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ABSTRACT

Intracerebral hemorrhage (ICH) is a devastating type of acute brain injury with high mortality and
disability. Acute brain injury swiftly alters the immune reactivity within and outside the brain;
however, the mechanisms and influence on neurological outcome remains largely unknown. My
dissertation investigated how ICH triggers focal and systemic immune responses and their impact
hemorrhagic brain injury. At the focal level, a significant upregulation of interleukin (IL)-15 was
identified in astrocytes of brain sections from ICH patients. A transgenic mouse line where the
astrocytic IL-15 expression is controlled by a glial fibrillary acidic protein promoter (GFAP-IL-159)
was generated to investigate its role in ICH. Astrocyte-targeted expression of IL-15 exacerbated
brain edema and neurological deficits following ICH. Aggravated ICH injury was accompanied by
an accumulation of pro-inflammatory microglia proximal to astrocytes in perihematomal tissues,
microglial depletion attenuated the augmented ICH injury in GFAP-IL-159 mice. These findings
suggest that IL-15 mediates the crosstalk between astrocytes and microglia, which worsens ICH

injury.

Systemic immune response was investigated by leveraging the novel method of obtaining and
analyzing bone marrow cells from the cranial bone flaps of ICH patients. A swift increase of
hematopoietic stem cell (HSCs) population in the bone marrow was identified, along with a shift
towards the myeloid cell lineage. Human findings were mirrored in an ICH mouse model. Fate
mapping these HSCs revealed increased genesis of Ly6C!°¥ monocytes in the bone marrow,
which transmigrate into the hemorrhagic brain and give rise to alternative activation marker
bearing macrophage. Blockade of the 33-adrenergic receptor or inhibition of Cdc42 abolished
ICH-induced myeloid bias of HSCs. Importantly, mirabegron, a Food and Drug Administration-
approved 33 adrenergic receptor agonist, and a Cdc42 activator, IL-3, enhanced bone marrow
generation of Ly6C'®* monocytes and improved recovery. These results suggest that brain injury
modulates HSC lineage destination to curb distal brain inflammation, implicating the bone marrow

as a unique niche for self-protective neuroimmune interactions. Together, these results



demonstrate how acute brain injury exerts a profound yet distinct effect on immune responses
within and outside the brain and sheds new light on neuroimmune interactions with potential

clinical implications.
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CHAPTER 1

INTRODUCTION

Preface

Acute central nervous system (CNS) injuries, including brain ischemia, intracerebral hemorrhage
(ICH), and traumatic brain injury, swiftly trigger immune responses within and outside the brain'-3,
profoundly impacting the brain as well as peripheral organ systems*7. A comprehensive
understanding of the focal and systemic effects of brain injury on the immune system is therefore
critical for an elucidation of the pathophysiology of these acute disorders to identify new
therapeutic strategies to improve disease outcomes. To address these questions, the ultimate
goal of my study was to characterize the impact of acute brain insults, in the context of ICH, on

focal and systemic immune responses as well as their influences on neurological outcome.

Clinical aspects of intracerebral hemorrhage, a severe form of stroke

The World Health Organization defines stroke as “rapidly developing clinical signs of focal, at
times global, disturbance of cerebral function, lasting more than twenty-four hours or causing
death with no apparent provenance other than of vascular origin.” The carotid and vertebral
arteries are the entry point for the vascular supply to the brain and branch in the brain perfusing
corresponding regions. The adult brain requires 20% of the body’s oxygen consumption to
continuously supply glucose and oxygen. Deprivation of either substance as caused by stroke
results in neuronal death and dysfunction within minutes. Stroke continues to be a major public
health problem, ranking in the top five causes of death in developed countries and represents a

large proportion of the burden of neurologic disorders.

Stroke is categorized by the pathology of the focal brain injury as being either infarction or
hemorrhage. Intracranial hemorrhage is the pathological accumulation of blood within the cranial
vault which may occur within brain parenchyma or the surrounding meningeal spaces as a result

of the rupture of a vessel within the cranium. In all, intracranial hemorrhage accounts for 10-15%
1



of all strokes, however, incidence varies depending on variables such as country of origin and
ethnicity. Here, intracerebral hemorrhage (ICH) refers, specifically, to spontaneous intra-

parenchymal bleeding.

A wide spectrum of causes from hypertensive changes or vascular abnormalities may lead
to the rupture of brain blood vessels leading to ICH. The most common cause of the rupture of
cerebral penetrating arteries is hypertension, which has been implicated as a cause of
deteriorating integrity of the arteriole walls, such as Charcot-Bouchard aneurysms. Arterial blood
ruptures under pressure and destroys or displaces brain tissue. These arterial hemorrhages are
typically located in the basal ganglia, thalamus, pons, cerebellum, or deep white matter. The
extravasation of blood into the parenchyma forms a hematoma which may disrupt and compress
adjacent brain tissues, causing neuronal dysfunction and death. Moreover, it is recently
recognized that bleeding may continue for several hours following ictus and the hematoma may
expand. Hematoma formation and expansion is accompanied by an increase in intracranial
pressure and edema which further damage tissue and may cause herniation. Herniation, midbrain
or pontine hemorrhage, intraventricular hemorrhage, acute hydrocephalus, and/or dissection into

the brain stem can impair consciousness causing coma or death.

Varying prognoses are dependent upon the hemorrhage location, size, and cause of
bleeding, ICH is more likely to result in death or major disability than ischemic stroke® °. Case
fatalities are worse for hemorrhagic strokes, ranging from 30-80%. The first-year mortality of ICH
is about 50%, over 70% in 5 years, and only 20% patients live independently after 6 months10. 11,
Survival is influenced by age, hypertension, cardiac disease, and diabetes. The neurologic
symptoms of ICH are dictated by the location and size of the hematoma. General symptoms are
characterized by headache, vomiting, and the dynamic development of focal or sensory
manifestations from minutes to hours after the stroke. Consciousness is another prominent

symptom and may be impaired with moderate and large hematomas in the first 24-48 hours.



Intraparenchymal hemorrhage is commonly identified as a signal density on head CT and/or as a

signal of varying intensity on MRI.

Primary and secondary brain injury following ICH

ICH has both primary and secondary injury components followed by a period of repair. The
elements and effects of primary injury are mostly non-modifiable. Primary brain injury induced
directly or indirectly by hematoma includes significant death of brain cells, including necrosis,
apoptosis, and autophagy around the clot. The inflammatory cascade that accompanies ICH
accelerates formation of edema around the hematoma, defined as peri-hematomal edema (PHE).
The dynamic of PHE relative to hematoma can be visualized in ICH patients by CT (Figure 1).
PHE exacerbates cell death and brain tissue damage? 3 12, which induces a severe secondary
injury and the destruction of adjacent tissue, in addition to impairing the integrity of the blood-
brain-barrier (BBB). The immune response, triggered mere minutes following ICH, evolves to
peak just days thereafter and may persist for weeks to months after ictus, serving as biological
basis for PHE. ICH activates the immune system that involves inflammatory response within the
brain and peripheral immune alterations following disease onset. Cell death products such
damage-associated molecular patterns (DAMP) activate microglia, which coordinate a cascade of
events leading to inflammation. ICH also mobilizes peripheral neutrophils, monocytes, natural

killer (NK) cells, T cells and B cells, that transmigrate into the brain.
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Figure 1. Evolution of brain hematoma and PHE in ICH patients. (A) A CT image showing PHE

and hematoma region in the brain of an ICH patient at 24 hours after onset. (B) Schematic
diagram of the evolution of PHE and hematoma in ICH patients.

Therapeutic approaches for ICH

ICH is primarily a spontaneous occurrence. This sudden onset complicates the clinical approach
to management and along with its high attendant rates of mortality and permanent disability
makes the condition a medical emergency? 8 13, There are urgent unmet needs for effective
therapies to improve the outcomes for ICH, as current management of ICH is limited to supportive
care. The general principles for the care of ICH patients is restricted to the major issues of:
preventions of continued hemorrhage by early correction of coagulation and platelet
abnormalities; early control of elevated blood pressure; identification and control of urgent
surgical issues such as mass effect, intracranial hypertension, and hydrocephalus; definitive
diagnosis of cause of hemorrhage and treatment of underlying cause. Although no specific
therapies improve the outcome after ICH, recent progress in the understanding of the complex

mechanisms involved in ICH-induced injury presents new targets for novel intervention.

The therapeutic time window for modulating brain repair may be longer than for preventing
ICH-induced brain injury. Mass effect and mechanical disruption from the initial hemorrhage

causes primary brain injury. This initial physical distortion of brain cells and their connections by
4



the hemorrhage Kills the cells in the immediate vicinity and are beyond rescue, limiting further
tissue damage and rescue of damaged brain cells guide the objectives for experimental

interventions.

The pragmatic clinical question of the efficacy of clot removal remains outstanding. Results
from recent trials of minimally-invasive hematoma evacuation and the use of iron chelators did
not demonstrate effectiveness*+45. In particular, CLEAR IIl was performed on a small and
selective sample of patients with intracerebral bleeding and obstructive hydrocephalus from
intraventricular hemorrhage at the end of the current treatment spectrum. CLEAR Il trial shows
that clot removal in intraventricular hemorrhage is neutral on functional outcome; secondary
analyses suggests that clot removal may improve mortality at the cost of increased disability,

nevertheless, trial authors suggest that current practices should not change®? (Table 1).

A cardinal element affecting ICH outcome is hematoma size and hematoma expansion. The
expansion of the hematoma is a common occurrence in the pathology of ICH, enlargement of the
hematoma is reported in nearly a third of ICH patients in the first 24 hours after ictus!.
Preliminary histopathological studies provide evidence that the presence of microscopic and
macroscopic bleeds in the area surrounding hematoma may represent ruptured arterioles or
venules!® 16, More recent studies based on CT and SPECT techniques have shown that in some
patients, early hematoma growth is associated with secondary bleeding in the periphery of the
existing hematoma and into congested areas of the perihematomal tissuel® 17, Risk factors
identified for hematoma expansion include blood pressure, vascular, and hematological
disorders. Hematoma growth enhances both primary and secondary injury by compounding brain
tissue damage, prolonging bleeding, and contributing to the formation of edema. Consequently,
much attention is centered on modifying hematoma evolution through a variety of approaches
ranging from anti-hypertensive to hemostatic therapies. Several clinical trials have investigated
the prospect of blood pressure control for ICH, yet such approaches have either failed to reduce

hematoma expansion or meaningfully improve outcomes!8, Clinical trials establishing early
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hemostasis to stem hematoma growth have similarly reported inconclusive results; trials with
Factor Vlla, a thrombotic drug approved for patients with hemophilia, report reduction in
hematoma volume but neither improved survival or functional outcome following ICH in the latest

phase Il trial (NCT03496883)19 20,

PHE has also been implicated as a contributing factor for delayed neurologic deterioration
after ICH?21, Secondary injury manifested by PHE occurs over an extended period from hours to
weeks thereafters. Edema formation after ICH progresses through characteristic several phases:
the hyperacute phase involves trans-endothelial osmotic pressure, clot retraction, and cytotoxic
edema in the first several hours; the acute phase elapsing in the first day is characterized by the
clotting cascade, thrombin production, and inflammatory activation; and the third phase,
beginning approximately 72 hours post-ICH, is marked by erythrocyte lysis and hemoglobin-
induced neurotoxicity6 2223, PHE is the result of both BBB disruption and local generation of
osmotically active substances that spread to adjacent structures?®. In ICH, PHE causes
progressive tissue injury and the extent of PHE directly correlates with adverse outcomes?: 24-25,
The close association with clinical outcome and extended functional timeframe qualifies the

management of edema as an attractive therapeutic approach to treat ICH (Figure 2)2 27-30,

Mannitol is an intravascular osmotic agent often used in clinic to control brain edema
resulting from trauma or stroke. Although guidelines recommend using mannitol where there is
increased intracranial pressure in ICH, the effects of mannitol in large clinical trials of ICH patients
fail to produce definitive evidence of benefits3? 32, Preclinical and retrospective clinical data
indicate that glyburide, a small molecule channel blocker, is effective in preventing edema and
improving outcome after focal ischemia33. Various preclinical studies demonstrate glyburides
effect in attenuating brain edema and outcome in ICH; however, most large clinical trials of
glyburide are conducted in the context of ischemic stroke, tolerability and efficacy in ICH is

undetermined.



