tested the

efficacy of neural stem cell derived-extracellular vesicles (NSC EVs), Tanshinone ITA
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nanoparticles (Tan IIA-NPs), and induced pluripotent stem cell-derived neural stem cells

(iNSCs).

The first study characterized acute ischemic stroke injury severity, prognostic
biomarkers, and therapeutic targets utilizing magnetic resonance imaging (MRI), immune,
and motor function tests in a translational pig middle cerebral artery occlusion (MCAO)
model. Lesion volumes closely replicated human lesion volumes with similar impairments
in functional performance [8-11]. Ischemic injury produced cerebral swelling and
consequent midline (MLS) as well as notable intracerebral hemorrhage (ICH), which are
often associated with poor patient prognosis and premature mortality [12-14]. In addition,
MCADO led to reduced white matter (WM) integrity as seen through fractional anisotropy
(FA) maps and contralateral deteriorations in pig motor function frequently observed in
patients [15-17]. MCAO led to an acute systemic immune response marked by an increase
in circulating neutrophils and a corresponding decrease in circulating lymphocytes, which
is a key biomarker for the development of ICH in patients and influences the use of
anticoagulants [18-20]. Functional assessments paralleled clinical functional outcomes in
stroke patients with impairments in motor function that affected spatiotemporal parameters
and weight distribution [21-23]. By further understanding these physiological hallmarks
and exploiting the similarities between pig and human post-stroke responses, the pig
ischemic stroke model can be utilized to test novel therapeutics with increased predicative
power of clinical efficacy.

Next, the pig ischemic stroke model was utilized to test NSC EV potency in
mitigating the aforementioned pathophysiological responses. This pivotal study presents

the first experimental evidence of intravenous (IV) administration of NSC EVs
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improving tissue and functional level outcomes while adhering to the Stem Cell
Emerging Paradigm in Stroke (STEPS) and Stroke Therapy Academic Industry
Roundtable (STAIR) committee recommendations for developing and testing novel
stroke therapeutics [24-27]. NSC EV intervention significantly decreased lesion volume,
which has never been observed before in EV-related neural injury studies [8-11]. In
addition, NSC EV therapy led to decreased hemispheric swelling and ICH incidence
coupled with preserved diffusivity and WM integrity. These results strongly correlate
with stroke patient cognitive decline, sensorimotor deterioration, and morbidity [12-17].
Experimental recovery in relative pressure, swing percent, stride length, and other
translational pig gait parameters are critical readouts for human patients and are a robust
measure of NSC EV therapeutic potential [28-32]. Collectively, these results suggest
acute NSC EV administration may improve functional outcomes and the quality of life of

many future stroke patients.

Finally, the therapeutic potential of intracisternal Tan IIA-NPs and
intraparenchymal iNSCs were assessed via MRI tissue-level measurements. Here, acute
treatment with Tan IIA-NPs demonstrated potential in mitigating post-stroke outcomes by
significantly decreasing T2Weighted (T2W) and edema-corrected lesion volumes at acute
and chronic time points which was not observed in pig stroke studies with iINSC
transplantation alone [7]. The effect of Tanshinone IIA (Tan IIA) in reducing acute tissue
damage is likely due to its capabilities in ameliorating blood-brain barrier (BBB) damage
by suppressing levels of matrix metallopeptidase (MMPs), and thus preventing the
degradation of tight junction proteins, claudin-5 and occludin, that are critical components

of the BBB [33-35]. Acute Tan IIA-NP macro-level changes were mechanistically
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supported by iINSC cellular-level changes, resulting in multifaceted effects including
attenuated WM damage and MLS. iNSC effects on WM repair processes are supported by
recent studies in which human neural stem cells transplanted into chronic stroke patients
resulted in increased FA values [36]. Reductions in tissue atrophy and consequent MLS
also suggests INSC treatment enhances cellular survival through the secretion of
neurotrophic factors which have been shown to protect neurons from ischemic injury in
both small and large animal models [7, 37, 38]. These findings collectively support the
continued investigation of this novel combination therapy for translation into human
clinical trials.
Future studies

