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Abstract

Stroke is a devastating disease that is a major cause of death and disability around the world and is a
leading contributor to mortality in Australia. Complications that are traditionally associated with
stroke include neurological and functional impairments. However, an understated complication in
patients with stroke suffer is infection. Infections occur in up to two-thirds of stroke survivors, with
bacterial lung infection (pneumonia) being a leading cause of death. Consequently, preventing and
reducing the occurrence of post-stroke infection in patients is of utmost priority in stroke research.
Studies show that patients with more severe strokes are especially more prone to developing
pneumonia. The high incidence of pneumonia in patients with severe stroke was initially believed to
be due to impairments in swallowing function (dysphagia), allowing for direct entry of pathogens
into the lung from oral and gastric contents. Attempts to reduce aspiration and dysphagia using
nasogastric tubing and mechanical ventilators do not reduce the incidence of post-stroke infection
and are even considered to be risk factors. Furthermore, trails exploring the efficacy of preventive
antibiotic therapy in reducing post-stroke infection have failed. Therefore, exploring the mechanisms
to infection after stroke is paramount for the discovery of new treatments and therapeutic strategies.
Evidence now suggests that the risk to infection is contributed by a suppression of antibacterial
immunity that occurs following stroke. A dysfunction of the sympathetic nervous system (SNS) has
been shown to be a main mediator of post-stroke immunosuppression via activation of the B-
adrenergic receptors (B-AR). In particular, previous work from our laboratory provides evidence that
B-AR activation on the hepatic invariant natural killer T (iNKT) cell is a primary driver of
immunosuppression and infection after experimental stroke. However, while it is understood that
increased stroke severity increases the risk to infection, the relationship between cerebral infarct size
on immunosuppression requires further elucidation.

The overarching goal of this thesis is to expand our understanding of the way increased stroke

severity impacts on host immunity and on the mechanisms to immunosuppression. This project aims
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to 1) determine whether infarct size and location promotes immunosuppression and lung infection
after stroke, 2) explore the contribution of the SNS and the B2 adrenergic receptor on post-stroke
infection, and 3) test the efficacy of specific INKT cell activators, a-galactosylceramide (a-GalCer)
and two structural analogues, in boosting immunity as potential therapeutic option to reduce post-
stroke infection. This project utilises a versatile mouse model of ischemic stroke known as the middle
cerebral artery occlusion (MCAO) in order to control the severity of stroke. The main findings of this
thesis show that cerebral infarct size increases the risk to lung infection by severely impairing
pulmonary immunity. In contrast, the location of cerebral infarct does not influence the susceptibility
to post-stroke infection. We also show that SNS dysregulation and p2-adrenergic receptor activation
contributes post-stroke infection, but other factors have a greater role, especially following severe
stroke. Finally, we demonstrate that therapeutic use of a-GalCer provides protection against post-

stroke lung infection.
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Overview

This chapter will begin by including a published review of the literature that describes
stroke and frequent complications associated with this disease. In particular, this review
highlight that a major contributor to complications following stroke is bacterial infection and
outlines the diverse biological pathways that contribute to the development of post-stroke

infection. This review was published in the journal Brain, Behaviour, and Immunity (2018).

In exploring the potential mechanisms of post-stroke infection in this thesis, | have
specifically expanded on the role of the sympathetic nervous system (SNS) and further discuss
the pathways to SNS-controlled immunity. Moreover, research in our laboratory has previously
descried the contribution of invariant natural killer T (iNKT) cells in mediating stroke-induced
immunosuppression. As such, | will provide the background related to this research and
examine the capacity of targeting iNKT cells using therapeutic interventions to combat post-

stroke infection
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1. Clinical relevance of post-stroke infection

Stroke is a highly prevalent and debilitating neurovascular dis-
ease that continues to be a leading cause of death and disability
around the world. In 2015, strokes accounted for almost 12% of
all deaths globally and contributed to the second highest loss of
disability-adjusted life years (DALYs) (Feigin, 2016; Feigin et al.,
2017). with better healthcare over the past decades, mortality rate
from strokes has decreased, however the disease incidence contin-
ues to increase, and it is predicted to rise by 36% by 2030 (Strong
et al, 2007). As a consequence, stroke creates a hefty financial bur-
den on the health care system of society {Mozaffarian et al, 2015).

Stroke occurs when there is a blockage (ischemic) or rupture
{haemorrhagic) of a cerebral blood vessel and impairs blood flow
into the brain. Deprivation of blcod and nutrients to areas of the
brain during stroke can result in severe neurological deficits and
patients suffer a range of functional impairments (Kimura et al.,
2004). However, a less well known, but a highly prevalent clinical
complication that stroke patients suffer is infection, with pneumo-
nia and urinary tract infections (UTIs) being most common
{Langhorne et al., 2000; Vernino et al., 2003). Infections have been
reported to occur in up to two-thirds of stroke survivors, with
patients that have more severe strokes at greater risk (Hug et al.,
2009; Langhorne et al, 2000). Some studies have suggested that
infection may be a marker/symptom cf the extent of cerebral dam-
age (Vargas et al.,, 2006). However, there has been more evidence to
suggest that post-stroke infection {namely pneumonia) is indepen-
dently associated with poor patient cutcome and may even con-
tribute to mortality in up to 30% of stroke patients {Aslanyan
et al,, 2004: Heuschmann et al., 2004; Hilker et al., 2003; Kwan
and Hand, 2007; Vermeij et al., 2009). Furthermore, stroke patients
with pneumonia may be at higher risk of recurring stroke {(Erdur
et al, 2015), potentially due tc mechanisms such as alterations
in immunochematological mechanisms, pro-inflammatory cytokine
activation, platelet activation, and endothelial dysfunction {Emsley
and Heopkins, 2008). The current standard treatment for stroke
patients diagnosed with infection is prompt administration of
antibiotics, however caution needs to be taken regarding this ther-
apeutic approach due to potentially harmful adverse effects, and an
alarming rise in antibiotic-resistant strains of bacteria {Yan et al.,
2015). As such, there is an urgent unmet clinical need for more
effective and targeted treatments to reduce infections after stroke.
Therefore, this review will describe the current and emerging
treatments to post-stroke infection, outline the biological mecha-
nisms underlying the increased susceptibility to infections in
stroke patients (focussing on the post-acute phase), and highlight
some potential targeted therapeutics.