Other strategies target processes driving acute PHE formation, which are broadly
encompassed by three intertwined neurotoxic cascades: inflammation, erythrocyte lysis, and
thrombin production. Fingolimod is an oral drug approved to control disease activity in multiple
sclerosis; it is a sphingosine-1-phosphate receptor (S1PR) modulator which inhibits the egress of
lymphocytes from secondary lymphoid organs to the brain. A pilot trial in ICH patients shows
fingolimod, administrated within 72 hours after hemorrhage, inhibited PHE expansion and
improved clinical outcome34. Based on these results, a phase 2 trial using a secondary S1PR1
selective modulator, BAF312, has been initiated in North America and the results are awaiting
(NCT03338998). Hemolytic breakdown of erythrocyte components of the hematoma occurs from
days to weeks after the sentinel hemorrhage event, is another component process targeted in
attenuating PHE expansion and secondary injury. Intact erythrocytes undergo lysis and release
cytotoxic products hemoglobin, heme, and iron, which create a highly oxidative and cytotoxic
environment that triggers secondary processes which negatively influence the viability of brain
cells surrounding the hematoma? 35-%7, Thus, the timely removal of erythrocytes may limit the toxic
effects of persistent blood components on surrounding tissue and improve ICH recovery. The
inconclusive trial resulting from surgical clot retraction interventions has shifted the emphasis
towards amplifying endogenous mechanisms of hematoma resolution. Preclinical studies
demonstrate that modulation of peroxisome proliferator activated receptor-gamma (PPARYy) with
pioglitazone expedites hematoma resolution by enhancing monocyte/macrophage phagocytosis
in the rodent ICH model; however, the exact protective mechanism is not definitive due to
pleotropic nature of the PPARy agonist used 38. Nevertheless, preclinical pioglitazone results
galvanized the Safety of Pioglitazone for Hematoma Resolution in Intracerebral Hemorrhage
(SHRINC; NCT00827892) clinical trial examining drug efficacy on hematoma and edema

resolution in ICH patients, study results have not been publicly reported since completion3®.

Here, | highlight the notable preclinical and clinical studies which aim to improve outcomes
in ICH by modulating the many factors involved in worsening hemorrhagic brain injury. Extensive

basic and clinical research towards the understanding of the pathophysiology of the disease have
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established a starting point for treatment strategies in the identification of modifiable targets.
Treatment strategies have broadly targeted; reducing hematoma expansion, promoting
endogenous hematoma clearance or clot evacuation, and management of PHE formation and
development (Figure 2). Although each approach represents a viable direction for the
development of an intervention, an effective treatment for ICH has yet to be discovered. Indeed,
insights to the disease may be interrogated not only from the reported results from ongoing and
completed clinical trials, but also in overall trial aims and designs. The majority of the
pharmacotherapeutic trials reviewed naturally targets a singular aspect, whether a receptor or
mechanistic event, of many driving secondary injury. Secondary injury in ICH is characterized by
its interactive and multi-dimensional nature; the manifold signaling pathways and molecular
mechanisms which govern the discrete responses initiated in response to primary injury, like
inflammation and PHE, converge and integrate to advance brain injury (Figure 2). Thus,
pharmacological intervention strategies that modulate key signaling or molecular factors
implicated secondary injury may be compensated by redundant pathways or simply eclipsed by
the higher components within secondary injury. Moreover, many other factors such as focal and
systemic inflammation, coagulation and thrombin responses, glial cell interaction and crosstalk,
are among the many other considerations which may affect and complicate efficacy of
experimental interaction; and may explain why surgical intervention trial results where clot
evacuation diminished PHE in some ICH patients but did not achieve functional improvement. A
comprehensive understanding of ICH pathology is still unclear. Major questions around the focal
response and especially the systemic aspects of the disease require further clarification. Thus,
the major aims of my work seek to advance the field by filling existing knowledge gaps of focal

and systemic immune responses to ICH.
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Figure 2. Pathological events following ICH.

Table 1. Therapeutic Approaches for ICH.

Targeting hematoma

Surgical removal

MISTIE (mini-invasive surgery +
tPA)

Deferoxamine

Findings
No benefit on mortality and prognosis*7-4°

Safely cleared hematoma; probably improve outcome

and additional study needed; increase asymptomatic
hemorrhage?4 50. 51

Safe for ICH patients; primary endpoint was not met!3

Targeting edema

Mannitol/glycerol fructose

Glyburide

BAF312 (S1P1/S1P5 modulator)

No evidence of benefit31. 32

Preclinical results suggest reduction of brain edemas?

Phase I, ongoing (NCT03338998)




CHAPTER 2

BACKGROUND

Focal immune activation following ICH

Despite the continuous attempts at hematoma removal and prevention of hematoma expansion,
presently, effective therapeutic interventions for ICH patients are still lacking? 55 56, Release of
DAMPs by injured neural cells and hematoma components quickly activates the immune
responses within the brain after ICH. In the early stages of ICH, the infiltration of hematogenous
immune cells into the injured brain begins within hours after ICH. Among immune cell subsets,
myeloid cells such as neutrophils and monocytes arrive to the ICH brain early after onset and
produce proinflammatory factors such as tumor necrosis factor-a (TNF-a), interleukin (IL)-14,
matrix metalloproteinases (MMPs), which augments focal inflammation and BBB disruption,
leading to exacerbated brain damage. Besides myeloid cells, lymphocytes appear in the
cerebrospinal fluid as early as 6 hours after ICH, and are further detected in the perihematomal

brain tissue of ICH patients?”-57. In animal models of ICH, brain infiltration of multiple lymphocyte
10



subsets such as CD4* T, CD8* T, B, and natural killer (NK) cells are observed within 24 hours
after ICH, peaking around day 3 after ICH. During the late stage of ICH, phagocytic cells are
mobilized to clear extravagated erythrocytes in the hemorrhagic brain to offset the cytotoxic
effects of blood components. Microglia and macrophages are professional phagocytes that engulf
cellular debris at tissue injury site. Although these findings suggest a contribution of macrophages
in hematoma resolution, the role of other immune cell subsets in ICH recovery remains poorly

understood.

Emerging evidence has demonstrated that the inflammatory cascade accelerates the
formation of PHE post-ICH, exacerbating the mass effect and worsening neurological outcome?:
27,30,58 Microglia are among the very first responders of injury, detecting danger signals via their
expression of pattern recognition receptors. Upon activation, microglia engages in intimate
crosstalk with other brain cell types and infiltrating leukocytes that enter the brain from the
periphery through the compromised BBB?: 5°. Following ICH, microglia display features of
phagocytosis, antigen presentation, and production of inflammatory mediators including IL-18 and
TNF-a80.59, In addition, microglia also possess anti-inflammatory properties by releasing factors
such as IL-4 and transforming growth factor-B (TGF-), and facilitate inflammation resolution and
repair processes of brain injury5% 8. These features imply an active participation of microglia in
the evolution of secondary injury and tissue repair in ICH. However, the focal signals within the
injured brain that control the activity of microglia following ICH remain unclear. While astrocytes
are the predominant glial cell population within the brain, the molecular mechanisms by which

astrocytes initiate and instruct microglia response also remains unknown.

Interleukin (IL)-15

IL-15 is a pleiotropic cytokine with a broad range of biological functions in many diverse cell
types. IL-15 is mainly membrane bound, and it induces signaling via cell-cell contact. IL-15 is
constituted by a 4 a-helix bundle, a member of the common gamma-chain cytokine family. The

conserved molecular structure of IL-15 and IL-2 consequently share two common receptor
11



subunits, with the a-subunits distinguishing their respective heterotrimeric receptors. Its receptor
is expressed by hematopoietic cells, particularly T cells and NK cells, the unique subunit of the IL-
15R, IL-15Ra, presents IL-15 in trans to neighboring cells mediating signal transduction through
the common Janus kinase (JAK) and signal transducer and activator of transcription (STAT)

signaling molecules®? 62,

IL-15 regulates the magnitude and intensity of immune responses, thus has both normal
protective functions but also pathological implications. The diverse role of IL-15 in adaptive
immunity is well reported; IL-15 activates T cells and NK and enhances their cytolytic
responses®®: 63, it is also pivotal in the maintenance of long-lasting, high-avidity CD8* memory T
cells. Peripherally, IL-15 is known to contribute to the immune pathology of several inflammatory
diseases such as rheumatoid arthritis and inflammatory bowel disease®* 65, Within the CNS,
astrocytes are a major source of IL-15 after injuries®® 67, Although previous studies demonstrate
the divergent effects of IL-15 in exacerbating or attenuating inflammation and neural injuries
depending on the timing and disease types®-7°, to what extent and by which mechanisms IL-15

influences neuroinflammation and brain injury in the setting of ICH is presently unknown.

In ICH patients and a murine model of ICH, we found that IL-15 is dramatically upregulated
in astrocytes. To understand the potential role of astrocyte-derived factors such as IL-15 in ICH,
we generated a transgenic mouse line with targeted expression of IL-15 in astrocytes (GFAP-IL-

15%) and examined ICH injury in these mice. In the first part of this study, | investigated the

crosstalk between astrocyte and microglia in the acute phase of ICH that involved IL-15. Our

findings demonstrate that IL-15 is a key factor of astrocytes which increases microglia activity and

exacerbates brain injury following ICH.

The impact of ICH on immune system outside the brain: the current understanding

The nervous system and immune system interact with each other at multiple points and levels in

a well-balanced equilibrium at stasis. Brain injuries often interrupt such balance and induces

12



profound alterations to the body. Brain injuries such as ICH not only triggers focal immune
responses within the brain but also induce systemic immune alterations that are critical to the
disease outcome. Studies have suggested that brain injuries induced profound systemic changes
in organs such as the spleen?, heart’?, intestine’?, liver’3, etc. The response of these organ
systems have critical impacts on the disease outcome* 72 73, For instance, during the acute stage,
ischemic stroke-induced spleen atrophy and lymphopenia severely harm the immune defense
functions of patients which is associated with increased infectious complications* 5. The heart is
also reported to undergo functional and structural changes after stroke, which may potentially
have long-lasting impacts on cardiovascular system?® 7475, The microbiota-induced immune
response within the intestinal wall post-stroke is associated with brain inflammation and stroke
outcome?’® 76, In ICH, injury induced significant spleen atrophy as well as lymphocyte deficiency
during the acute phase in both patients and animal models. The immunosuppression after ICH is

associated with increased infections and worsened clinical outcome?.

Different from lymphocytes, circulating monocytes populations display an increasing trend
after ICH%. Following ICH, peripheral monocytes are rapidly recruited to the brain and quickly
outnumber other infiltrating leukocyte subsets>” 77: 78, Upon entry to the brain, monocytes
differentiate into macrophages, which have been reported to be temporally and spatially
associated with hematoma clearance®8 79 80, Although these findings suggest the contribution of
macrophages in hematoma resolution, the role of monocytes and their descendent macrophages

are not universally beneficial in ICH.

Peripheral blood monocytes are defined by their expression of the cell surface markers;
lymphocyte antigen 6 complex, locus C1 (Ly6C) is a 14 KD differentiation antigen, expressed on
macrophage/dendritic cell precursors in mid-stage development (late CFUM, monoblasts, and
immature monocytes), granulocytes, and on a wide range of endothelial cells and subpopulations
of B and T lymphocytes. Ly6C is ideally suited for the detection of monocytes in bone marrow

samples by FACS, and it further marks activated macrophages in inflammatory tissues.
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Reportedly, amongst brain-infiltrating monocytes, the Ly6Chish subset of monocytes and their
descendent macrophages are acute responders to inflammation and disseminate pro-
inflammatory factors which augment secondary injury3® 78, In contrast, the Ly6C'*" subset of
monocytes and their derivative macrophages produce anti-inflammatory factors and accelerate
erythrocyte phagocytosis, leading to improved ICH recovery®8 8. 81 Together, these findings
implicate macrophages as major contributors towards hematoma resolution following ICH and
indicate that enhancement of Ly6C'*" monocytes and their descendent macrophages could be

harnessed as a viable approach to accelerate hematoma resolution and improve ICH outcomes.