Although these studies further enhanced preclinical evaluation of novel therapies,
there are a number of translational concerns that remain to be addressed. A common
limitation of utlizing pig models of ischemic stroke is the presence of an anatomical
structure known as the rete mirable. This dense network of small diameter arteries renders
endovascular methods of ischemic induction unfeasible, thus necessitating rather complex
transcranial surgical approaches to induce middle cerebral artery (MCA) occlusion.
Consequent damage to the cranium and dura results in uncharacteristic intracranial
dynamics and cerebrovascular pathophysiological changes post-stroke [39]. Furthermore,
surgical craniectomy permits the loss of CSF upon dural excision and minimizes the
pathological development of elevated intracranial pressure following MCA occlusion [40].
These implications do not fully replicate human post-stroke progression and therefore
therapeutic efficacy of potential treatments in pig models may not be fully representative

of efficacy in human patients.
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In support of previously conducted rodent research, NSC EVs significantly
improved neural tissue preservation and functional outcomes post-stroke. However, further
studies should be conducted to investigate the mitigation of immune responses following
NSC EV administration in a pig model. Although, mice treated with NSC EVs showed a
dampened injury response while augmenting a reparative systemic response favoring
macrophage polarization toward anti-inflammatory M2 cells, increasing Treg cells, and
decreasing proinflammatory TH17 cells, this has yet to be shown in pig studies [41].
Furthermore, NSC EVs were administered systemically potentially leading to therapeutic
effects in other tissues, such as the spleen, and having less to do with a direct effect on the
brain. Although it is likely that a reduced number of NSC EVs reached the target brain
tissues due to BBB breakdown following ischemic injury. Additional studies are needed to
further explore whether the improvements observed where due to a direct effect on the
brain or mediated through changes in other organ systems.

Tan IIA delivery via nanoparticle (NP) encapsulation is a novel administration
platform that requires additional investigation. Despite the current developments in NP
research, the use of NPs for ischemic stroke treatment is still under development. It is
important to also evaluate differences in therapeutic potency between free-form Tan 1A
and Tan ITA-NP in a pig model of ischemic stroke to characterize cytotoxicity and anti-
inflammatory alterations in both in vitro and in vivo systems. An additional Tan ITA-
NP+PBS treatment group in future studies may also provide additional information on
sustained Tan IIA-NP effects at chronic time points post-stroke. Lastly, Tan IIA-NP

administration via intranasal or intravenous applications would more easily permit
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administration of multiple Tan IIA-NPs doses, however efficiency in reaching targeted
ischemic tissues may be hindered.

In the future, a more in-depth assessment of iINSC effects on endogenous tissue
recovery will be performed. Specifically, endogenous improvements through the sercetion
of trophic factors remain to be investigated including iNSC influences on neuronal
survivabilty, neuroblast migration, and glial scar formation. The ability of transplanted
cells to differentiate in vivo into morphologically mature, regionally competent cell types
will be evaluated at chronic time points. Whether these cells undergo synaptogeneis and
send axons to appropriate targets, for example, remains to be elucidated. From a functional
perspective, mature iNSC neurons should possess preserved electrophysiological
properties and receive synaptic input from host neurons, thus improving neural network
connectivity. Beyond iNSC integration characteristics, additional studies evaluating
differences in transplantation times, iNSC cell numbers and vehicle solution (ie PBS vs.
basal media), and co-transplantation within a biodegradable construct will be conducted to
maximize iNSC efficacy and long-term survivability.

In conclusion, these studies have major implications to the stroke community by
strengthening preclinical testing strategies in a large animal model with similar stroke
pathologies to those observed in humans. Novel NSC EV therapy could represent a
clinically feasible and cell-free paradigm with advantages in low tumorigenicity, scalable
production, and high transport efficiency via intravous administration. Combined
therapeutic potential of Tan IIA-NPs and iNSCs may also possess neuroprotective effects
in patients through antioxidant and anti-inflammatory mechanisms with the pontential of

cell replacement. Although additional studies are required to further explore therapeutic
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mechanisms and to improve treatment efficacy, the findings within this dissertation could
augment the chances for succesful clinical trials and improve acute and chronic recovery

in stroke patients worldwide.
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Abstract