2. Clinical trials to prevent infections after stroke
2.1. Antibiotics

Antibiotics are antibacterial agents that target various essential
bacterial components, processes, and functions to either inhibit the
growth or directly kill the microbe. While antibiotics are heavily
relied upon to treat infectious diseases, antibiotics have not
improved over the last 20 years and there is a growing clinical con-
cern of antibiotic-resistant strains of bacteria (Gould, 2016).

Despite this, research has been conducted to assess the efficacy
of preventive antibiotic therapy (PAT) to prevent infection, its asso-
ciated complications and improve stroke patient outcome. Experi-
mental models provide proof-of-concept by showing that PAT
could improve survival rates in post-stroke animals by preventing
infections and reducing neurclogical deficits (Hetze et al., 2013;
Meisel et al., 2004). Indeed, these studies gave justification for
the evaluation of PAT in randomized clinical trials, although the
beneficial outcomes of PAT were not observed in stroke patients
in preliminary trials (Chamorro et al, 2005; Harms et al., 2008).
Consistent with these studies, trials within the last 5 years, includ-
ing the Preventive Antibiotics in Stroke Study (PASS) (Westendorp
et al, 2015) and STROKE-INF {Kalra et al., 2015) trials, did not show
an improvement in patient outcome and suggest that PAT is not
better than standard treatment. Recent meta-analyses also provide
further overwhelming evidence that reaffirms the ineffectiveness
of PAT in improving stroke patient outcome (van de Beek et al.,
2009; Vermeij et al.,, 2018; Zheng et al., 2017). Importantly, while
PAT could reduce the incidence of overall infection, most studies
did not show a reduced incidence of pneumonia in patients that
underwent PAT (Kalra et al, 2015; van de Beek et al, 2009;
Vermeij et al., 2018; Westendorp et al., 2015), which may suggest
that pneumonia is a greater contributor to worsened stroke patient
outcome. Thus, while antibiotics are effective for therapeutic treat-
ment of infection, their prophylactic benefits are not chserved and
cannot be recommended to clinically prevent infections in stroke
patients.

The most recent published trial for PAT was the STRAWINSKI
trial which used circulating procalcitonin (PCT) levels in patient
blood to predict the onset of stroke-associated pneumonia and
treat prophylactically with antibiotics {Ulm et al,, 2017). Patients
with a PCT level of greater than 0.05 ng/fml were considered likely
to get infection and were treated with antibiotics, while the control
group was given standard care. The types of antibiotics used in the
trial were inconsistent between treating physicians and there was
only a 65% compliance of protocol. As such, there was no difference
in infection rates between PCT-guided group and the control group
between 0 and 7 days after stroke and no improvement of stroke
outcome was observed as assessed by modified Rankin Scale. Based
on this study and others, PAT is not recommended as it was not
better than standard treatment (Kalra et al, 2015; Ulm et al,
2017; Westendorp et al., 2015).

The use of PAT is furthermore discouraged as it comes with the
growing concern of antibiotic resistance. A range of antibiotics
were tested against bacteria in the sputum samples of stroke
patients with pneumonia. Culturable bacteria commonly associ-
ated with pneumonia were tested for, including Staphylococcus
aureus, Escherichia coli, Pseudomonas aeruginosa, and Klebsiella
pneumenice. Surprisingly, there was a 100% resistance rate in S.
aureus against penicillin, erythromycin, oxacillin and ciprofloxacin,
100% resistance rate in E. coli against ceftriaxone and ticarcillin,
and 100% resistance rate in P. aeruginosa against ceftriaxone (Yan
et al., 2015). Indeed, while this study was conducted in a single
hospital and is not representative of hospitals around the world,
this study may explain the failure of antibiotic treatment in
patients with post-stroke pneumenia.

Antibiotics may also come with the cost of adverse effects. One
example is in the Early Systemic Prophylaxis of Infection After
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Stroke study (ESPIAS) where the fluoroquinclone, levofloxacin, was
chosen as the antibiotic for the PAT group {Chamorro et al., 2005).
Compared to the placebo group, not only was levofloxacin prophy-
laxis unable to reduce infection rates within 7 days post-stroke, it
was also associated with worsened stroke outcome at 90 days
post-stroke {Chamorro et al, 2005). Although, worsened stroke
outcome was not observed by 11 days post-stroke in the Preven-
tive Antibacterial Therapy in Acute Ischemic Stroke {PANTHERIS)
trial, which used the fourth-generation fluoroquinolone, moxi-
floxacin {Harms et al., 2008). This may suggest that adverse effects
of fluorequinclones occur in the post-acute phase of stroke. Com-
plementary animal studies using the fluoroquinolone, enrofloxa-
cin, revealed no differences in behavioral and neurclogical
impairment within 1 week post-strocke in the enrofloxacin-
treated group {(Zierath et al, 2015). However, by 1 month post-
stroke, enrofloxacin-treated animals began displaying worsened
neurclegical impairment (Zierath et al., 2015). These detrimental
effects on stroke outcome may be due to the y-aminobutyric acid
(GABA) inhibitory andjor the excitatory properties of fluoro-
quinolones (Chamorro et al,, 2005; Sarro and Sarre, 2001), and thus
their use to treat patients with stroke or other neurological disor-
ders must be cautioned. Further evidence arguing against the use
of preventive antibiotics for stroke-associated infection have
demonstrated antibiotic therapies disrupt the natural microbicta
of the gastrointestinal tract, resulting in complications such as
increases in gut barrier permeability {Bischoff et al., 2014) and risk
of inflammatory bowel disease {Shaw et al., 2011). To investigate
the impact of antibiotic pre-treatment on stroke outcome, one
study used a quintuple broad-spectrum antibictic cocktail to
deplete the gut microbicta, and then stopped antibiotic treatment
72 h prior to stroke surgery in mice (Winek et al., 2016b). From five
days following stroke, clinical symptoms of colitis were observed
in microbiota-depleted animals - as evident by weight loss, severe
diarrhoea, and intestinal epithelia damage - and resulted in greater
mortality rates compared to post-stroke animals with specific-
pathogen-free (SPF) microbiota. By recolonising microbiota-
depleted animals with SPF microbiota, post-stroke outcomes were
improved and demonstrates the deleterious effects of preventive
antibiotic therapy on stroke outcome. While this is an extreme sce-
nario that does not exactly reflect what is usually achieved by the
normal antibiotic regimens used in patients, this study does high-
light the importance of keeping a normal gut microbicta to main-
tain stroke patient health and importantly suggests that future
research should explore antibiotic-independent therapies to treat
post-stroke infection.