Hematopoietic system

The hematopoietic system harbors the enormous capability of cell proliferation and differentiation
to meet the demands of blood and immune cell production during periods of homeostasis and
stress®2-85, All blood cells are derived from hematopoietic stem cells (HSCs), which predominantly
reside in the bone marrow niche, and are capable of self-renewal and differentiation into various
immune cell types, including myeloid cells. Amongst the differentiated progeny of HSCs,
monocytes have a short life span of hours to a few days and thus have a limited population in
bloodgé-88, Several prior studies have suggested that monocytes and their macrophage
descendants may impact ICH outcome®”: 77: 78, Following ICH, myeloid cell reservoirs in the
marginal blood pool, the bone marrow, and the spleen are rapidly exhausted®®-9! (Figure 3). To
offset the neurotoxic effects of erythrocyte hemolysis, phagocytic cells are mobilized to clear
extravasated erythrocytes in the hemorrhagic brain3® 79.92.93, Macrophages in particular are
professional phagocytes that engulf cellular debris at tissue injury site, peripheral monocytes are
rapidly recruited to the brain and their derivative macrophages outnumber other infiltrating

leukocyte subsets in the parenchyma5”-7"- 78, The short life span of circulating monocytes and
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their tissue resident macrophage are rapidly depleted and thus need replenishment from

hematopoiesis system to maintain a sufficient supply.
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Figure 3. Hematopoiesis of monocytes and their fate.

ICH activates adrenergic innervation that induces lymphocyte hypo-function and causes
lymphopenia* 4. In contrast to the reduced numbers of blood lymphocytes, the surge of
circulating monocytes post-ICH implies the involvement of a continuous supply of monocytes
originating from the bone marrow. In this regard, several key questions remain unanswered. First,
because bone marrow is the primary site for adult hematopoiesis, as an immune organ what is
the precise influence of ICH on bone marrow hematopoietic cells? Second, what are the long-
range signals that mediates the communication between the injured brain and bone marrow?
Third, hematopoiesis is tightly regulated by intracellular machinery of hematopoietic stem cells
(HSCs) to provide a balanced output of different leukocyte subtypes, what is the key molecular
switch that control the HSC response to ICH? Fourth, what is the fate of the newly produced

immune cells, specifically the monocytes derived from bone marrow? Lastly, what is the impact of
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newly generated monocytes on neuroinflammation and neural injury in ICH? These major
guestions underlie the rationale for understanding how the hematopoietic response to ICH.

Therefore, | investigated the neurogenic pathways governing monocyte hematopoiesis and their

potential contribution to ICH injury and hematoma resolution.
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CHAPTER 3

METHODOLOGY

Clinical Samples

Human brain sections

Paraffin-embedded brain tissue sections were obtained from the Banner Sun Health Research
Institute (Sun City, AZ). Among the 12 brains studied, 6 (4 male, 2 female) were from patients
who died from ICH. The other 6 (4 male, 2 female) were from individuals without past history of
neurological, psychological, or systemic inflammatory diseases. These were used as controls.
ICH patients and control subjects did not differ significantly for mean age at death (ICH vs.
Control: 86 £ 7 vs. 88 £ 5 years, Mean + SEM, P = 0.46, two-tailed unpaired Student’s t test).

Brain tissues were collected within 4 hours after death.

Human bone marrow

Bone marrow samples were obtained from cranial bone flaps removed from ICH patients
undergoing decompressive surgery. Cranial bone segments were flushed with ice cold PBS into a
conical tube and subsequently kept on ice and samples were processed immediately after intake.
Patients with unruptured aneurysm undergoing surgery clipping were recruited as controls.
Patients or their surrogate gave consent before sample processing. Bone marrow from 6 ICH
patients and 13 controls were collected for this study; among these, 3 ICH samples and 8 control
samples were excluded due to poor sample quality. Therefore, 3 ICH (2 female, 1 male, 64 + 6
years) and 5 controls (4 female, 1 male, 69 + 10 years) are included for data analysis. The

average time from disease onset to operation of ICH patients is 22 + 11 hours.

17



Animal Model

Mice

Male C57BL/6 (B6) mice were purchased from Taconic (Taconic Biosciences). GFAP-IL-15'%
mice were generated by using a GFAP-promoter to direct astrocyte-specific transcription®. Fgd5-
CreER-tdTomato mice were obtained by crossing Fgd5-CreERT2 mice with B6.Cg-Gt(ROSA)26S
mice (both lines were purchased from Jackson Lab). Fgd5 has shown to be specifically
expressed in HSCs and the Fgd5-CreER allele exhibits tamoxifen-inducible CreER activity
exclusively in long-term HSCs, and their downstream cell lineages will consistently express
tdTomato®. All transgenic mouse lines were back-crossed to the B6 background for 12
generations. For all experiments, 8- to 12-week-old, 23—-25 g body weight, age-matched
littermates were used. All mice were randomly assigned to experimental groups. Randomization
was based on the random number generator function in Microsoft Excel 2016. Mice were housed
under standardized light-dark cycle conditions with access to food and water ad libitum. All
surgeries were performed under ketamine/xylazine anesthesia. Mice were housed in pathogen-
free conditions at the animal facilities. All animal experiments were performed in accordance with
the recommendations of the Guide for the Care and Use of Laboratory Animals of the National
Institutes of Health and in accordance with the ARRIVE (Animal Research: Reporting In Vivo
Experiments) guidelines. Animal studies were approved by the institutional Animal Care and Use

Committees.

Collagenase injection ICH model and assessment of neurological deficit

ICH was induced by stereotactic injection of collagenase IV (ThermoFisher) to the basal ganglia
region of mice brain as described* %. Briefly, surgeries were conducted in a sterile manner,
following induction of surgical plane anesthesia via intraperitoneally injection of ketamine/xylazine

mix, hair at the top of the cranium was shorn and disinfected with 70% ethanol. Mice were
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positioned in the stereotactic instrument and superficial incision at the cranium was made. From
the bregma, 2.3 mm right and 0.5 mm forward, a small craniotomy of 1 mm burr hole was made
with special attention to avoid perforation of the dura by the drill bit. The Hamilton syringe with a
30g needle was then inserted 3.7 mm down into the striatum, controlled injection of 0.03 U of
collagenase was administered via micro-injection pump. Upon injection completion, needle was
left in for 5 min to prevent backflow, and subsequently withdrawn. Incision was then sutured with
5-0 Ethicon silk sutures. The neurological deficits of mice were evaluated by modified
neurological scale score (MNSS) as we described previously® %. mNSS comprehensively
evaluate the motor, sensory, reflex, and balance functions by a battery of tests. In addition, the
sensorimotor function of mice were evaluated by Cylinder test as described®® %7, in brief, mice
were placed in a clear glass cylinder and were allowed to rear for 20 times in total, the first
forelimb touch the cylinder wall during rearing was recorded. A laterality index was calculated by

[(right-left)/(right+left+both)]. The higher laterality indicates a more severe left hemiparesis.

Assessment of brain edema

PHE volume of ICH mice was quantified on images acquired by a 7-Testa small animal magnet
resonance imaging (MRI) scanner (Bruker, Billerica, MA) as previously described> %: %, Mice
were under anesthesia by inhalation of 3.5% isoflurane and maintained by inhalation of 1.0-2.0%
isoflurane in 70% N20 and 30% O: via nose cone. Throughout MRI scan, the animal’s respiration
was continually monitored by a small animal monitoring and gating system (SA Instruments,
Stoney Brook, NY) via a pillow sensor positioned underneath the abdomen. Mice were placed on
a heated circulating water blanket to maintain their normal body temperature (36-37 °C). T2-
weighted images of the brain were acquired with fat-suppressed rapid acquisition with relaxation
enhancement (RARE) sequence (repetition time, 4000 ms, echo time, 60 ms, slice thickness,

0.5 mm) to measure the lesion volume. Susceptibility-weighted images (SWI, repetition time, 21.0
ms; echo time, 8.0 ms; 0.3-mm thickness) were scanned to measure hematoma volume.

Diffusion weighted images (repetition time, 2500 ms; echo time, 27; 1 mm thickness) were
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acquired to measure cytotoxic edema®. Lesion volume on T2 images and hematoma volume
were measured via image J (National Institutes of Health), PHE was calculated by lesion volume

minus hematoma volume.

Brain water content was assessed at day 3 after sham or ICH surgery as previously
described®. 19, Briefly, brains of mice were dissected without perfusion, the wet weight of
contralateral hemisphere, ipsilateral hemisphere, and cerebellum were weighted separately. The
separated brain tissue parts were then dried at 100°C for 24 hours, after which, the dry weigh of
each parts was weighed again. Brain water content was calculated as the percentage of lost

weight of each part from wet to dry.

Assessment of hematoma volume

Hematoma volume was detected at day 7 after ICH as described?®. In brief, mice were sacrificed
by inhalation of overdose isoflurane, after perfusion, brains were dissected and fixed in 4% PFA
overnight. Thereafter, brains were cut into 2 mm thick sections and high-resolution pictures were
captured. Hematoma sizes were calculated via ImageJ, binary images were generated in which

hematoma appearing black and brain tissue appearing white. Total hematoma volume was

calculated by multiplying the hematoma area with slice thickness.

Experimental Techniques

8F-FDG PET imaging

The bone marrow cell activity was detected by Positron Emission Tomography (PET) imaging of
18FE-FDG uptake in vivolol, At day 3 after ICH induction, mice received an intravenous injection of
100uCi 18F-FDG 1 h before scanning. Mice were then scanned by using a MicroPET small animal
scanner (Bruker, Billerica, MA, USA), images were acquired on a field of view of 80cm x 80cm
(160 x 160 pixel), and then reconstructed to a three-dimensional projection (336 x 160 x160
pixel). T2-weighted images of each animal were previously acquired by a 7-T MRI scanner

(Bruker) to delineate the regions of interest. PET and T2 images were fused to localize the
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vertebral bone marrow and data were calculated as mean standard uptake value (SUV). Mice
were anesthetized by inhalation of 3.5% isoflurane and maintained by inhalation of 1.0% to 2.0%

isoflurane in 70% N20 and 30% O: during all scanning.