Over 700 drugs have failed in stroke clinical trials, an unprecedented rate thought
to be attributed in part to limited and isolated testing often solely in “young” rodent
models and focusing on a single secondary injury mechanism. Here, extracellular vesicles
(EVs), nanometer-sized cell signaling particles, were tested in a mouse thromboembolic
(TE) stroke model. Neural stem cell (NSC) and mesenchymal stem cell (MSC) EVs
derived from the same pluripotent stem cell (PSC) line were evaluated for changes in
infarct volume as well as sensorimotor function. NSC EVs improved cellular, tissue, and
functional outcomes in middle-aged rodents, whereas MSC EVs were less effective.
Acute differences in lesion volume following NSC EV treatment were corroborated by
MRI in 18-month-old aged rodents. NSC EV treatment has a positive effect on motor
function in the aged rodent as indicated by beam walk, instances of foot faults, and
strength evaluated by hanging wire test. Increased time with a novel object also indicated
that NSC EVs improved episodic memory formation in the rodent. The therapeutic effect
of NSC EVs appears to be mediated by altering the systemic immune response. These
data strongly support further preclinical development of an NSC EV-based stroke therapy
and warrant their testing in combination with FDA-approved stroke therapies.
Key words Neural stem cell extracellular vesicles, Thromboembolic stroke, Preclinical

stroke model
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Introduction

Despite the overwhelming global need, intravenous tissue plasminogen activator
(IV-tPA) and endovascular thrombectomy (ET) are the only two FDA-approved stroke
therapies to date [1, 2]. Both of the above “reperfusion” therapies target opening of major
blood vessels in a carefully diagnosed, yet a very small sub-population of stroke victims.
While reperfusion could itself trigger a secondary injury, neither of the FDA-approved
stroke therapies are directly neuroprotective or neuroregenerative. Moreover, the use of
IV-tPA and/or ET is improbable as a field therapy and both are limited to state-of-the-art
facilities [3, 4]. Therefore, a larger population of stroke patients with limited access to
these facilities (e.g., rural populations) still remain untreated and often rely on later
neurorehabilitation and endogenous neuroregeneration mechanisms [5, 6].

Ideally, an implementable therapy would protect the brain in acute stroke and
enhance long-term functional outcomes among stroke survivors. Along these lines, the
Stroke Treatment Academic Industry Roundtable (STAIR) recommends development of
stroke therapies, which could reduce reperfusion injury and promote neurovascular
plasticity and recovery later. An assessment of the litany of failed treatments by the Stem
Cell Emerging Paradigm in Stroke Consortium meetings (STEPS I, II, and III) resulted in
identifying major treatment deficiencies including (1) lack of a regenerative therapy that
will not only protect cells from ischemic injury but stimulate regeneration of lost and
damaged tissues and (2) translational animal models more reflective of human pathology
and improved predictive testing of treatments [7, 8].

One of the most promising therapeutic avenues capable of addressing this need

for a neuroprotective and/or regenerative therapy is the use of extracellular vesicles (EVs)
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[9]. EVs are membrane shed microvesicles (50—-1000 nm) and exosomes (40—150 nm)
produced by all cells of the central nervous system (CNS) [10, 11]. The therapeutic
development of EVs is being explored for multiple regenerative therapeutic scenarios, as
EVs overcome many of the limitations of cell therapies, including but not limited to the
ability to deliver multiple doses, as well as the ability to store and administer EVs without
specialized equipment or advanced training for medical personnel [12].

While reports on EV therapeutic benefits in rodent studies of mechanically
occluded stroke (both transient suture and permanent electrocauterization models) are
encouraging, optimal therapeutic EV sources have not been explored [13, 14]. Previously
published stroke studies utilized non-neural sourced mesenchymal stem cell (MSC) EVs
administered systemically into rodent models and produced behavioral improvements
without significant reductions in infarct volume [13—15]. However, there are many
indications that EV cargoes are cell type specific and the parental cell line plays a
prodigious role in the biological properties of the resultant EV [14]. Therefore, EVs
derived from different sources (MSC vs. NSC cells) may have unique properties relative
to cell type. Also, the context under which EVs are produced directly influences the
signal that the resultant EVs communicate [16, 17]. For example, EVs extracted from
sera of stroke patients induced inflammatory cytokine expression in vitro [18]. Together,
cell specific activity and systemic immunological activation are novel multifaceted means
by which EVs may provide beneficial effects in both local and systemic processes post-
ischemic insult [19]. While specific mechanism(s) of action are still being investigated,
the potential therapeutic mechanisms of EVs appear to include anti-oxidative, pro-

angiogenic, immunomodulatory, and/or neural plasticity regulating processes [20, 21].
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Additionally, since the majority of stroke (~ 87%) occurs due to a thromboembolic (TE)
occlusion and a larger population of victims remains untreated with the FDA-approved
reperfusion therapies, it is critical to validate this promising therapy in a physiologically
relevant TE model of stroke [9, 22, 23].