2.2. Beta-blockers

With the challenges of antibiotics, new approaches are urgently
needed to reduce stroke-associated infection. Stroke has been
recently identified to induce robust changes to immunity, ulti-
mately resulting in immunosuppressicn and leaving the host at
greater risk to infection (Shim and Wong, 2016). One mechanism
in which post-stroke immunosuppression is believed to occur is
through activation of the sympathetic nervous system ({SNS)
(Schulze et al., 2014). Effector molecules of the SNS can act upon
the adrenergic receptors on immune cells to induce immunosup-
pressive effects and thus studies exploring the potential of adren-
ergic receptor blockers to reduce stroke-associated infection have
been conducted {Maier et al, 2015; Sykora et al, 2015). Several
experimental studies have used -blockers to inhibit downstream
SNS activation to reduce symptoms of post-stroke immunosup-
pression and decrease infection {Prass et al., 2003; Wong et al.,
2011). This prompted retrospective studies into p-blocker use
and its association to infections after stroke. Promising results
were found in several studies, where B-blocker use (either

pre-stroke or on-stroke use) was associated with reduced inci-
dences of infection and improved mortality rates {Dziedzic et al.,
2007; Sykora et al, 2015). However, other studies found no
improvements in infection incidence or stroke patient cutcome
with pB-blocker use (Barer et al, 1988; Maier et al, 2015).
Additional retrospective studies did not find an association of
B-blocker use with reduced infection rates. In fact, in the PASS
study, B-blocker use was found as a risk factor for infections as
patients were twice as likely to get infections and mortality and
unfavourable outcomes were worse off after 3 months
{(Westendorp et al., 2016). It is unclear whether selective or nen-
selective j-blockers were used by stroke patients in the PASS
study, however future studies should differentiate types of
B-blockers used. Indeed, non-selective B-blocker use within
3 days following admission was associated with increased
infection rates, while selective p-blocker use was not associated
with infection {Starr et al., 2017). These studies give merit for a
well-designed randomised clinical trial to provide a definitive
answer to whether B-blockers can be used to prevent or treat
post-stroke infection.

A common flaw which come with antibictics and B-blockers
that contributes to their failure is their lack of specificity to the
underlying mechanisms of post-stroke infection. Changes to the
body following stroke disrupts multiple biological processes that
may ultimately leave patients more susceptible to infections and
thus discovery of a single “cure-all” treatment is improbable. It is
likely that treatments may require multiple of highly specific ther-
apeutics that can be used in combination and target the precise
mechanisms of post-stroke susceptibility to infection. Therefore,
understanding the impact of stroke on the complex interplay of
the biological pathways that result in infections is required to iden-
tify therapeutic targets.

3. The impact of stroke on biological pathways
3.1. Stroke and neurclogical complications

Pneumonia is a devastating complication as it worsens stroke
patient outcomes (Vermeij et al., 2009). It is well understood that
the neurological complications that occur in strcke patients can
result in dysphagia (difficulty in swallowing) and aspiration {(entry
of material into the respiratory tract), leaving patients at greater
risk of pneumonia {(Hoffmann et al,, 2017; Teramoto, 2009). In fact,
stroke patients with dysphagia that aspirate are 11-times more
likely to develop pneumonia (Martino et al., 2005). The pathophys-
iology of dysphagia and aspiratioen is multi-factorial and includes
factors such as substance P levels, damage to cortical and subcor-
tical regions of the brain, decreased level of consciousness,
mechanical ventilation, gastric tube feeding, and patient immobil-
ity (Cohen et al., 2016; Teramoto, 2009). Until recently, dysphagia
and aspiration were believed to be the main contributors to infec-
tions after stroke. However, experimental and clinical studies sug-
gest that dysphagia and aspiration alone cannot explain the high
incidence of post-stroke pneumonia (Hoffmann et al, 2017;
Teramoto, 2009). Experimentally, to cause pneumonia and bacter-
aemia to a similar degree, sham-operated control animals required
an incculation of 1000-fold more Streptococcus pneumntoniae com-
pared to post-stroke animals (Prass et al., 2006). This notion is also
supported in clinical settings, whereby healthy patients that aspi-
rate to a similar extent to stroke patients do not develop pneumo-
nia (Harms et al., 2008). Furthermore, aspiration enly occurs in half
of the stroke patients that develop pneumocnia {Riquelme et al.,
1996). Therefore, additional factors that contribute to the suscepti-
bility to infection in stroke patients have begun to emerge, such as
stroke-induced impairment to immunity.
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3.2, Immune changes after stroke