Flow Cytometry

Human bone marrow cells were isolated by centrifuging in Ficoll (Sigma-Aldrich, St. Louis, MO,
USA) to remove red blood cells and bone debris. Cells were then stained with live/dead staining
dye and fluorochrome-conjugated antibodies to evaluate HSC and the lineage progenitors. In
mice, brain tissue was finely cut into small pieces and incubated with papain and DNase at 37°C
for 30 min for dissociation. After removing the myelin debris by centrifuge in 30% Percoll at 300g
for 40min, single cells were then suspended in 1% BSA for antibody staining. Spleen was minced
and forced through a 70-um cell strainer; red blood cells were lysed in lysing buffer. Single spleen
cells were suspended in 1% BSA. Bone marrow were collected from femur bones by flushing
bone cavity with PBS, single cell suspension was obtained after lysing red blood cells. Single cell
suspensions of aforementioned tissues were placed to flow tubes with 108 cells per tube and
stained with flow cytometry antibodies. Antibodies used in the study are AF647 anti CD3, PE-Cy7
anti CD4, APC-Cy7 anti CD8, BV785 anti CD19, APC-R700 anti CD45, BV510 anti CD11b, APC
anti Ly6G, PE anti CD86, BV421 anti TGF-, Percp anti IL-6, PE-dazzle594 anti TNFa, PE anti
IL-1B, BV605 anti IL-4, AF700 anti GFAP, FITC anti NeuN, APC anti IL-15. BV421 anti Lineage
(17A2/RB6-8C5/RA3-6B2/Ter-119/M1/70, 133311, Biolegend), BV605 anti Sca-1 (D7, 108134,
Biolegend), BV785 anti c-Kit (2B8, 105841, Biolegend), AF700 anti CD34 (RAM34, 560518, BD),
PE anti FLK2 (A2F10, 135306, Biolegend), APC-Cy7 anti CD48 (HM48-1, 103432, Biolegend),
PE-dazzle 594 anti CD150 (TC15-12F12.2, 115936, Biolegend), FITC anti CD16/32 (93, 101306,
Biolegend), BV650 anti CD115 (T38-320, 743641, BD), APC-R700 anti CD45 (30-F11, 565478,
BD), APC-Cy7 anti F4/80 (BM8, 123118, Biolegend), PE-dazzle 594 anti PD-L2 (TY25, 107216,
Biolegend), BV650 anti CD206 (C068C2, 141723, Biolegend), FITC anti IL-10 (JES5-16E3,

505006, Biolegend), PE-Cy7 anti CD11b (M1/70, 25-0112-82, eBioscience), APC anti Ly-6G
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(1A8, 561236, BD Biosciences), BV421 anti Ly-6C (AL-21, 562727, BD Biosciences). Antibodies
were purchased from BD biosciences, Biolegend, and Abcam. Flow cytometric data were
acquired by a LSRFortessa™ cytometer (BD Biosciences, San Jose, CA) and were analyzed

using FlowJo 10 (TreeStar).

Drug treatment
PLX3397

In vivo depletion of microglia was achieved by daily administration of a colony stimulating factor 1
receptor inhibitor PLX3397 as previously published®s 102-104, p|_X3397 (Selleckchem, Houston,
TX) was dissolved in DMSO administered daily through oral gavage at a dose of 40 mg/kg for 21
days. ICH was induced following 21 days, and daily administration regime continued until

experimental endpoints.
Tamoxifen

Tamoxifen (Sigma-Aldrich) was dissolved in ethanol/corn oil (1:9) at a concentration of 30 mg/mL,
mice were injected intraperitoneally with 100 uL (3 mg/mouse) daily for 5 consecutive days prior

to induction of models.
B3-adrenergic receptor agonist and antagonist

SR59230A, a selective antagonist for B3-adrenergic receptor was purchased from Sigma-Aldrich,
and dissolved in PBS. Mice were injected with the SR59230A intraperitoneally twice daily at a
dose of 5 mg/kg body weight. SR59230A was administered immediately after model induction till
sacrifice. Mirabegron, a selective agonist for 3-adrenergic receptor was purchased from
Medchem, was dissolved in DMSO/PBS (1:9). Mirabegron was given to mice via daily oral
gavage at a dose of 2 mg/kg. Mirabegron treatment was initiated immediately after model

induction till the end of experiment.

Recombinant IL-3
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Recombinant IL-3 was obtained from STEMCELL Technologies. IL-3 was injected
intraperitoneally to mice at a dose of 600ng/mouse daily immediately after ICH induction till the

end of experiment.

Transcriptome sequencing of Mouse HSCs

Lin-Sca-1*c-kit*CD34 FLK2-CD48-CD150* HSCs were sorted from bone marrow of ICH and sham
mice at day 3 after surgery. Cell sorting was completed on a FACS ARIA™ || cytometer (BD
Biosciences, San Jose, CA) after labeling with antibodies. Cells were directly sorted into Trizol
LS, and RNA was then extracted. Transcriptome sequencing was conducted by Nanostring with a

mouse immunology panel, data were analyzed by nSolver4.0 (Nanostring).

Immunostaining

Immunohistochemistry staining of mice and ICH patient post-mortem brain tissue were conducted
as we described previously® 105.The following primary antibodies were used: rabbit anti
mouse/human GFAP (1:1000, Abcam), goat anti human IL-15 (1:50; Santa Cruz Biotechnology),
goat anti mouse Ibal (1:500, Abcam). Primary antibody was incubated at 4°C overnight followed
by incubation with Alexa Fluor 594 or 488 conjugated donkey anti-rabbit or goat secondary
antibody (1:1000, Thermo Fisher Scientific) for 1 hour at room temperature. Images were

captured by a confocal microscope and analyzed by ImageJ.

Statistical Methods

Standard power calculations to determine sample size that results in statistically significant
differences were calculated at a = 0.05 and a power of 0.8. Power analysis and sample size
calculations were performed using SAS 9.1 software (SAS Institute Inc. Cary, NC, USA), based
on our experience with the respective tests, variability of the assays and inter-individual
differences among experimental groups. Animals were randomly assigned to experimental
groups. Randomization was based on the random number generator function in Microsoft Excel.

Investigators who evaluated the outcome and processed data were masked to the experimental
23



groups. For gene profiling of HSCs, cells were sorted from 5 mice and pooled as a single
biological sample. All experiments presented in this study were repeated at least three times. A
two-tailed unpaired Student’s t test was used to compare between two independent groups. One-
way Analysis of variance (ANOVA) followed by Tukey post hoc test was used to compared three
or more groups with one variable. For comparison of two or more variables among multiple
groups, two-way ANOVA followed by Bonferroni post hoc test were used. Data are expressed as
mean + SEM. P < 0.05 was considered significant. Statistical analyses were performed using

Prism 7.0 software (GraphPad, San Diego, CA, USA).

CHAPTER 4
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INTERLEUKIN-15 BRIDGES ASTROCYTE-MICROGLIA CROSSTALK AND EXACERBATES

BRAIN INJURY FOLLOWING INTRACEREBRAL HEMORRHAGE
Robust upregulation of IL-15 in astrocytes following ICH in humans and mice

Astrocytes are identified as a major contributor to neuroinflammation and source of IL-15 in the
CNSE®8. 93, To determine whether human astrocytes are a relevant source of IL-15 in the setting of
ICH, we assessed the expression of IL-15 in human astrocytes of postmortem brain tissues from
patients with ICH6, The number of IL-15* astrocytes was dramatically increased by
approximately six folds in the perihematomal area of ICH patients as compared to non-
neurological controls (Figure 4A-B). Notably, astrocytes in the ICH brain display enlarged somas
and increased processes (Figure 4A). Similar findings were seen in a murine ICH model induced
by collagenase injection. Flow cytometry analysis revealed that astrocytes are the major cellular
source of IL-15 in the hemorrhagic brain of wild type (WT) mice at day 1 after ICH onset (Figure

4C-D). These results indicate that ICH induces rapid upregulation of IL-15 in astrocytes.
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Figure 4. Upregulation of astrocytic IL-15 after ICH in humans and mice.

(A) Images show the expression of IL-15 in astrocytes in the perihematomal region of brain
sections from an ICH patient and a control subject without neurological disease. Arrow heads: IL-
15+ astrocytes. Scale bar = 100 um, and 50 pum in insets. (B) Quantification of IL-15* astrocytes in
brain sections. n = 18 per group from 6 ICH patients or 6 controls. (C-D) ICH was induced in wild
type C57BL/6 mice via collagenase injection. Flow cytometry analysis of brain cells expressing IL-
15 was conducted at day 1 after ICH. (C) Flow cytometry gating strategy of microglia
(CD45°*CD11b"), astrocytes (GFAP*), and neurons (NeuN*), and histograms showing their
expression of IL-15. (D) Quantification of IL-15 expression by indicated groups of brain cell types

after ICH. n = 12 per group. Data are shown as mean + SEM, ** P < 0.01.
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Astrocyte-targeted expression of IL-15 exacerbates hemorrhagic brain injury in mice.

To investigate the potential involvement of astrocyte-derived IL-15 in ICH injury, a transgenic
mouse line where over-expression of IL-15 is targeted to astrocytes by a glial fibrillary acidic
protein (GFAP) promoter (GFAP-IL-159) was generated in our lab (Figure 5). As we previously
reported®® %, GFAP-IL-15%9 mice develop normally without clinical sign of neurological disease or
behavioral abnormalities. Moreover, astrocyte-targeted expression of IL-15 did not affect
neurovascular function nor prompt systemic immune responses, suggesting that the
overproduction of IL-15 is restricted to the CNS without notable effects on brain inflammation
under physiological conditions®. ICH was induced by collagenase injection. At days 1 and 3
following ICH, GFAP-IL15' mice exhibited worsened neurologic deficits reflected by higher
MNSS scores relative to their WT littermates (Figure 6A). GFAP-IL15% mice had similar
hematoma volume compared to their WT littermates (Figure 6B-C). However, perihematomal
edema (PHE) volume was dramatically increased in GFAP-IL15'% mice at days 1 and 3 after ICH
(Figure 6B-C). Notably, GFAP-IL15'% mice also showed increased brain water content relative to
their WT littermates at day 3 after ICH (Figure 6D). Similarly, in an autologous blood injection
ICH model, exacerbated neurodeficits as well as augmented brain edema in GFAP-IL-15'% mice
was also recorded (Figure 7). Of interest, | found insignificant alterations of hyperintense areas in
diffusion-weighted images (DWI) images of GFAP-IL-15%9 mice versus WT mice after ICH (Figure
8). In contrast, a significant increase in T2 values was noted in GFAP-IL-15'% mice versus WT
mice after ICH (Figure 8). These results suggest that vasogenic edema contributes to the

augmented brain edema in GFAP-IL-15% mice following ICH.

To ascertain the direct effects of IL-15, | next examined the impact of antibody
neutralization of IL-15, as well as knockdown of astrocytic IL-15, on ICH injury in wild type mice.
In these experiments, reduction in neurodeficits and brain edema in wild type ICH mice subjected

to antibody neutralization of IL-15, or knockdown of astrocytic IL-15, was found (Figure 9).
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Together, these experimental results demonstrate that astrocytic IL-15 exacerbates brain injury

following ICH in mice.
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Figure 5. Astrocyte-targeted expression of IL-15 in GFAP-IL-15% mice. (A) Flow cytometry dot
plots show the gating of GFAP* astrocytes and histograms show the expression of IL-15 by WT
and GFAP-IL-15% mice astrocytes. (B) Quantification of IL-15* astrocytes. Data are presented as

mean + SEM. n=6 ** P < 0.01.
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Figure 6. Astrocyte-targeted expression of IL-15 exacerbates hemorrhagic brain injury.

ICH was induced by collagenase injection in groups of GFAP-IL-159 and wild type (WT) mice. (A)
Neurodeficits were evaluated at baseline, day 1 and day 3 after ICH. n =12 in WT group; n =14
in GFAP-IL-15% group. (B) MRI images show hematoma (red) and perihematomal edema
(yellow) in groups of WT and GFAP-IL-15% mice at days 1 and 3 after ICH. (C) Quantification of

hematoma volume and perihematomal edema of 7T MRI. n = 8 per group. (D) Quantification of
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brain water content in groups of WT and GFAP-IL-15% mice at day 3 after ICH. n = 8 per group.

Data are presented as mean + SEM. * P < 0.05, ** P < 0.01.
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Figure 7. Effects of astrocyte-targeted expression of IL-15 on hemorrhagic brain injury in
autologous blood injection model.

ICH was induced by intracerebral injection of autologous blood in wild type and GFAP-IL-15%
mice. (A) Neurodeficits were assessed at days 1 and 3 after ICH induction using mNSS score.
(B) Brain water content was measured at day 3 after model induction in WT and GFAP-IL-15%

mice. n =7 in WT group and n = 6 in GFAP-IL-15'% group. Data are presented as mean + SEM. *

P <0.05, * P <0.01.
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Figure 8. Effects of astrocyte-targeted expression of IL-15 on brain edema after ICH.

ICH was induced by collagenase injection in wild type and GFAP-IL-159 mice. Cytotoxic and
vasogenic brain edema was evaluated by MRI DWI and T2WI scans, respectively. (A). Brain DWI
and T2WI images of wild type and GFAP-IL-15'% mice at days 1 and 3 after ICH. Red arrows:
hyperintensity signals in DWI images indicating cytotoxic edema. (B-C). Quantification of
cytotoxic edema area and vasogenic edema area. Data are presented as mean + SEM. * P <

0.05.
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Figure 9. Effects of IL-15 neutralization or knockdown of astrocytic IL-15 on ICH injury in WT
mice.