The objective of this study was to evaluate the therapeutic potential of human
neural stem cell-derived EVs in a highly relevant preclinical stroke model without
immunosuppression. NSC EV treatment significantly decreased neural injury in the
murine model of TE stroke and also resulted in decreased behavioral and motor function
deficits.

Results
Pluripotent stem cell-derived NSC and MSC EVs were similar in structural and protein
marker expression, but not in size.

To eliminate the potential confounding variable of genetic differences, NSC and
MSC were isogenically derived from H9 pluripotent stem cells using processes
previously developed [24—26]. NSC and MSC EVs were quantified and evaluated for size
differences using Nanosight’s nanoparticle tracking analysis. NSC and MSC EVs have
overlapping, but distinct size and concentration profiles, with a broader peak present in
the MSC EV profile indicating presence of a range of vesicles up to 300 nm in size, while
the vast majority of NSC EVs were under 200 nm (Figure A.1A). Evaluation of NSC
EVs by electron microscopy (EM) revealed the presence of disperse multivesicular
bodies (MVBs; Figure A.1B, left panel) and purified vesicles (Figure A.1B, right panel)
could be visualized by EM after transfer to the electron microscopy grid. Differentiated

neural cells were cultured with NSC EVs labeled with Dil and EVs were taken up by the
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neural cells in vitro, as shown in super resolution confocal microscopy projection images
(Figure A.1C and enlarged inset). Analysis of EVs by flow cytometry revealed that both
cell types produced EVs that contained similar amounts of commonly reported EV
markers such as CD63 and CD81, which are both members of the highly conserved
tetraspanin superfamily.
NSC EVs provided significant benefits in the murine embolic model.

In order to compare the therapeutic efficacy of isogenically derived NSC and
MSC EVs side by side, EV biodistribution was first evaluated. Indium-111 (In-111)-
labeled EVs were injected 1 h post-TE-MCAO. Animals were imaged by single photon
emission computed tomography (SPECT) at 1 and 24 h post-injection (Figure A.2B)
[27]. SPECT results demonstrated systemic distribution not only in the lungs, liver, and
spleen, as reported in other EV biodistribution studies [16, 28], but were also present in
the infarcted hemisphere by 1 h post-TE-MCAO. By 24 h, EVs were largely cleared from
the infarct site, although still present in the other organs. These results suggest that EVs
preferentially accumulate in the penumbra of the injury. Based on this clearance from the
infarct, animals received a three-dose treatment regimen of either EVs or PBS vehicle by
tail vein injection at 2, 14, and 38 h post TE-MCAQO. Animals were evaluated (after
confirming no difference in cerebral blood flow; Figure A.S1A) by neurological deficit
score (NDS) at 48 h and adhesive tape test (ATT) at 96 h post-TE-MCAO followed by
blood collection and tissue analysis (Figure A.2A). NSC EV-treated animals during NDS
assessment demonstrated a decrease in deficits compared to controls as evaluated by
lower scores (p < 0.055) Figure A.2C). NSC EV-treated animals performed significantly

(p £0.001) faster on ATT (96.17 + 11.57 vs. 162.53 + 6.3 s, respectively), indicating
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enhanced sensorimotor function, when compared to controls or MSC EV-treated animals
(Figure A.2D). Analysis of metabolically active tissue by 2,3,5-triphenyltetrazolium
chloride (TTC) staining versus dead tissue (colorless) indicated significantly decreased
tissue loss in NSC EV-treated animals compared to the MSC EV treatment group (27.97
+2.78 vs. 48.19 £ 5.79 mm?, Figure A.2E, F). Since EVs are present in bodily fluids and
they could affect the systemic immune response via both direct and indirect antigen
presentation, we next checked the peripheral immune response after EV treatment.
Quantitative flow cytometry analysis of freshly collected blood samples at 96 h post-
stroke indicated that NSC EV treatment significantly promoted macrophage polarization
toward an anti-inflammatory M2 phenotype (Figure A.3A—C, J) and increased the
regulatory T cell (Figure A.3D-F, K) population resulting in the downregulation of pro-
inflammatory effector Th17 cells (Figure A.3G-I, L). Thus, our data indicates that NSC
EV treatment after stroke is capable of dampening injury responses while augmenting a
reparative systemic immune response (Figure A.3). In summary, this data indicates PSC-
derived NSC EVs provide molecular and behavioral benefits, while PSC-derived MSC
EV treatment resulted in more variable results in both infarct size and behavioral
outcome assessment indicating a clear NSC EV benefit in the middle-aged embolic
model. While overall survival was not significantly different between the groups, 55% of
animals in the MSC EV and PBS groups survived to the endpoint, while 65% of NSC EV
treated mice survived (Figure A.S1). For these reasons, NSC EVs were further explored