3.2.1. Local immune changes

The hypoxic environment in the brain during a stroke restricts
the delivery of nutrients, disrupts ATP synthesis to cause cell apop-
tosis and necrosis at the ischemic core, whereby dying cells release
danger associated molecular patterns {DAMPs) (Liesz et al., 2015a).
DAMPs can activate nearby microglial cells through pattern recog-
nition receptors (PRRs) to induce downstream inflammatory path-
ways such as activation of NF-xB and the mitogen-activated
protein (MAP) kinase pathways (Yilmaz and Granger, 2010). Acti-
vated microglia secrete pro-inflammatory molecules to initiate
inflammation at the site of cerebral vascular occlusion. Shortly
upon resolution of the blockage and reperfusion of the ischemic
core, re-oxXygenation of affected areas results in reactive oxygen
species (ROS) production by mitechondrial mediated mechanisms
and adds to the highly inflammatory environment {Abramov et al.,
2007). While this inflammatory environment is crucial for initia-
tion of wound healing and clearance of cell debris, excessive
recruitment of peripheral immune cells is detrimental to the brain.
In fact, the infiltration of peripheral immune cells promotes tissue
swelling and increases the intracranial pressure in the brain within
the skull, which has been shown to increase fatalities by 80% in
stroke patients with malignant MCA infarction (Vahedi et al.,
2007). In addition, various immune cells have roles in infarct
development, which have been previously described (reviewed in
(Shim and Wong, 2016)). It is conceivable that cerebral inflamma-
tion that occurs within hours after stroke onset promotes sec-
ondary damage and further collateral brain injury within the
confines of the skull. An emerging dogma that is gaining momen-
tum suggests that to limit the damage to the brain, there is a sub-
sequent systemic immune shift from a pro-inflammatery to an
anti-inflammatory dominant state. This shift in systemic immunity
arises after a localised brain injury induced by stroke is thought to
occur as a neurcprotective mechanism that attempts to dampen
the highly inflammatory environment in the brain after a stroke
(Prass et al., 2003; Romer et al,, 2015). Despite this, it is becoming
clear this immune shift renders the host unable to fight off patho-
gens and becomes susceptible to infections.

3.2.2. Systemic immune changes after stroke

Over the past two decades, there have been experimental and
clinical evidence to show large changes in systemic immunity.
Within the first 4-6 h after stroke, systemic inflammation has been
reported with increased levels of interleukin- {IL-) 6, interferon-
(IFN-) v, and CXCL-1 in the plasma of post-stroke animals
(Chapman et al., 2009; Offner et al., 2006a). However, the initial
systemic inflammation is short-lasting and is followed by severe
immunosuppression. This is particularly apparent from the dra-
matic changes in major lymphoid organs that are critical for the
development of innate and adaptive immune responses after
stroke. There have been suggestions that splenic contraction may
be partially due to mobilisation of macrophages and monocytes
into the bloodstream which may contribute to cerebral inflamma-
tion and infarct development (Ajmo et al., 2008; Pennypacker and
Offner, 2015) Although, macroscopic shrinking of the spleen and
thymus observed in post-stroke mice can be largely attributed to
apoptosis of splenic and thymic T, B and NK cells within 12 h
post-stroke (Prass et al., 2003). This was seen to extend to up to
96 h post-stroke, where a 90% decrease in splenocyte numbers
was seen in post-stroke animals {Offner et al,, 2006h). Atrophy of
the spleen post-stroke resulted in a decrease T cell mitogenic
factors, as well as increased numbers and activation of splenic reg-
ulatory T cells (Tregs) that secret the anti-inflammatory cytokine
IL-10 {Offner et al,, 2006a,b). As a result, T cells are unable to pro-
liferate or secrete the required pro-inflammatory and bactericidal

cytokines, and hence increases the host susceptibility to infections
after stroke. Consistent with these animal studies, ultrasound find-
ings in a clinical setting showed around 40% of stroke patients have
reduced splenic volume (Vahidy et al., 2016). Furthermore, stroke
patients who later developed infections had reduced splenic vol-
ume, decreased numbers of circulating B cell and effector T cells,
but with increased Treg cell numbers and levels of [L-10 compared
to healthy hospital controls (Jiang et al., 2017).

Stroke-induced immunosuppression is evident in a range of
immune cell types. Innate immune cells are the first line of defence
against invading pathogens. Despite increased systemic granulo-
cyte numbers after stroke, infections still readily occur {Laban
et al., 2015; Westendorp et al,, 2011). This suggests a functional
impairment and inability to target pathogens by innate immune
cells, such as neutrophils and monocytes. Neutrophils are the first
responders to sites of injury and infection, where they secrete sol-
uble inflammatory and anti-microbial factors (Mantovani et al,,
2011). Neutrophils are also known to catch pathogens by release
of neutrophil extracellular traps {NETs), and phagocytose, and kill
internalised pathogens by oxidative burst {(Brinkmann et al,
2004). In patients with ischemic stroke, the efficiency of NETosis
was found to be impaired at 1 day following stroke but returned
to baseline levels at day 5 upon in vitro stimulation {Ruhnau
et al., 2014). Additionally, oxidative burst in neutrophils were dras-
tically decreased shortly after stroke and up to 7 days compared to
healthy controls, whereas there was no difference in neutrophil
migration (Ruhnau et al, 2014). Similarly, in a small cohort of
haemorrhagic stroke patients, a 40% reduction in neutrophil oxida-
tive burst for up to 10 days was observed following stroke (Seki
et al., 2010). Future studies to rescue neutrophil bactericidal func-
tion may be warranted although care should be taken as impair-
ment of neutrophil function may be a mechanism tc prevent
recurring stroke. Not only were neutrophils the most abundant
immune cell in thrombi of ischemic strcke patients, some neu-
trophils were also seen to be initiating NETosis in histological anal-
ysis (Laridan et al., 2017). Thrombolytic therapies with tissue
plasminogen activator (t-PA) in combination with DNAse to
account for presence of neutrophils and NETs in clots may present
as a more effective treatment regime than t-PA alone in reducing
thrombus weight (Laridan et al., 2017).