ICH was induced by collagenase injection in WT mice. (A-B) Anti-IL-15 mAb or IgG control was
given immediately after ICH induction via intraventricular injection. Neurodeficits were evaluated
at day 1 and day 3 after ICH (A). Brain water content was quantified at day 3 after ICH (B). n=8
per group. (C-D) To knockdown astrocytic IL-15 in vivo, we used a lentivirus vector containing
GFAP-shlIL-15, in which GFAP promotor controls the transcript of a small hairpin RNA that
silences IL-15 expression. ShlL-15 or control lentivirus was injected into the right hemisphere of
WT mice. ICH was induced by collagenase injection at day 5 after lentivirus injection. (C)

Neurodeficits were evaluated at days 1 and 3 after ICH. (D) Brain water content was measured at
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day 3 after ICH induction. n = 8 per group. Data are presented as mean + SEM. * P < 0.05, * P <

0.01.

Astrocyte-targeted expression of IL-15 skews microglia towards a proinflammatory phenotype
after ICH

Considering the key role of IL-15 in the regulation of inflammatory responses, which extensively
contribute to blood-brain barrier disruption and PHE expansion in ICH# 6%.95 | subsequently
investigated the impact of astrocytic IL-15 on the profile of immune cells within the ICH brain. At
day 3 after ICH, the numbers of microglia and brain-infiltrating immune cell subsets were
evaluated by flow cytometry. A similar number of brain-infiltrating neutrophils, macrophages, T-
and B cells, were counted in the ICH brain tissues obtained from groups of WT and GFAP-|L-15%
mice (Figure 10A-B). In contrast, the count of microglia was dramatically increased in GFAP-IL-
159 mice (Figure 10A-B). Immunostaining results revealed an abundant accumulation of
microglia in the perihematomal area within the proximity to astrocytes in brain sections of GFAP-
IL-15% mice obtained at day 3 after ICH (Figure 11A-B). These microglia possessed enlarged
cell soma and retracted processes (Figure 11A). Flow cytometry analysis of microglia revealed a
robust upregulation of activation marker CD86, IL-13, and TNF-a in GFAP-IL-15% mice after ICH
(Figure 11C-D). These results indicate that astrocytic I1L-15 predominantly impacts microglial
response rather than other immune cell subsets, and skews microglia response towards a pro-

inflammatory phenotype following ICH.
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Figure 10. Augmented microglia response in GFAP-IL-15%9 mice after ICH.

ICH was induced by collagenase injection in groups of GFAP-IL-159 and WT mice. Flow
cytometry analysis of brain tissues were conducted at day 3 after ICH. (A) Flow cytometry gating
strategies of microglia (CD45'°“CD11b*), neutrophils (CD45"CD11b*Ly6G*), macrophages
(CD45"CD11b*F4/80%), CD4* T cells (CD45MNCD3*CD4*), CD8* T cells (CD45"CD3*CD8*), and B
cells (CD45NCD3-CD19%). (B) Quantification of microglia number in brain tissues obtained from
groups of WT and GFAP-IL-15% mice at day 3 after ICH. (C) Quantification of infiltrating immune
cells in brain tissues obtained from groups of WT and GFAP-IL-15% mice at day 3 after ICH. Data

are presented as mean £+ SEM. n = 8 per group. ** P < 0.01.
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Figure 11. Skewed microglia response toward a proinflammatory phenotype in GFAP-IL-15'% mice

CD86 CD206 IL-1p TNF-g IL-6 IL-4  TGF-

after ICH.

ICH was induced by collagenase injection in GFAP-IL-15%9 and WT mice. (A) Immunofluorescent
images showing astrocytes and microglia in the perihematomal region of brain sections obtained
from WT and GFAP-IL-15% mice at day 3 after ICH. Dashed lines indicate the borders of
hematoma. Insets showing single microglia. Scale bar = 100 um, and 20 um in insets. (B)
Quantification of microglia in the perihematomal area. n = 16 from 4 mice per group. (C)
Histograms showing the expression of indicated markers by microglia in indicated groups of mice
at day 3 after ICH. (D) Quantification of expression of indicated markers in C. n = 8 per group.

Data are presented as mean + SEM. * P < 0.05, ** P < 0.01.

Microglial depletion ablates the augmentation of hemorrhagic injury in GFAP-IL-15% mice
To determine the involvement of microglia in the augmentation of ICH injury by astrocyte-derived

IL-15, | compared the effects of microglia depletion on neurological deficits and brain edema in
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groups of WT and GFAP-IL-15% mice. A colony stimulating factor 1 receptor (CSF1R) inhibitor
PLX3397 was administered to deplete microglia in mice, as previously described?> 103.104  Daily
administration of PLX3397 for 3 consecutive weeks led to an approximate 80% reduction of
microglia in the brain (Figure 12A). At day 21 of PLX3397 administration, ICH was induced by
collagenase injection; PLX3397 treatment continued until the end of experiments. Similar levels of
neurodeficits and brain edema were observed in groups of WT and GFAP-IL-15% mice receiving
PLX3397 (Figure 12B-C), suggesting that ablation of microglia diminishes the augmentation of

ICH injury by astrocytic IL-15.
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Figure 12. Depletion of microglia diminishes the exacerbation of ICH injury in GFAP-IL-159 mice.
GFAP-IL-15'% and wild type (WT) mice received oral gavage of PLX3397 or vehicle daily at a

dose of 40 mg/kg for 21 days and followed by collagenase injection. PLX3397 treatment
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continued until the end of experiments. (A) Flow cytometry gating strategy and quantification
showing microglia numbers in the brain tissues obtained from indicated groups of mice receiving
vehicle or PLX3397 for 21 days. n = 6 per group. (B) Neurological deficits were evaluated by
mMNSS at days 1 and 3 after ICH. n = 12 per group. (C) Quantification of brain water content at

day 3 after ICH. n =12 per group. Data are shown as mean + SEM. ** P < 0.01.

Summary

e ICH induces upregulation of IL-15 in astrocytes.
e Astrocyte-targeted expression of IL-15 exacerbates ICH injury.
e Astrocyte-derived IL-15 skews microglia toward a proinflammatory phenotype following ICH.

e Astrocytic IL-15-induced augmentation of microglial response contributes to ICH injury.
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CHAPTER 5

BRAIN INJURY INSTRUCTS BONE MARROW CELLULAR LINEAGE DESTINATION THAT

SUPPRESSES NEUROINFLAMMATION
ICH swiftly activates bone marrow hematopoietic response in humans

After ICH Leukocytes in the circulation and immune organs are mobilized, leading to pronounced
infiltration of myeloid cells into the hemorrhagic brain after ICH?8 107-199 Due to the rapid turn-over
rate of myeloid cells, the limited leukocyte supply from cell reservoirs are rapidly depleted,
stimulating the replenishment of new cells from HSCs and progenitor cells in hematopoietic
organs. Therefore, we obtained bone marrow cells by flushing out cranial bone flaps removed
during decompressive surgery in ICH patients during the acute stage to investigate their
response. This novel approach in accessing bone marrow cells allows us to directly assess the
response of HSCs to ICH in human patients. Notably, an apparent increase in HSC count was
observed (Figure 13A-B), in conjunction with a sharp increase of downstream myeloid cell
progenitors (Figure 13C-D) in patient derived bone marrows as compared to controls. In contrast,
the numbers of downstream lymphoid cell progenitors were not impacted in patient derived
samples. These results suggest that ICH increases HSC activity and shifts hematopoiesis

towards the myeloid cell lineages in ICH patients.

Given this striking observation in patient samples, | then investigated the bone marrow cell
response in a collagenase mouse model of ICH. Activity of bone marrow resident cells in mice
spine vertebrae was evaluated by micro-PET scanning at 1 hour after 8F-FDG injection 3 days
post-ICH. Uptake of 18F-FDG in bone marrow was significantly increased in ICH mice as
compared to sham controls (Figure 14). Moreover, bone marrow collected from femur bones
were evaluated for the counts of Lin-Sca-1*cKit* (“LSK”) cells (a classic signature of HSCs) and of
long-term self-renewing HSCs (Lin"Sca-1*cKit*CD34 FLK2-:CD48-CD150%). A dramatic increase of

LSK cells and long-term self-renewing HSCs at day 3 after ICH and corresponding increase in
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proliferation is recorded (Figure 15). These data indicate that ICH increases bone marrow

hematopoietic activity.
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Figure 13. ICH induces a swift response in bone marrow of ICH patients.

Bone marrow cells were flushed out from cranial bone flaps obtained from ICH patients at an
average time of 22 + 11 hours post-ictus. Bone marrow cells obtained from cranial bone flaps of
patients undergoing microsurgical clipping of unruptured brain aneurysm were used as controls.
A. Gating strategy for human bone marrow HSCs (Lin-CD34* CD90* CD38- CD45RA"). B. Bar
graph shows the increase of HSCs (% of total bone marrow cells) following ICH. C. Gating
strategy for myeloid progenitors (CD34* CD123"°w CD38* CD135* CD45RA"), granulocyte
monocyte progenitors (CD34* CD123/ow CD38* CD135* CD45RA*) and common lymphoid
progenitors (CD34* CD7* CD10"). D. ICH-induced increase of myeloid progenitors but not
lymphoid progenitors (% of total bone marrow cells) in the bone marrow of ICH patients. n =3 in

ICH, n =5 in control. Mean + SEM.
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Figure 14. ICH increases bone marrow uptake of 18F-FDG.

ICH was induced in 3-month old male mice by collagenase injection, 8F-FDG PET scan was
performed at day 3 after ICH. (A) PET images show *®F-FDG uptake in the spinal column of
sham and ICH mice, dashed lines show the position of spinal column. (B) Quantification of

standard uptake volume (SUV). Mean £ SEM, n = 8 per group, *P < 0.05.
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Figure 15. ICH increases bone marrow HSC activity.
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ICH was induced in 3-month old male mice by collagenase injection, saline injected mice were
used as control. BrdU was injected i.p. 1 day before sacrifice at the dosage of 150 mg/kg. At days
1 and 3 after ICH, bone marrow cells were collected from femur and assessed by flow cytometry.
(A) Gating strategies show the gating of LSK cells (Lin-c-Kit*Sca-1*) and HSCs (Lin-c-Kit*Sca-
1*CD34'FLK2-CD48-CD150%). (B-C) Quantification of cell number of LSKs (B), HSCs (C) and

BrdU incorporation by HSCs (D). mean + SEM. n = 12 per group. *P < 0.05, **P < 0.01.

ICH induces myeloid bias of bone marrow HSCs with increased production of Ly6C'** monocytes

To fate-map the hematopoiesis of mice after ICH a Fgd5-CreER-tdTomato mouse line was
adopted, where HSCs and their downstream cell lineages express tdTomato upon activation of
Cre via tamoxifen treatment in Fgd5* HSCs (Figure 16A). The use of this mouse line allows for
the tracking of HSCs activity along with their downstream cell lineages. In Fgd5-CreER-tdTomato
mice, tamoxifen regimen was administered for 5 days to evoke tdTomato expression in HSCs,
mice were then subjected to ICH induction. Cell counts of tdTomato* cells in HSCs, progenitors,
and mature leukocyte subsets were measured by flow cytometry at day 3 after ICH. Following
ICH, a two-fold increase of tdTomato* HSCs was quantified in the bone marrow, accompanied by
a shift of bone marrow hematopoiesis towards myeloid cells (Figure 16B-C). Myeloid cell
proliferation was also characterized by a sharp increase of myeloid progenitors [granulocyte-
monocyte progenitors (GMPs) and monocyte-dendritic cell progenitors (MDPs)] (Figure 16C). As
a result, the population of Ly6C'®* monocytes were predominantly increased, rather than those of

neutrophils and lymphocytes (Figure 16C).