as a candidate treatment, while evaluation of MSC EV's was discontinued.
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NSC EV treatment reduced lesion volume and improved behavioral outcomes in aged
mice.

Stroke therapeutics are often tested in young animals within a narrow time range
post-stroke. NSC EVs were further explored in aged mice (18 = 1 months), starting
approximately 6 h post-stroke, to fall outside the time window of traditional tPA
administration in humans. Dosage in the embolic model was maintained constant;
however, the administration window was shifted to 6, 24, and 48 h post-stroke. (Figure
A.4A). Blinded investigators randomly divided mice into non-stroked (sham) and stroked
with either PBS vehicle (control) or NSC EV in PBS treatment groups (N = 24
animals/group). Analysis of T2-weighted (T2W) sequences 2 days post-TEMCAO
indicated a significant decrease in lesion volume in NSC EV-treated animals (58.2 + 5.03
and 37.9 + 2.84 mm?, respectively) (Figure A.4B, C), while ex vivo Q-ball MRI
(performed on the fixed brain post-euthanasia) indicated that NSC EV treatment
attenuated the post-stroke cerebral atrophy and significantly decreased it compared to the
vehicle-treated group (22.8 £ 0.40 and 10.6 £+ 1.94% of contralateral hemisphere) (Figure
A.4D). Diffusion tensor imaging (DTI) and fractional anisotropy (FA) analysis was also
performed after Q-ball imaging; however, no significant differences in diffusivity or
white matter integrity were observed between the two groups subjected to TE stroke,
which is likely due to less white matter content in small rodents. Behavioral
characteristics and motor function were evaluated 14 days post-TE-MCAO. NSC EV-
treated animals exhibited significantly improved coordination on the balance beam
relative to control, with NSC EV-treated animals crossing in 18.9 + 1.36 s and control

animals crossing in 28.0 + 0.45 s (Figure A.4E). Significantly fewer foot slips while
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crossing the beam (2.21 £0.18 vs. 1.25 £+ 0.21-foot slips) were also observed in NSC EV-
treated animals (Figure A.4F). Grasping ability and forelimb strength were evaluated by
the hanging wire test. NSC EV-treated animals could hang an average of 28.47 = 1.18 s,
while control animals grasping was significantly shorter (5.1 £0.91 s) (Figure A.4G).
Episodic memory was evaluated by novel object recognition (NOR) testing. NSC EV-
treated mice spent significantly more time exploring the novel object (NO; 36.92 £ 1.48
s) than the control group that spent only 26.50 + 3.29 s on average with the NO. There
were no significant differences in time spent with the familiar object between groups.
Novel object discrimination index (DI) indicated NSC EV-treated animals performed
significantly better than control group (0.26 £ 0.04 and 0.0005 £ 0.05, respectively;
Figure A.41). Finally, depressive phenotype was assessed by tail suspension test 28 days
post-TE-MCAOQ. Controls were immobile for a significantly longer time period (178.13 +
9.96 s) as compared to NSC EV-treated animals (123.08 = 9.58 s) (Figure A.4H). The
NSC EV group was not statistically different from the sham group in survival rates, while
fewer animals survived to the endpoint in the control group (Figure A.S1A; p <0.319).
Collectively, this data indicates an early neuroprotective effect of NSC EV in aged mice
as indicated by reduced lesion volume and improvements in functional outcomes as
measured by grasping ability, forelimb strength, motor coordination, and memory
consolidation.
Discussion