Macrophages are derived from circulating monocytes, and sim-
ilar to neutrophils, can phagocytose pathogens and kill through
oxidative burst (Sica and Mantcovani, 2012). Macrophages influence
immunity through secretion of a range of cytokines and are also
critical in bridging innate and adaptive immunity, whereby pre-
sentation of their major histccompatibility complexes (MHC) {or
human leukocyte antigen [HLA]) along with other costimulatory
molecules prime T cells to fight infections (Sica and Mantovani,
2012). Pioneer observations show reduced HLA-DR expression
and TNF-a preduction by monocytes, despite increased monocyte
numbers {Harms et al.,, 2008; Urra et al,, 2009). When comparing
circulating monocytes from stroke patients with or without infec-
tion, monoccytes taken from stroke patients with infections had
reduced efficacy in oxidative burst activity and thus emphasises
the role of monoccytesfmacrophages in post-stroke infections
{Ruhnau et al, 2014). Experimentally, downregulation of MHC
class 11 was seen in macrophages of post-stroke rats. In fact, the
reduced expression of MHC class I was observed in alveolar
macrophages at 3 days post-stroke and may offer an explanation
to susceptibility to post-strocke bacterial pneumonia (Deng et al.,
2016). ‘Endotoxin tolerance’ has recently been shown in mono-
cytes post-stroke, whereby these cells were unable to produce
tumour necrosis factor- (TNF-) o and IFN-v to initiate a bactericidal
immunity upon lipopolysaccharide (LPS) stimulus (Deng et al,
2016; Haeusler et al,, 2008; Hernandez-Jiménez et al., 2017). Inter-
estingly, a role of t-PA to reduce inflammatory pathways has been
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described, such that LPS-induced expression of TNF-g, IL-1b, IL-6
and CCL3 by bone marrow derived macrophages was suppressed
by either inactive or active forms of t-PA (Mantuano et al., 2017).
In addition, HLA-DR expression was lower in LPS-stimulated
monocytes from stroke patients compared to healthy volunteers
{Hernandez-Jiménez et al, 2017). However, it is currently
unknown whether MHC expression on other professional antigen
presenting cells (APCs) are affected.

While there is evidence to confirm the contribution of stroke-
induced innate immunosuppression to the susceptibility to infec-
tion, immunosuppression can persist for months and years follow-
ing ischemia {Theodorou et al,, 2008; Zhang et al,, 2014). In fact,
throughout a 10-year period, over 17% of stroke patients were
readmitted due to infection (Rohweder et al., 2017). Stroke triggers
a complex and multi-phasic immune response, with prolonged
modulation of the host innate and adaptive immunity
(Theoderou et al., 2008; Zhang et al., 2014). The most profound
stroke-induced effect that occurs is the drastic loss of circulating,
splenic, and thymic T cells (Offner et al, 2006b; Prass et al,
2003; Ruhnau et al, 2016; Wong et al,, 2017). Along with this, T
cell immunity shifts from a pro-inflammatory T-helper 1 (Th1)
type to an anti-inflammatory T-helper 2 (Th2) type immune
respense (Prass et al,, 2003). A Th2 immunity is characterised by
increased levels of immunosuppressive cytokines such as IL-4
and IL-10, whereas a Thl immunity is characterised by the domi-
nance of inflammatory cytokines like IFN-v and TNF-c. Regulation
of the Th1/Th2 immune balance is critical in health and disease,
where a Thl-skewed response is commonly preferred to combat
infections, while a Th2-skewed immunity is generally favoured
to alleviate inflammation and inflammatory diseases. We and
others have described a systemic lowering of the Th1/Th2 ratio
that occurs resulting from increased production of IL-4 and IL-10
in stroke patients {Prass et al, 2003; Theodorou et al., 2008;
Wong et al,, 2017). Clinically, it was demonstrated that this Th2
dominant immunity persisted for over 34 months following
stroke onset {Theodorou et al., 2008). Furthermore, work from
our lab recently reported that IL-10 levels were significantly
higher in stroke patients that developed infections {Wong et al,,
2017), which is validated by earlier observations from the ESPIAS
trial {Chamorro et al.,, 2006). In addition to lowered numbers of T
cells and a Th2-skewed response, reduced MHC class II expres-
sion and ineffective costimulation for T cell activation is also
evident after stroke {(Hug et al., 2011). Taken together, there is
a growing body of evidence indicating impaired T cell immunity
after stroke.

B cells have a role in production of antibodies, as well as phago-
cytosis and antigen presentation (Mauri and Bosma, 2012).
Marginal zone B cells have roles in rapidly {within 1-3 days) pro-
ducing immunoglobulin M (IgM) in response to bacterial infection.
Despite their importance in host defence and bacterial clearance,
little is known about suppression or dysfunction of B cell activity
following stroke. Recently, it was revealed that there was a loss
of splenic B cells via apoptosis, reduced antigen capture, and a
decrease in circulating IgM levels that lead to bacterial lung infec-
tions from 1 day following stroke onset in experimental mice.
These findings were paralleled in stroke patients whereby a signif-
icant reduction in circulating IgM levels occurred within 3 h fol-
lowing stroke compared toc hospital controls, and stroke patients
that acquired infection had even less IgM than stroke patients
without infections {McCulloch et al., 2017). In a separate study, it
was found that serum IgG levels in stroke patients was reduced,
and this reduction was even more prominent in patients with
stroke-associated infection (Liesz et al,, 2015h). As deficiencies in
immunoglobulin levels is a risk-factor for infections (Mawhorter
and Yamani, 2008), preventing the loss of immunoglobulin-
producing B cells may prevent stroke-associated infections,

although the underlying mechanisms in immunoglobulin loss are
poorly understood.

3.2.3. The relationship of stroke severity and infarct location on
immunosuppression

The extent of post-stroke immunosuppression may also be
dependent on factors such as severity of stroke and the location
of cerebral infarct. During the post-acute stage of ischemic stroke,
extensive infarct result in reduced spleen size and splenic cellular-
ity due to impaired regulation of the sympathetic and parasympa-
thetic nervous systems {Mracsko et al., 2014). Additionally, larger
cerebral infarcts or increased stroke severity was associated with
increased IL-10 production, a decrease in Th1/Th2 ratic {Wong
et al, 2017) and, impaired monocyte function and lymphocytope-
nia (Hug et al.,, 2009). In fact, in one study, extent of brain injury
was a predicter for post-stroke pneumeonia {Hug et al., 2009). Over-
all, it is understood that larger infarct size predisposes to greater
susceptibility to infection and worse outcomes for stroke patients
(Vargas et al, 2006). However, the relationship between infarct
size and location with immunosuppression to result in post-
stroke infection is less clear (Minnerup et al., 2010). Lesions local-
ising within the superior and middle temporal gyri were recently
reported to be associated with immunosuppression (characterised
by lymphopenia and loss of HLA-DR expression on monocytes) and
increased incidence of pneumonia after stroke {Urra et al., 2017).
Other regions of the brain, such as the insular cortex, has garnered
previous attention as damages to this brain region has been asso-
ciated with increased plasma catecholamine levels (Walter et al.,
2013). Furthermore, infarct involvement of the insular cortex has
been associated with neutrophil and regulatory T cell alterations,
and an increased risk of post-stroke infection (Walter et al.,
2013). Further studies are required to elucidate the relationship
between infarct location and infection.