40



. Tamoxifen
1212 R ‘ l
Sdays

Fgd5-CreER-td Tomato

¥ (-
g ) L . o e
= T if ymphoi
.... amoxifen s. progenitors lymphocytes
thomatcw."\..sA ' — i; C
Fgd5*HSCs HsC
Myeloid Myeloid cells
progenitors (Neutrophil, monocyte) 60
g
B :—'40.
Fgd5-CreER Fgd5-CreER tdTomato** 2
tdTomato™ Sham ICH 5
2 201
2 0% 23% 42% =
o @ ) 0
s @ o Do
O R G of AP @ &
" ;. ) G\\!\ G\‘\ \\1\0 C,\' oo‘f" oc}f"“oQ Ocﬂ
A (‘\0\!‘ ‘h
i o

———tdTomato

Figure 16. Lineage tracing of genetically labeled HSCs and their fate in ICH mice.

(A) Schematic shows tamoxifen injection and ICH induction in Fgd5-creER-tdTomato mice. Fgd5
is shown to be specifically expressed in HSCs, Fgd5-CreER allele exhibits inducible CreER
activity exclusively in self-renewing HSCs. These HSCs and their downstream lymphoid/myeloid
cell types are all tdTomato+ after tamoxifen induction. New HSCs, progenitors and mature cells
were evaluated in bone marrow at day 3 after ICH. (B) Flow cytometry gating strategy of newly
generated tdTomato* HSCs in bone marrow. (C) Quantification of tdTomato* cell percentage in
subpopulations of HSCs, myeloid and lymphoid progenitors, differentiated myeloid cells and

lymphocytes. Mean = SEM. n = 6 per group. **P < 0.01.
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Newly emergent Ly6C'"¥ monocytes accumulate in the ICH brain and highly express anti-

inflammatory factor IL-10.

To understand whether increased bone marrow production of Ly6C'®* monocytes leads to the
outflow of these cells from bone marrow and subsequent migration into the injured brain, the
count of tdTomato* cells in the brain of Fgd5-CreER-tdTomato mice at day 3 after ICH were
quantified using flow cytometry. A robust increase in newly emerged tdTomato*Ly6C'ow
monocytes and their tdTomato* macrophage descendants were discovered in the brain of ICH
mice (Figure 17A). In the ICH mouse brain, both tdTomato*ly6C'°¥ monocytes and tdTomato*
macrophage derivatives highly expressed IL-10 relative to their tdTomato- cell subsets (Figure
17B). Notably, tdTomato* macrophages highly expressed “alternative activation” markers CD206
and PD-L2 (Figure 17C). These data suggest that the newly generated anti-inflammatory Ly6C'ow
monocytes can home to the brain of ICH mice and thereafter differentiate into “alternatively

activated” macrophages, and potentially may promote hematoma clearance and ICH recovery.
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Figure 17. Newly emerged Ly6C'®¥ monocytes transmigrate to the brain of ICH mice.
(A) Quantification of tdTomato* immune cell subsets in the brain of Fgd5-creER-tdTomato mice at
day 3 post ICH. (B) Newly generated (tdTomato*) Ly6C'"¥ monocytes in the ICH brain highly

express IL-10. (C) Newly generated tdTomato* macrophages in the ICH brain highly express IL-
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10 and alternative activation markers (CD206 and PDL2). Mean + SEM, n = 6 per group. *P <

0.05, *P < 0.01.

Increased sympathetic tone induces bone marrow hematopoiesis response after ICH

Hematopoiesis activity is delicately regulated by neurogenic signals!10. Activity of the sympathetic
nervous system (SNS) is hypothesized to activate bone marrow HSCs in through $3-adrenergic
receptors innervation of the bone marrow niche!?. Norepinephrine, a systemic SNS
neurotransmitter, is upregulated in both ICH patients and corresponding animal models*.
Therefore, here | tested whether increased adrenergic input mediated the hematopoietic
response following ICH by administering an adrenergic antagonist. Bone marrow HSC counts
were reduced by approximately two-fold at day 3 after ICH in mice treated with a selective 3-
adrenergic receptor antagonist, SR59230A (Figure 18A). Moreover, in treated mice the
proliferation ability measured by HSC BrdU incorporation was also significantly inhibited by
blockade of the B3-adrenergic receptor (Figure 18A). Myeloid progenitors in the bone marrow
similarly decreased in count upon treatment (Figure 18B). These data indicate that increased

sympathetic tone after ICH activates bone marrow hematopoiesis.
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Figure 18. Blockade of adrenergic B3 receptor diminishes ICH-induced increase of HSC activity in

bone marrow.
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ICH was induced by collagenase injection in 3 month old male C57BL/6J mice. Adrenergic 33
receptor antagonist SR59230 (5 mg/kg) was given intraperitoneally immediately after ICH
induction, twice daily. Bone marrow was obtained from femoral bones of ICH or sham mice 3
days after surgery. Flow cytometry was conducted to evaluate the bone marrow response. (A)
HSC number and incorporation of BrdU. (B) Cell counts of myeloid progenitors at day 3 after ICH.

N = 8 per group. Mean + SEM. *P < 0.05, **P < 0.01.

Upregulation of small RhoGTPase Cdc42 in bone marrow HSCs after ICH.

The hematopoietic activity of HSCs is tightly controlled by their intracellular machinery112 113,
High-throughput Nanostring screening of the HSC transcriptome was used to identify the
molecular characteristics of bone marrow-derived HSCs in response to ICH. Unbiased analysis of
HSCs sorted from mouse femurs 3 days post-ICH identified a drastic upregulation of the small
Rho-GTPase Cdc42 in the HSC transcriptome, specifically, the Cdc42 gene was altered in HSCs
of ICH mice relative to control (Figure 19A). To evaluate the activity of Cdc42 of HSCs after ICH,
consistent to the transcriptomic sequencing data, flow cytometry reveals that active Cdc42 was
increased in HSCs of ICH mice at day 3 after model induction (Figure 19B, C). Cdc42 has been

causally linked to myeloid bias of HSCs14 115,
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Figure 19. ICH induces a profound transcriptome change of HSCs.

ICH was induced by collagenase injection in 3-months old male C57BL/6J mice. Bone marrow
was obtained from the femoral bone of ICH or sham mice 3 days after surgery. HSCs (Lin-Sca-
1*c-kit*CD34FIk2-CD48-CD150*) were sorted by flow cytometry and mRNAs were extracted for
unbiased profiling by Nanostring. (A) Heat map show altered genes relating to myeloid
differentiation as well as cytokines/chemokines receptors in HSCs from ICH vs. sham mice. n = 3
per group. (B-C) Expression of active Cdc42 (GTP-bound form) in HSCs from indicated groups of

mice assessed by flow cytometry. n = 4 per group. Mean £ SEM. **P < 0.01.

Blockade of Cdc42 abolished ICH-induced increase of monocyte hematopoiesis in bone marrow

and exacerbates ICH injury.

Rho GTPase Cdc42 regulates the adhesion, migration, homing, and cell cycle progression of
HSCs. In HSCs, Cdc42 has been reported as a key regulator for tilting differentiation towards

myeloid production!?>-117, Transcriptome sequencing of HSCs here, displayed the significant
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upregulation of Cdc42 and other GTPase molecules in the HSCs of ICH mice. Therefore, |
investigated whether Cdc42 acts as a molecular switch within HSCs to mediate the ICH-induced
hemopoietic change. To this end, a selective Cdc42 inhibitor CASIN was used as a target
modulator. Upon treatment with CASIN, the number of HSCs in bone marrow were decreased by
approximately three-fold in mice at day 3, reduction in HSC proliferation activity was also evident
(Figure 20A). Correspondingly, the variety of myeloid progenitors were also reduced upon
CASIN treatment (Figure 20B); notably, the production of Ly6C'®* monocytes was inhibited in
CASIN treated ICH mice, monocyte expression of anti-inflammatory cytokine IL-10 was also

reduced (Figure 20C).

For brain infiltrating immune cells following ICH, CASIN treatment decreased anti-
inflammatory monocytes in the brain by about three-fold at day 3 after ICH compared to control
mice (Figure 21A). IL-10-producing macrophages are similarly reduced by CASIN treatment in
the ICH group (Figure 21B). In addition, the alternative activation markers of macrophages in the
brain are also decreased in treated mice (Figure 21C-D). Relative to control mice, neurological
deficits evaluated by mNSS was exacerbated at days 4 and 7 in ICH mice treated with CASIN
(Figure 21E), sensorimotor function recovery measured by cylinder test was also abrogated upon
CASIN treatment at days 4 and 7 after ICH (Figure 21F). Measurement of the hematoma volume
at day 7 revealed that hematoma clearance was arrested by CASIN treatment (Figure 21G).
These outcomes suggest that Cdc42 mediates the myeloid-inclined hematopoiesis in bone
marrow HSCs after ICH, which may contribute to the hematoma clearance and functional

recovery of ICH.
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Figure 20. Cdc42 inhibition abolishes ICH-induced increase of monocyte hematopoiesis in bone
marrow.

ICH was induced by collagenase injection in 3 month old male C57BL/6J mice, a Cdc42 inhibitor
CASIN was given intraperitoneally immediately after ICH induction at a dosage of 2 mg/kg,
repeated every 2 days. Bone marrow was obtained from femoral bones of ICH or sham mice 3

days after surgery. Flow cytometry was conducted to evaluate the bone marrow response. (A)

HSC number and incorporation of BrdU at day 3 after ICH. (B) Cell counts of myeloid progenitors

at day 3 after ICH. (C) Ly6C'** monocytes and IL-10-producing Ly6C'®* monocyte counts in bone

marrow of at day 3 after ICH. n = 8 per group. Mean + SEM. *P < 0.05, **P < 0.01.
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Figure 21. Cdc42 inhibition reduces Ly6'°" monocytes in the ICH brain and exacerbated ICH
injury.

ICH was induced by collagenase injection in 3 month old male C57BL/6J mice, a Cdc42 inhibitor
CASIN was given intraperitoneally immediately after ICH induction at a dosage of 2 mg/kg,
repeated every 2 days. (A) IL-10 producing monocyte counts in the brain at day 3 after ICH, n = 8
per group. (B) IL-10 producing macrophages and alternative activated CD206* (C), PD-L2*(D)
macrophages counts in the brain at day 3 after ICH, n = 8 per group. (E) mMNSS score from
baseline to day 7 after ICH n = 12 per group, (F) Sensorimotor function evaluated by cylinder test
at indicated time points after ICH, box indicates median and interquartile range, whiskers indicate
5-95 percentile. n = 12 per group. (G) Hematoma volume at day 7, n = 12 per group. In A-E and

G, Mean = SEM. *P < 0.05, **P < 0.01.

B3 agonist mirabegron enhances ICH-induced production of Ly6C'®* monocytes and hematoma

clearance.

Next, | sought to investigate whether promoting anti-inflammatory monocyte hematopoiesis could
accelerate hematoma clearance and improve disease outcome of ICH. Mirabegron is a selective
B3-adrenergic receptor agonist that has been approved for the treatment of overactive bladder!é
119 After demonstrating that increased sympathetic nervous system activity mediated Ly6Clow
monocyte hematopoiesis after ICH, | tested whether oral administration of mirabegron was able
to enhance monocyte production and improve ICH outcome. Mirabegron was administered to
mice after ICH at a dose of 2 mg/kg daily, a dosage equal to the clinical treatment in overactive
bladder8, HSC number in the bone marrow was increased by approximately 50% in mice
treated at day 3 post-ICH compared to controls (Figure 22A); myeloid progenitors were also
increased upon treatment in a similar trend (Figure 22B). With regard to monocytes production,
total Ly6C'"¥ monocytes and Ly6C'*” monocytes in bone marrow were increased by a factor in
mirabegron treated ICH mice (Figure 22C). These results indicate that mirabegron treatment was

effectual in promoting Ly6C'®* monocyte production in bone marrow after ICH.
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Figure 22. An Adrenergic 33 receptor agonist enhances bone marrow production of IL-10-
producing Ly6C'*" monocytes after ICH.