We present here the first experimental evidence that NSC EVs improve cellular,
tissue, and functional outcomes in the murine TE-MCAO models. Mitigating the

secondary injury cascades, particularly the immune response, NSC EV intervention led to
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significantly decreases in infarct size and brain atrophy, which has never been observed
acutely in previous studies of exosome treatment for stroke [13—15]. Although various
cell therapies have improved stroke recovery in preclinical models, NSC EVs possess a
number of advantages over cell-based therapeutics including decreased tumorigenicity,
limited immunogenicity, enhanced biodistribution, and BBB permeability [13, 29-31]. In
addition, vesicles are involved in many biological processes with the potential to serve as
a neuroprotective and translatable therapeutic for neural disabilities including ischemic
stroke and, importantly, can likely be used in conjunction with currently available tPA
and/or endovascular therapies [32, 33]. Tissue level changes generated large-scale
reductions in neural injury and rapid recovery of neurological and motor function
outcomes in vivo, thus suggesting NSC EVs are a promising therapeutic for human
patients.

Functional benefits following MSC EV treatment for stroke has been evaluated
using several different cell lines, with varying degrees of MSC marker definition and EV
dose [13, 14, 34]. However, benefits in the infarct, including evidence of axonal
remodeling and angiogenesis in the ischemic boundary zone were achieved using EVs
from cells modified by a lentivirus, indicating that modification can influence therapeutic
potential of the resultant EVs [34]. Uniquely, the MSC EVs tested were of PSC origin
and differentiated in vivo. We have shown previously that although these cells have many
of the common markers (CD73, CD93, andCD105), they can have unique differentiation
potential and methylation patterns [35]. MSC sourced using different tissue origins,
isolation methods, and in vitro culture conditions can alter the immunosuppression

potency of MSC [36]. Thus, the results here may not represent results obtained by all
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sources of MSCs. However, these findings do elude to unknown subtleties of screening
complex biologics, like EVs, for therapeutic potential in humans.

Stroke is unpredictable and the degree of neuroprotection provided by EVs may
likely vary by the efficiency of their delivery into the ischemic brain. Therefore, we
tested NSC EVs in two different treatment regimens in murine TE stroke. NSC EV's
therapy, as early as 2 h after TE stroke in middle-aged (12 months old) mice, not only
improved the neurological outcomes and profoundly reduced the infarction volume but
also downregulated the systemic inflammatory response in the blood. It is well
established that following stroke, immune cells such as leukocytes infiltrate the brain as a
result of increased adhesion phenomena and resultant BBB permeability, leading to a
brain localized neuroimmune response [37]. Circulating macrophages can also trigger a
long-term adaptive immune response causing chronic neurodegeneration and subsequent
neuropsychiatric dysfunction even after closure of the BBB [38]. Naive immune cells
such as macrophages and T lymphocytes are highly plastic in nature, which can adapt to a
context-specific functional phenotype depending upon the microenvironment. Activated
macrophages can also traverse into the draining cerebro-meningeal lymphatic system to
trigger an adaptive immune response, which can decide the fate of outgoing T
lymphocytes targeting the injured brain [39]. Since EVs carry a number of proteins,
various RNA species, and bioactive lipids capable of diverse signaling, we looked into
the systemic immune response 96 h after stroke. Mice treated with repeated doses of NSC
EV showed increased M2-type macrophages and Treg populations, with a concurrent
decrease in Th17 lymphocytes. Since macrophage activation precedes T lymphocyte

proliferation and activation, it is likely that acute treatment with NSC EVs promoted a
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conducive microenvironment resulting in alternatively (but not classically) activated M2-
type polarization. This likely skews T lymphocytes to their regulatory phenotype, (Treg)
with concurrent suppression of pro-inflammatory Th17 (an effector phenotype which
releases IL-17 and causes long term neurodegeneration after stroke) [40]. Although these
mechanistically novel findings in response to NSC EV therapy need further investigation,
it is probable that such responses could have translational importance (Fig. 2); as such,
circulating immune cells from the blood could possibly be used as a convenient
biomarker to follow chronic effects of disease progression and the therapeutic effect of
NSC EV in stroke during long-term follow-up.