3.2.4. Immune exhaustion

While there is overwhelming evidence supporting post-stroke
immune impairment in both innate and adaptive immunity, the
precise mechanisms contributing to stroke-induced immunosup-
pression require further elucidaticn. One suggestion for stroke-
induced immunosuppression is the induction of an immediate
(within hours) systemic pro-inflimmatory response following
stroke to exhaust the immune response which leaves the host sus-
ceptible to infection (Offner et al., 2006a). A recent study identified
high-mobility group box 1 {(HMGB1) protein in its role in exhaust-
ing immunity and proposed a model of post-stroke immunosup-
pression (Liesz et al., 2015a). During the early phases of stroke,
release of HMGB1 from dying neurons escapes inte the circulation
where it can act on receptors for advanced glycation end products
(RAGEs) on monocytes in the bone marrow and spleen. The activa-
tion of splenic monocytes results in the secretion of pro-
inflammatory cytokines and induces the ‘sickness behavicr’ seen
shortly after stroke. Furthermore, HVMIGB-1 stimulation of RAGE
on bone marrow-derived monocytes promotes their expansicn
and release into the circulation during the subacute phase of
strocke. These bone marrow-derived monocytes are functionally
similar to myeloid derived suppressor cells {MDSCs) in their ability
to suppress T cell immunity through arginase-1 {Arg-1) secretion
(Liesz et al., 2015a). The findings of this study demonstrating
HMGB-1-mediated expansion of bone marrow-derived monocytes
may explain the increased circulating monocyte numbers in the
blood from 1 day following stroke in patients (Vogelgesang et al.,
2008), and the subsequent loss of T cells via apoptosis mediated
by Arg-1 (Sippel et al,, 2015). Nonetheless, the researchers of this
study also recognise the role of catecholamines in influencing
post-stroke  immunity independently to the HMGB-1/RAGE
pathway (Liesz et al., 2015a).
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3.3. Sympathetic activation in post-stroke infection

The emerging concept of “brain-controlled immunity” offers an
additional explanation for post-stroke immunosuppression. Cate-
cholamines, effector molecules of the SNS, are described to shift
immunity to a Th2 dominant response following stroke (Prass
et al, 2003). Indeed, circulating catecholamine levels are elevated
1-3 days following stroke {Akil et al., 2015), suggesting that the
effect of catecholamines on peripheral immune cells may be robust
and have potentially long-lasting consequences. Notably, nora-
drenaline, produced by nerve terminals during stress, acts upon
adrenergic receptors that are widely expressed on immune cells
(Anne et al., 2007). In fact, most of immunosuppressive effects
can be attributed to p-adrenergic receptor activation. For example,
catecholamines mediate the inhibition of CTLA-4 expression on T
cells (Vogelgesang et al,, 2010), induces apoptosis of lymphocytes
(Prass et al., 2003), reduces IFN-v production, promotes alterna-
tively activated {M2) macrophages (Grailer et al, 2014) and
reduces oxidative burst activity in phagocytes (Ruhnau et al,
2014). Additionally, the activation of 3-adrenergic receptors by cat-
echolamines leads to downregulation of NF-xkB which prevents
pro-inflammatory cytokine gene transcription {TNF-a, IL-6, IL-1b)
whilst promoting anti-inflammatory cytokine production (IL-10)
(Stolk et al., 2016).

Many studies have shown that the immunosuppressive effects
of catechclamines can be attenuated by using p-adrenergic recep-
tor antagonists. The administration of propranclol in post-stroke
mice sustained the Thl response (Prass et al, 2003), prevented
the loss of marginal zone B cells and circulating IgM (McCulloch
et al,, 2017). Additionally, blockade of B-adrenergic signalling pre-
served post-stroke spleen sizes, and retained natural Killer {NK)
cell bactericidal functions (Liu et al., 2017). These are all contribut-
ing factors that resulted in the reduction of infection and mortality
after stroke. However, while B-adrenergic receptors are expressed
widely on immune cells, it is unknown whether the effects of cat-
echolamines act directly on immune cells or whether specific types
of immune cell are responsible for inducing downstream immuno-
suppression following B-adrenergic receptor activation. Previous
findings from our laboratory support the latter. We showed that
the invariant natural killer T (iNKT) cell was able to respond to dis-
tant brain injury within 4 hrs following stroke to initiate an
immune response toward a Th2 bias through the production of
IL-4 and IL-10 {(Wong et al., 2011). Indeed, sympathetic activation
of iNKT cells was responsible for the altered host immune defence
as administration of propranolol could ameliorate iNKT cell behav-
ioral and functional impairment, systemic immunosuppression
and infection rates (Vogelgesang et al., 2010). Therefore, this sug-
gests that activation of the iNKT cell with noradrenaline promotes
the downstream immunosuppression that occurs following stroke.
The findings of catechclamine-mediated Immunosuppression
prompted clinical studies into p-blocker therapy to prevent infec-
tions following stroke. However, as discussed, retrospective studies
found unfavourable outcomes were associated with p-blocker use
and suggests that catecholamines do not solely explain post-
stroke immunosuppression. To support this, some experimental
studies found that SNS inhibitors semewhat prevented the loss of
NF-xB (Zuo et al., 2016), partially rescued MHC class II levels and
LPS-induced TNF-a and IFN-v expression in macrophages (Deng
et al,, 2016; Wang et al,, 2016).