ICH was induced by collagenase injection in 3 month old male C57BL/6J mice, a selective B3
receptor agonist mirabegron was given to mice immediately after ICH induction at a dose of 2
mg/kg via oral gavage daily. Bone marrow was obtained at day 3 after ICH. (A) HSC number in
bone marrow at day 3 after ICH. (B) Cell counts of myeloid progenitors in bone marrow at day 3
after ICH. (C) Ly6C'""* monocytes and II-10 producing Ly6C'"* monocyte counts in bone marrow of

at day 3 after ICH. n = 8 per group. Mean = SEM. *P < 0.05, **P < 0.01.

Whether the increased monocytes production in bone marrow by mirabegron could impact
the immune environment in the brain of ICH mice was the next question to examine. Flow
cytometric analysis revealed that mirabegron increased IL-10* anti-inflammatory monocytes and
derivative macrophages by approximately 50% in the brain at day 3 after ICH compared to mice
treated with PBS vehicle (Figure 23A-B). In addition, alternatively activated macrophages in the
brain were also significantly increased by mirabegron treatment (Figure 23B). Interestingly, brain-
infiltrating neutrophils and lymphocytes were both reduced in mice treated with mirabegron at day
3 after ICH (Figure 23C). This indicates that mirabegron increases the accumulation of anti-
inflammatory monocytes to the brain and reduces brain inflammation after ICH. Given this insight
whether mirabegron could accelerate hematoma absorption and promote functional recovery in
ICH mice becomes a central question. A series of established motor-sensory tests in addition to

injury indicators were used to evaluate recovery in ICH mice. While there was no significant
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difference regarding neurodeficits measured by mNSS and sensorimotor function, evaluated by
cylinder test at day 1 after ICH between groups, mice treated with mirabegron showed significant
reduction in neurodeficits at days 4 and 7 after ICH relative to control mice, as well as improved
sensorimotor function (Figure 23D-E). Notably, mirabegron treated mice had reduced hematoma
volumes at day 7 compared to vehicle treated group (Figure 23F). In all, these data demonstrate
that B3-adrenergic receptor activation via mirabegron reduced brain inflammation, promoted

hematoma clearance, and improved neurological recovery of ICH mice.
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Figure 23. Adrenergic B3 receptor activation reduces brain inflammation and improved hematoma
clearance.

ICH was induced by collagenase injection in 3 month old male C57BL/6J mice, a selective 3
receptor agonist mirabegron was given to mice immediately after ICH induction at a dose of 2
mg/kg via oral gavage daily. Brain tissue was obtained at day 3 for flow cytometry detection of
immune cells in the brain. (A) IL-10-producing Ly6C'®* monocytes in the brain at day 3 post-ICH.
(B) IL-10* macrophages and alternatively activated macrophages (CD206* and PD-L2%) in the
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brain at day 3 post-ICH. (C) Counts of brain-infiltrating neutrophils and lymphocytes in ICH mice
receiving PBS or IL-3. (D) Neurological deficits measured via mNSS from baseline to day 7 after
ICH. (E) Sensorimotor function evaluated by cylinder test at indicated time points, box indicates
median and interquartile range, whiskers indicate 5-95 percentile. (F) Hematoma volume at day

7.n =8 per group in A-C, n =12 per group in D-F. Mean = s.e.m. *P < 0.05, **P < 0.01.

IL-3 treatment accelerates hematoma clearance and functional recovery after ICH

Upon identifying that Cdc42 is a key molecule within HSCs which mediates the hemopoietic
response to ICH, | sought to investigate whether pharmacological activation of Cdc42 could
expand the generation of anti-inflammatory monocytes and improve ICH outcome. IL-3 is a
known hematopoietic growth factor capable of activating endogenous Rac-1, Rac-2, and
Cdc42'2°, Therefore, | tested whether recombinant IL-3 treatment could leverage the production
of Ly6C'*¥ monocytes and beneficially impact ICH outcome in our mouse model. Similar to
mirabegron, IL-3 treatment increased HSCs in the bone marrow by approximately 50% at day 3
after ICH (Figure 24A), additionally, myeloid progenitors GMP and MDP counts were also
increased in bone marrow in treated mice (Figure 24B). As for monocytes, the production of
Ly6C'l>" monocytes and anti-inflammatory macrophages were also increased at day 3 after ICH in

mice treated with IL-3 (Figure 24C).

The counts of Ly6C'*” monocytes and macrophages were significantly increased at day 3
after ICH in mice receiving IL-3 versus PBS control (Figure 25A-B). Macrophages in the brain of
ICH mice receiving IL-3 displayed upregulation of alternative activation markers CD206 and PD-
L2 (Figure 25B). Furthermore, the infiltration of neutrophils and lymphocytes was inhibited by IL-
3 treatment (Figure 25C). Compared to PBS controls, IL-3-treated mice had significant
reductions in neurological deficit measured by mNSS from day 1 to day 7 after ICH (Figure 25D).
Additionally, IL-3 promoted sensorimotor function recovery at days 4 and 7 following ICH (Figure
25E). The reduced hematoma volume in ICH mice receiving IL-3 suggests accelerated

hematoma clearance (Figure 25F).
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Figure 24. IL-3 treatment enhances ICH-induced hematopoiesis of Ly6C'®% monocytes in the

bone marrow.

ICH was induced by collagenase injection in 3 month old male C57BL/6J mice, recombinant IL-3

was given to ICH mice immediately after model induction via intraperitoneal injection at a dose of

600ng daily. Bone marrow was obtained at day 3 after ICH for flow cytometry detection. (A) HSC

number in bone marrow. (B) Cell counts of myeloid progenitors in bone marrow at day 3 after

ICH. (C) Ly6C"* monocytes and II-10 producing Ly6C'*" monocyte counts in bone marrow of at

day 3 after ICH. n = 8 per group. Mean + SEM. *P < 0.05, **P < 0.01.
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Figure 25. IL-3 treatment reduces brain inflammation and promoted hematoma clearance after

ICH.
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ICH was induced by collagenase injection in 3 month old male C57BL/6J mice, recombinant IL-3
was given to ICH mice immediately after ICH induction via intraperitoneal injection at a dose of
600 ng daily. Brain tissue was obtained at day 3 for flow cytometry detection of immune cells in
the brain. (A) IL-10-producing Ly6C'” monocytes in the brain at day 3 post-ICH. (B) IL-10*
macrophages and alternatively activated macrophages (CD206* and PD-L2%) in the brain at day 3
post-ICH. (C) Brain infiltrating neutrophils and lymphocytes counts in the brain at day 3 after ICH.
(D) Neurological deficits measured via mNSS from baseline to day 7 after ICH. (E) Sensorimotor
function evaluated by cylinder test at indicated time points, box indicates median and interquartile
range, whiskers indicate 5-95 percentile. (F) Hematoma volume at day 7. In A-C, n = 8 per group.

In D-F, n =12 per group. Mean = SEM. *P < 0.05, *P < 0.01.

Summary

e |CH swiftly skews bone marrow HSCs towards the myeloid lineage.

e Lineage tracing reveals a predominantly augmented hematopoiesis of Ly6C'®* monocytes
that home to the ICH brain.

e Newly produced bone marrow Ly6C'°¥ monocytes generate alternatively activated
macrophages and suppress neuroinflammation in the ICH brain.

e ICH promotes bone marrow hematopoiesis of Ly6C'*” monocytes via 33-adrenergic
innervation and Cdc42.

e Stimulation of B3-adrenergic receptor promotes bone marrow hematopoiesis of Ly6C'ow

monocytes and suppresses neuroinflammation after ICH.
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CHAPTER 6
DISCUSSION

Here, | systemically investigated the focal and peripheral immune responses in the setting of ICH.
First, in the perihematomal region within the brain after ICH, | identify that IL-15, which is highly
expressed by astrocytes after ICH in patients and mouse models, expanded microglial response
in the perihematomal region and skewed microglia towards a pro-inflammatory phenotype,
manifested by increased expression of CD86, IL-1B, and TNF-a. This augmented microglial
response exacerbated hemorrhagic brain injury and worsened ICH outcome in the animal model.
These findings uncovered that IL-15 bridges the crosstalk between astrocytes and microglia in
the setting of ICH, which drives the tissue damage and worsen outcome. Second, in the
periphery, data reveals that increased sympathetic tone post-ICH activates the hematopoiesis
system and skews the lineage commitment of HSCs towards a myeloid bias with increased
production of Ly6C'®* monocytes. These new generated Ly6C'*" monocytes highly express anti-
inflammatory cytokine IL-10, and efficiently migrate to the injured brain, giving rise to alternatively
activated macrophages. These anti-inflammatory monocytes/macrophages reduce brain
inflammation, promote hematoma clearance, and improve functional recovery in our animal
model of ICH. In sum, these results deepen our understanding of the systemic immune response
of an acute brain injury to the hematopoietic system. The panoramic deciphering of the focal and
peripheral immune responses post-ICH paves the way in developing new therapeutic strategies

to control acute brain injury and promote functional recovery after an ICH.

IL-15 bridges the crosstalk between astrocytes and microglia after ICH

The findings reported in the focal context of ICH immune response assigns a role to IL-15 as a
mediator of astrocyte-microglia crosstalk in ICH (Figure 26). Accounting for over 50% of the brain
cell mass, astrocytes weave their processes throughout the CNS, harboring delicate interactions
with microgliat?!- 122, Following brain insults, astrocytes react robustly by releasing pro-

inflammatory mediators that direct microglial activity and shape diverse neuropathologies!? 122,
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Together with an upregulation of CD86 and TNF-q, increased accumulation, enlarged cell bodies
and diminished processes of microglia in the perihematomal tissue indicate enhanced pro-
inflammatory activation of microglia in GFAP-IL-15% mice. In addition to the production of pro-
inflammatory factors, microglia also possess diverse capacities of phagocytosis, antigen
presentation, and secretion of anti-inflammatory factors!?!. These varied capabilities of microglia
enables them to participate in hematoma clearance and resolution of tissue inflammation,
depending on the timing and environment®®: 0, Although the data here implicates astrocytic IL-15
as a driver of the pro-inflammatory response of microglia, whether and to what extent astrocytic
IL-15 affects microglial impact on hematoma clearance and tissue repair are of interest and
warrants further investigation. Together, these findings provide new evidence that astrocyte-
derived IL-15 augments the pro-inflammatory response of microglia after ICH. These insights

expand our knowledge of astrocyte-microglia crosstalk in CNS injury.

Intracerebral
hemorrhage

IL-15
upregulation neutralization

Microglia
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Perihematomal edema expansion
& neurological deterioration

Figure 26. IL-15 bridges astrocyte-microglia crosstalk and exacerbates brain injury following ICH.
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ICH induces upregulation of astrocytic IL-15 that shifts microglia toward pro-inflammatory

response, leading to the expansion of PHE and deterioration of neurological outcome.

It is noteworthy that astrocyte-targeted expression of IL-15 had no significant impact on the
numbers of brain-infiltrating immune cells, including T and B lymphocytes, monocytes, and
neutrophils. However, the potential impact of these cells on astrocytic IL-15-induced exacerbation
of ICH injury cannot be excluded. Although not addressed in this study, IL-15 could also
participate in other aspects of neuroinflammation, given its chemotactic and pro-survival effects
on peripheral immune cells such as CD8* T cells9123.124_|n addition, as the immune and
inflammatory response harbors both beneficial and deleterious functions after ICH, future studies
should be extended to examine the effects of IL-15 on the long-term neurological outcomes and

tissue repair following ICH.

The present findings have clinical implications for targeting astrocytes, which are a
prominent contributor to CNS inflammatory responses after ICH. In support of the translational
relevance of this study, histological results show an increased concentration of IL-15* astrocytes
in close proximity with microglia after ICH. Recent experimental studies have demonstrated
immune interventions targeting key inflammatory mediators as a viable approach in restricting
brain inflammation and tissue damage after ICH27-30. Immune therapies targeting IL-1 are
ongoing in an ICH clinical trial (NCT03737344), and promising results have been reported in
patients with subarachnoid hemorrhage!?>. Therefore, the identification of astrocyte-derived IL-15
as a prominent contributor to ICH injury may facilitate future design of selective treatment for ICH

patients.