Chronic neuropsychiatric dysfunctions such as the exacerbation of depression,
anxiety, and dementia in aged individuals are very common after stroke [41]. Therefore,
we next evaluated the delayed NSC EV therapy in the reproductively senescent aged (18
months old) mice subjected to TE stroke model and followed them for both acute and
chronic outcomes. NSC EV therapy, even in an extended treatment window, reduced the
acute lesion volume and cerebral atrophy at 28 days post-stroke. NSC EV-treated stroke
mice performed better in various behavioral tasks related to motor function, muscular
strength, depression, and learning/memory. Taken together, our data in murine TE stroke
strongly supports further development of NSC EV-based stroke therapy.

MRI assessments of infarct volume, atrophy, and brain swelling are pivotal
predictors of clinical severity and prognosis and are critical readouts in assessing the
efficacy of stroke therapies [42, 43]. NSC EVs administered both within and outside the
tPA therapeutic window resulted in a significant decrease in infarct volume in our murine

model. In addition, MRI results suggest NSC EVs also resulted in a significant reduction
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in tissue loss 28 days post-TE-MCAO in aged mice. These findings directly support
recent reports in which MSC EVs were found to promote tissue preservation and
neurovascular remodeling through proposed paracrine effectors [15, 44, 45].

NSC EVs may promote increases in vascular density and angiogenic processes by
mediating specific gene regulation. For example, emerging data suggests downregulation
of miR15a in cerebral vessels in a murine model of ischemic stroke promotes
angiogenesis in the peri-infarct region by increasing FGF-2 and VEGF levels [46, 47].
Many MSC EV-related studies have observed improvements in functional recovery,
neurogenesis, and angiogenesis in rodent models of ischemic stroke [14, 15, 48, 49].
However, these studies have yet to report a significant difference in acute infarct volume
as we have shown here. These results suggest that NSC EVs maybe therapeutically more
potent than their MSC EV counterparts. While the exact molecular mechanism(s)
responsible for these effects are currently unknown, it is possible that they are mediated
by tetraspanin superfamily proteins. We routinely detect tetraspanins CD63 and CD81 in
NSC EVs. Tetraspanins affect cell adhesion, motility, proliferation, and coagulation [50],
which we believe may improve stroke outcomes.

It is imperative for the success of translational research to also incorporate
behavioral tests that are sensitive to both the area of brain damage and the interventions
that are being applied [51]. Neurological deficit scores and adhesive tape removal times
revealed significant improvements in NSC EV-treated mice 2 and 4 days post-TE-
MCADO, respectively. Furthermore, NSC EV's promoted significant improvements in
balance beam walking, the number of footfalls, hanging wire, and tail suspension

performance 14 days post-TEMCAO in aged rodents. In comparison, similar studies
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evaluating rodent MSC EVs also reported significant behavioral improvements in
comparatively young animals, in the absence of changes in infarct volume [14, 34, 52].
However, how rodent MSC EVs evaluated in young adult animals translate to the
therapeutic potential of human MSC EVs and how those compare to NSC EVs are
frequently not addressed—Ieaving plausible gaps in our knowledge of how these
resources inform further development in preclinical programs for evaluation of EVs for
therapeutic use in humans.

In addition to sensorimotor tests, we also evaluated NSC EV effects on
declarative memory. Fourteen days post-TEMCAO, our NSC EVs induced a significant
improvement not only in NOR but also in associated NO discrimination performance.
This suggests NSC EVs may also support the conservation of key brain regions
associated with declarative memory and discrimination, like the dorsolateral prefrontal
cortex and the medial temporal lobe [53, 54]. Advanced imaging and pharmacological
inactivation studies in multiple animal models have also confirmed this theory by
providing evidence that the prefrontal cortex plays a critical role during remote memory
recall by regulating the hippocampus [55]. Stroke-induced injury to white matter tracts
(including connections to the frontal and temporal cortices) has been linked to lasting
deficits in episodic and declarative memory in both rodent models, as well as human
patients [55-58].

This study uniquely encompassed a direct comparison of human MSC and NSC
EVs while abiding by STEP and STAIR committee recommendations for developing
stroke therapeutics. The extensive testing of NSC EVs has shown impressive biological