Dysregulation of the hypothalamic-pituitaryadrenal {HPA) axis
and subsequent glucccorticoid production has also been impli-
cated in stroke-induced immunosuppression but to a lesser extent
than catecholamines (Mracsko et al,, 2014, Prass et al., 2003). It is
likely that the HPA axis and SNS activation work in unison follow-
ing stroke to contribute to immunosuppression. Combination
treatment to bleck the action of (-adrenergic receptor and

glucocorticoid receptor in post-stroke mice were superior in
preventing splenic atrophy and NK cell death compared to single
treatment to inhibit either p-adrenergic receptor or glucocorticoid
receptor {Liu et al., 2017). Whether glucccorticoid blockers are
associated with improved cutcomes in stroke patients requires
further elucidation.

3.4. Gut microbiome as a source of post-stroke infection

There has been an interest in the importance of the gut and
its microbiota in neurclogical diseases (Bansal et al., 2009;
Houlden et al, 2016). Subtle hints that have risen throughout
the literature in the past decade point to the invelvement of
the gut microbiota in post-stroke infections. One of the earliest
studies found that at least 95% of culturable bacteria from
the blood and lungs of post-stroke mice were made up of
E. coli - a common gut microbe {Prass et al, 2003). In some
stroke patients however, causative bacteria that contribute to
pneumonia could not be detected in sputum samples {Vargas
et al., 2006; Walter et al,, 2007), potentially suggesting the pres-
ence of anaerobic bacteria that require extremely specific growth
conditions {Westendorp et al,, 2011). SNS-induced dysfunction of
gastrointestinal tract motility was later identified to occur fol-
lowing stroke (Schaller et al., 2006), while others showed impair-
ments in intestinal permeability in different forms of brain injury
(Bansal et al., 2009). Additionally, it was recently revealed that
changes in microbial diversity occurred in stroke and transient
ischemic attack patients, whereby a depletion of beneficial bacte-
ria, belonging to Bacteroides, Prevotella, and Foecalibacterium gen-
era, was detected in faecal samples {Yin et al., 2015). More recent
evidence from our laboratory and others have demonstrated the
importance of the gut microbiota in post-stroke infections
(Crapser et al., 2016; Stanley et al., 2016). We described the dis-
semination of gut bacteria into the periphery following stroke
(Stanley et al.,, 2016). In a small cohort of infected post-stroke
patients, we found over 70% of culturable bacteria from
the blood, sputum and urine were bacteria normally part of the
intestinal microbiota, including E. coli, Enterococcus spp., and
Morganelle morganii. Complementary to this, post-stroke SPF
mice had increased bacterial loads in the lung, liver and spleen
- a result not seen in post-stroke germ-free {GF) mice, suggesting
bacterial infection coriginated from the host's own microbiota.
Further bactericlogical analysis In the peripheral organs of
post-stroke mice revealed a significant increase of bacterial com-
munities in the lungs, while there was a reduction of that in the
illeum and celon. Morecver, SourceTracker predicted that around
60% of bacterial communities in the lungs of post-stroke mice
originated from the liver and small intestine {Stanley et al,
2016). Whether microbes of the gut enter the periphery through
a hematogenous route is still under dispute. We and others pro-
vide proof of concept as positive blood cultures were detected in
post-stroke animals (Prass et al,, 2003; Wong et al,, 2011). To
support the notion that pathogens may disseminate through
the bloodstream after stroke, positive bloed cultures have been
reported in up to 10% of stroke patients with infection
(Dettenkofer et al, 2001; Hilker et al, 2003; Vargas et al,
2006). There may be several reasons that can account for the
low rate of positive blood cultures in stroke patients including
1) timing of blocd collection, 2) presence of microcrganisms that
cannot be cultured with traditional culturing techniques, 3)
microorganisms disseminate through a non-hematogencus route
(e.g. lymphatics), and 4) causative organism may originate from
an external source {e.g. gastric tubes). Nonetheless, the findings
from these studies provide evidence that the causative agents
of post-stroke bacterial pneumonia may be contributed by the
host’s own gut microbiota (Stanley et al.,, 2016).
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For gut microbes to disseminate into the periphery, there must
be a dysfunction in gut barrier integrity (Balzan et al., 2007). This
has been shown in patients with brain injury where a common
complication is gastrointestinal dysfunction (Pilitsis and
Rengachary, 2001), characterised by the disruption of gut epithelial
cell tight junctions (Hang et al., 2003). In an experimental model,
we have also shown that gut barrier integrity is impaired following
stroke, as evident by reduced expression of the tight junction pro-
tein Zonula occludens-1 (ZO-1) (Stanley et al., 2016). In fact, the
ileum was most susceptible to post-stroke gut permeability which
transiently peaked at 3 h after stroke onset. We proposed this
increased permeability in the gut barrier allowed for intestinal bac-
teria to translocate and disseminate from the gut into the periph-
ery. We confirmed this by inoculation of mice with E. coli or
Enterococcus fecalis following stroke and subsequently detecting
these bacteria only in peripheral tissue including the blood and

HMGB1 release
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lungs of post-stroke mice. Furthermore, we demonstrated the
involvement of the SNS in inducing gut permeability post-stroke
as p-adrenergic receptor blockade inhibited gut barrier permeabil-
ity and significantly reduced bacterial loads in peripheral organs
{Doyle and Buckwalter, 2017). Therefore, B-adrenergic receptor
activation after stroke triggers robust intestinal barrier breakdown
and systematic immunosuppression enabling commensal bacteria
in the gut to disseminate into the periphery and allow fatal infec-
tions to take place. We have outlined the interaction between the
brain, gut and immune system after stroke schematically in Fig. 1.