Thus, our findings suggest IL-15 as an astrocyte-derived factor with prominent effects on
ICH injury. As an increase of IL-15-expressing astrocytes is evident in the brain of ICH patients,
further investigation is warranted to reveal the therapeutic potential of IL-15-modifying treatments

in ICH.
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ICH induces anti-inflammatory Ly6C'°* monocyte hemopoiesis that benefit stroke outcome

Blood monocyte counts on admission are associated with neurological outcome in ICH
patients126-129 potentially due to neural damage and pro-inflammatory effects by classical Ly6Chi
monocytes’® 130, Our group has previously discovered that ICH patients underwent lymphopenia
after disease onset persists for up to 2 weeks, however, CD11b* myeloid cells showed an
increasing trend on the contrary“. Given to the rapid turnover of myeloid cells in the circulation,
the sustained increase requires replenishment from the hematopoietic system or extra-medullar
reservoirs. The spleen is the biggest peripheral reservoir of monocytes and responds to systemic
stimulus, such as infection, with rapid changes in gross volume. However, ICH induces significant
spleen atrophy during the acute and subacute phases*, which dampens the possibility that the
spleen sustains the myeloid cells supply after ICH. In this dissertation, | identify that increased
adrenergic activity after ICH induces the proliferation of the most up-stream long-term HSCs,
leading to increased numbers of myeloid progenitors in the bone marrow. The newly generated
monocytes are primarily Ly6C'o¥ patrolling monocytes but not neutrophils or Ly6C" monocytes.
These nascent Ly6C'o¥ patrolling monocytes possess an anti-inflammatory profile and give rise to
alternatively activated macrophages in the injured brain (Figure 27). While Ly6C" monocytes are
known as pro-inflammatory cells and contribute to tissue damage, Ly6C'°¥ patrolling monocytes
and alternatively activated macrophages promote inflammation resolution and wound repair!?3,
Therefore, these findings suggest that circulating Ly6Ch monocytes are first mobilized to the brain
after ICH and contribute to secondary brain injury, with the activation of bone marrow
hematopoiesis of Ly6C'e" patrolling monocytes as well as the quick turnover of Ly6C" monocytes,
Ly6C'ov monocytes then (likely after day 3) take over as the main monocyte subtype in the brain,
which give rise to alternatively activated macrophages, resolving brain inflammation and
promoting tissue repair. It has been reported that spleen monocytes exerts more rigorous pro-
inflammatory profile than bone marrow monocytes!?, in this regard, the spleen atrophy post-ICH

may partially contribute to the enhanced anti-inflammatory monocyte generation.
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Figure 27. ICH induces bone marrow hematopoiesis of Ly6C'°* monocytes that reduce brain
inflammation and accelerate hematoma clearance.
(1) ICH activates the sympathetic pathway mediated by norepinephrine (NE). (2) Increased
adrenergic input activate quiescent HSCs in bone marrow, giving rising to a biased generation of
myeloid progenitors and increased outflow of anti-inflammatory Ly6C'®¥ monocytes. (3) Ly6Clov
monocytes home to the brain and give rise to alternatively activated macrophages that accelerate
hematoma clearance and resolution of brain inflammation, leading to improved ICH outcome.
The identification of the beneficial effects of hematogenous Ly6C'*" monocytes in
conjunction with the mechanisms underlying the response, prompts the opportunity to leverage
anti-inflammatory monocytes generation in improving ICH outcome. One of the plausible
strategies explored is to enhance 3-adrenergic receptor signaling by mirabegron, which is a
selective 33 agonist approved by FDA for the treatment of overactive bladder. A clinically derived
dosage of mirabegron treatment significantly promoted Ly6C'** patrolling monocytes production

in ICH mice, which promoted hematoma clearance and stroke recovery. This discovery is of great
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clinical translational value given the apparent safety of mirabegron in clinical use. The findings of
HSC endogenous Cdc42 activation serve as another therapeutic target for promoting anti-
inflammatory monocyte generation. Besides neurogenic signals, hematopoietic activities are
closely regulated by cytokines. For instance, IL-3 is a hematopoietic growth factor which readily
activates Cdc42. Treatment with recombinant IL-3 showed similar effects on Ly6C'®¥ monocytes
generation and stroke outcome in ICH mice, as observed with mirabegron treatment. The
remaining question is whether these new generated monocytes can promote tissue remodeling
and affect long-term benefits. Additionally, given that stroke patients are often complicated with
vascular changes like atherosclerosis, and monocytes play a key role in plaque stability, the

impacts of mirabegron and IL-3 on atherosclerosis progression is noted for future study.

From the concept that brain is an immune-privileged organ to the recognition of increasing
complexity of interactions between nervous system and peripheral organs, our understanding of
neuroimmune interaction has evolved considerably. In the setting of acute brain injury, it has
been recognized that brain injury impacts the immune responses in peripheral tissues including
liver, spleen, heart, intestine, and circulation. This dissertation reveals that acute brain injury
swiftly activates the hematopoietic system, advancing our understanding of immune activation

outside the brain in response to acute brain insults.

CHAPTER 7
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CONCLUSION AND FUTURE PERSPECTIVES

In all, this study unveils the intimate crosstalk between the immune and nervous systems within
and outside the brain in response to acute brain insults. The identified neural-immune interactions
possess organ-specific features that differ among individual organ systems and are mediated by
distinct types of immune cells and factors. Our increasing understanding on this topic is expected
to provide insights into the initiation, progression, and resolution of neuroinflammation and identify
novel treatment options that might facilitate the future design of immunomodulatory therapies to

benefit patients with acute brain injury.

Immune responses after acute brain injury involve multiple cells, molecules, and organs,
and take place across these different levels. Here, the scope of investigation is limited to glial
cells interaction in the brain as well as bone marrow responses in periphery. A comprehensive
understanding of the immune responses after hemorrhagic brain injury will require a panoramic
pursuit of the immune processes across different organs and at the systems levels. In addition,
the application of new state-of-art and multi-omics approaches like single cell sequencing, mass
spectrometry will accelerate our investigations in the future and promote the discovery of new

insights that could be valuable for the translations of pre-clinical findings to clinical practice.

The reporting that glial cell interaction post-ICH promotes the development of
neuroinflammation which exacerbates hemorrhagic brain injury prompts the question of what
triggers the upregulation of IL-15 in astrocytes, and more broadly if there are any key
genes/molecules that critically switch focal brain inflammation on after ICH. If such a “switch”
exists, the identification of it could present a therapeutic target to improve ICH outcome via

immune modulation.

By adopting FDG-PET imaging, | show that ICH induced a significant upregulation of
cellular activity in the spinal column in live mice. Due to the imaging limitations, | was unable to
show the bone marrow activity in whole body bones like femur, tibia, and the skull. Though it is

clearly shown that femur bone marrow responses increased via flow cytometry; an unanswered
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guestion is whether the bone marrow responses differ in different marrow niches of the body. For
example, since the skull is the closest bone proximal to the brain, and a recent study shows that
myeloid cells in the skull bone marrow are actively recruited to migrate to the brain parenchyma
after ischemia through microvessels between the bone surface and brain cortex, does the skull
bone marrow respond differently from peripheral bones like femur that | mainly studied in this

study, is an interesting point to investigate in the future.

This study has several limitations. First, this study only deals with two examples of many
players involved in focal and systemic effects of ICH, i.e. IL-15 and HSCs. This is in part due to
limited time and resources during my PhD work. Other key elements of immune system after ICH
such as meningeal lymphatic vessels deserve further investigation in future studies. Second,
limited approaches were used to study focal and systemic immune response after ICH. This study
could be strengthened by incorporation of several novel technologies, including single-cell
sequencing, two-photon in vivo imaging and 3D MRI imaging, etc. Results from these approaches
could illustrate a broad landscape that is more useful for clinical translation. Third, there are
several questions remain to be answered. Forth, given the discrepancy between animal models
and ICH patients, caveats should be taken when interpret our results in experimental ICH models
in relation to ICH patients. Finally, there is a dichotomy of brain’s focal and systemic immune
response upon the occurrence of ICH. Therefore, a better understanding of the kinetics or
potentially differential effects of focal versus systemic immune response in ICH outcome would
offer novel insight into how to modulate these two compartments to achieve better outcome for

ICH patients.

The paramount question is whether a greater understanding of brain and systemic immune
responses after ICH can lead to successful clinical translation of immune modulation as a
therapeutic approach to ICH. Recent completed pilot clinical trials of an immune modulator,
fingolimod, in stroke patients suggest that immune modulation could be a potential approach to

limit acute brain injury. Moreover, two international clinical trials evaluated the efficacy of

61



natalizumab, a monoclonal antibody (mAb) that prevents the trafficking of leukocytes across the
BBB, in ischemic stroke (ACTION I: NCT01955707; ACTION II: NCT02730455). Although the
results in these two trials did not show clear-cut benefit of natalizumab on functional outcome in
stroke patients, these efforts highlight the renewed interests of immune interventions in stroke.
Notably, a randomized, placebo-controlled, and double blinded trial of BAF312 in ongoing in ICH
patients (NCT03338998). BAF312 is a sphingosine 1-phosphate receptor modulator that could
potentially limit brain inflammation after ICH. Results from this trial may provide novel and more
conclusive information on the potential benefit of curbing neuroinflammation in ICH. Additionally,
in a large randomized multi-central study, 10,016 patients with previous myocardial infarction and
a high-sensitivity C-reactive protein level, demonstrated that canakinumab, a therapeutic
monoclonal antibody targeting IL-1B, led to a significantly lower rate of recurrent cardiovascular
events than placebo, independent of lipid-level lowering. This study convincingly indicates that
systemic inflammation may be responsible for recurrent cardiovascular events and that immune
inhibition of an innate immune pathway is sufficient to reduce the risks. Therefore, | believe that a
better understanding of the focal brain inflammation as well as peripheral immune responses will

potentially offer insight on how to manage these compartments to improve patients’ outcome.

As brain inflammation following ICH involves in both in situ DAMP-activated microglia
coordinated events, as well as homing of peripheral immune cells. In the peripheral
compartments, the adoption of multiple medications interfering in cell migration, proliferation, or
depleting cells are employed for the management of patients with multiple sclerosis. Emerging
therapies targeting microglia (CFSR1) or astrocytes (miglustat) may offer new avenue to curb
brain inflammation within the brain. Indeed, preclinical studies in ICH and EAE models have
shown that these two approaches reduce brain immune reactions and subsequent neurological
deficit'%4 131, Therefore, | propose that effective and timely reducing brain inflammation can be
achieved by combination approaches acting on both peripheral and CNS compartments (Figure
28). This may lead to the long sought after measurable clinical benefits for patients with ICH, and

other type of brain injuries.
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Finally, the progress of the field of stroke immunology is ultimately dependent on whether
such studies, as the one here, can offer new therapeutic options by deepening the understanding
of emergence and progression of brain inflammation. Due to the complex pathophysiological
processes involved, there are a number of key outstanding questions needs to be resolved
regarding the dynamic and resolution of inflammation and its relation to patient outcome and
recovery (Table 2); it is my belief that only when we have an improved understanding of these
guestions can substantial milestones be reached in crossing the chasm between preclinical

findings and patient improvement.
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Figure 28. Peripheral and CNS approaches to control ICH triggered neuroinflammation and

neurodegeneration.
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Table 2. Outstanding questions in ICH immunology

Is there a master switch for neuroinflammation following ICH? If so, is it
druggable?

What is the nature of interactions between peripherally arrived immune cells and
microglia or astrocytes?

What are the roles of immune response in tissue remodeling, focal vs. global
brain inflammation, and autoimmunity after ICH?

Regarding clinical trials, how to choose time window (when, frequency and
duration), immune modulatory modalities (single or multiple cells /proteins) for
immune intervention after ICH?

What type of ICH patients will be better responders for immune intervention:
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