relevance in the TE-MCAO model of ischemic stroke. By not only decreasing
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hemispheric swelling, atrophy, and infarct volume but also improving functional
performance in vivo, NSC EVs possess potent and translatable therapeutic potential that
with further testing may change the current therapeutic paradigm of ischemic stroke.
Further testing in large animal models of stroke, as well as studies evaluating the use in
conjunction with tPA and endovascular therapies, will further inform the therapeutic
development potential of NSC EVs.
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Figure A.1: NSCs and MSCs produce EVs containing commonly reported EV
biomarkers. EVs produced by NSCs and MSCs have overlapping, but distinct size
profiles, with a greater presence of larger vesicles present in the MSC EV profile (~ 124
nm (A). Electron microscopy of NSC revealed the presence of disperse multivesicular
bodies (B, left panel), while EV enrichment resulted in presence of purified EVs (B, right
panel). Labeled NSC EVs (Dil) were taken up by differentiated neural cells in vitro (C),
with single projection super resolution confocal images shown; z-stack in supplemental

movie S1.
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Figure A.2: NSC EVs outperform MSC EVs in the murine embolic stroke model
and indicate acute benefits may be modulated by augmenting the systemic immune
response. One hour after stroke induction either free In111 or labeled EVs (B, left and
right, respectively) were administered into mice via tail vein injection and analyzed by
SPECT. EVs were present in the infarct region 1 h after injection (B, red circles, left
brain panels), but were largely cleared by 24 h (B, red circles, right brain panels).
Systemic presence in the lungs, liver, and spleen are in agreement with other EV
biodistribution studies (B, body panels). Based on rapid clearance, animals received three
doses of EVs (MSC EV, NSC EV, or vehicle control; N = 12/group), at 2, 14, and 28 h
after TE-MCAO, (as outlined in A). Neurological deficit 48 h post-TE-MCAO (C)
indicated that animals that received MSC EVs were indistinguishable from controls,
while NSC EV evaluation trended toward significance (p = 0.055). Adhesive tape test
indicated improved somatosensory function after NSC EV treatment compared to either
MSC EV or control (D) Acute effects on neural tissue were analyzed by 2,3,5-
triphenyltetrazolium Chloride (TTC) differentiated metabolically active (live, red) and
inactive (dead, colorless) tissue indicated significantly decreased injury and infarct

following NSC EV treatment (E, F).
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Figure A.3: NSC EV treatment augments the systemic immune response to TE
stroke. Cells in circulation that were analyzed for immune cell presence indicated an
increase in functional M2 macrophages associated with tissue repair (A-C, J) and
increased immunosuppressive Tregs (D-F, K), as well as a decrease in pro-inflammatory
Th17 (CD4+, IL-17+) cells compared to MSC EVs and control (G-I, L). Asterisks (*)
indicate statistical differences from sham group while the number sign (#) indicates
significant statistical differences between control and NSC EV groups; *; #p value <

0.05; **, ##p value < 0.01; *** ###p value < 0.001.
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Figure A.4: NSC EV treatment resulted in molecular and behavioral benefits in
aged rodents. Based on increased benefit from NSC EV treatment, aged C57BL/6
animals (N = 24/group) were randomly split into control (PBS vehicle) and NSC EV
treatment groups by blinded investigators, who delivered treatments at 6, 28, and 48 h as
outlined in A. Analysis of T2 W images (B, lesion shown in white) demonstrated a
significant reduction in lesion size in NSC EV-treated aged mice relative to control mice
at 48 h (C). Volumetric analysis of T2 intensity (B) sequences revealed a significant
reduction in ipsilateral hemisphere atrophy in NSC EV-treated mice relative to non-
treated mice at 30 days (D). DTI sequences showed no significant differences in FA
between NSC EV treated and control mice at 28 days (B). Balance and coordination were
evaluated by beam walk, where both TE-MCAO groups took longer to cross the beam
than sham animals, but NSC EV-treated animals were significantly faster at performing
the task than controls (E). The number of foot slips during beam walk also indicated
improved coordination in treated animals vs. control (F). Forelimb coordination was
further analyzed by hanging wire test, where NSC EV animals significantly outperformed
control animals (G). Tail suspension test revealed that control animals were immobile for
significantly longer than NSC EV-treated animals (H). Non-spatial memory of animals
was evaluated by novel object recognition test, where NOR discriminatory index
indicated that both TE-MCAO groups had detectable deficits, but NSC EV-treated mice
performed significantly better than controls, as a result of treated animals spending more
time with the novel object, compared to the familiar object (I). Asterisks (*) indicate

statistical differences from sham group while the number sign (#) indicates significant
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statistical differences between control and NSC EV groups; *; #p value < 0.05; **, ##p

value < 0.01; *** ###p value <0.001.
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