Clearly, the activation of the SNS can influence the gut and its
microbiome, but the interaction of the gut microbiota and the
brain is a two-way street. The composition of the gut microbiota
has been highlighted to impact stroke outcomes. Although stroke
induces dysbiosis of the gut microbiota (Houlden et al,, 2016;
Yamashiro et al., 2017; Yin et al,, 2015), changes in gut microbiota

SNS activation

Catecholamine release
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Fig. 1. The mechanisms of immunosuppression and infection after stroke. During stroke, impaired blood flow into the brain induces neuronal cell death. Consequently, dying
cells release high mobility group box 1 (HMGB1) protein, which can escape into the periphery and act upon splenic and bone marrow-derived monocytes. HMGB1-activated
monocytes secrete arginase-1 (Arg-1) to suppress T cells and induce apoptosis. In contrast, hyper-activation of the sympathetic nervous system (SNS) following stroke
promotes catecholamine release. Catecholamines may act directly on various immune cells, or upon the natural killer T (NKT) cell to induce downstream immunosuppressive
effects at a systemic level. Furthermore, SNS activation may also impact the gut, where there a reduction in Zonula occludens-1 (ZO-1) expression allows for gut barrier
breakdown. As a result, the suppressed immunity is unable to fight bacteria that disseminate into the periphery and therefore stroke patients suffer from infectious
complications, such as pneumonia. Images adapted from Servier Medical Art (Creative Commons).

Page | 9



R Shim, CHY. Wong /Brain, Behavior, and Immunity 70 (2018) 10-20 17

composition has been subsequently shown tc exacerbate post-
stroke neurc-inflammation, potentially through the migration of
IL-17- and IFN-y secreting intestinal T cells into the brain (Singh
et al, 2016). Furthermore, disrupting the natural composition of
the gut flora with a combination of antibiotics before stroke onset
worsened the mortality rates in post-stroke mice at days 3 and 7.
This worsened outcome could be reduced by restoring
microbicta-depleted mice with conventional microbiota of SPF
mice {Winek et al, 2016a). These data further dissuade the use
of preventive antibiotic treatments to treat post-stroke infections.
In contrast, pre-stroke treatment with amoxicillin to induce gut
dysbiosis could reduce brain infarct volume at 3 days following
stroke {Benakis et al, 2016). In this study, it was found that the
neuroprotection was due to an expansion of intestinal regulatory
T cells and reduction of IL-17-producing T cells (Benakis et al,,
2016). The recent discoveries of the multi-directional communica-
tion between the brain, immune system, gut and its microbiome
highlight the complexity of the interplay between biological sys-
tems in stroke. Despite this intricacy, these exciting new findings
and pathways allow for the unlocking of novel therapeutic poten-
tial in targeting the microbiota to treat post-stroke complication.

4._ Potential therapeutics to post-stroke infections

As immunosuppression is a major risk factor for infections, the
use of immuno-modulants to prevent the shift to a Th2 phenotype
(or induce the shift to a Th1 phenotype) may be plausible to pre-
vent post-stroke infection. As discussed above, the release of
HMGB-1 from dying cells of the brain could leak into the periphery
and act upon RAGE receptors on splenic and bone marrow immune
cells to induce immune exhaustion following stroke (Liesz et al,,
2015a). . The RAGE receptor is a member of the immunoglobulin
superfamily that can be bound to the surface of cells or found in
a soluble form (Fukami et al., 2014). Scluble form of RAGE (SRAGE)
can sequester RAGE ligands and acts as a competitive inhibitor to
membrane bound RAGE. This has been used in models of
atherosclerosis to reduce inflammation (Ha et al, 2013), and thus
may alsc have similar uses in stroke. In fact, sSRAGE treatment in
post-stroke mice was shown to reduce plasma IL-6 levels and par-
tially attenuate spleen atrophy (Liesz et al, 2015a). As RAGE has
more than cne ligand (e.g. B-sheet fibrillin and advanced glycation
end products), more specific sequestration of HMGB-1 using mon-
oclonal antibodies may be preferential as treatment and has been
shown to reduce systemic inflammation following stroke (Liesz
et al., 2015a). Therefore, more studies are required to explore the
potential of targeting the HMGB-1/RAGE pathway to reduce post-
stroke systemic inflammation and immunosuppression to improve
patient outcomes.

Evidently, the mechanisms to post-stroke immunosuppression
and multifactorial. We showed that the Th1 to Th2 shift in stroke
can be initiated though the activation of the p-adrenergic receptors
on iNKT cells. This may suggest that p-blockers may be useful to
ultimately prevent infections after stroke, however a number of
prospective studies did not find an association of f-blocker use
with reduced infection (Maier et al, 2015; Westendorp et al,
2016). Therefore, therapeutic strategies aimed at targeting iNKT
cells to reverse post-stroke immunosuppression may serve as a
possible therapeutic avenue. The iNKT cell response can be specif-
ically modified using a-galactosylceramide {wx-GalCer). Profes-
sional APCs present o-GalCer via CD1d to activate iNKT cells
through their T cell receptors (Kawano et al, 1997). In addition
to the specificity of a-GalCer in activating only iNKT cells, iNKT
cells activated in this manner rohustly produce both IFN-y and
IL-4 {Im et al, 2009). Indeed, administering a-GalCer therapeuti-
cally in post-stroke mice significantly reduced bacterial lcad in

peripheral organs (Wong et al,, 2011). For this therapeutic option
to be translated into the clinic, we must first confirm the involve-
ment of iNKT cells in stroke patients. In a small cohort of stroke
patients, a robust and sustained activation of iNKT cells was
observed in stroke patients from admission and up toc 90 days fol-
lowing stroke onset. Additionally, iNKT cell activation was corre-
lated with increased systemic IL-10, and a decreased Thl/Th2
ratio to demonstrate an anti-inflammatory shift in immunity fol-
lowing stroke {Wong et al., 2017). As such, modulation of iNKT cell
responses has become an even more attractive method to reduce
post-stroke infection. However, it should be noted that care should
be taken when designing immunc-stimulatory therapeutics to
combat infection as dampening inflammation may be a defence
mechanism to reduce brain damage and prevent recurring stroke.
Future studies will be required to ensure brain infarcts are not
exacerbated with the use of immuno-stimulants.

The emerging role of the gut microbiocta in stroke-associated
infection is relatively new and extremely complex {Stanley et al.,
2016), but targeting the post-stroke gut barrier breakdown offers
another avenue to prevent infectious complications in stroke
patients. In our study, blocking SNS activation with propranolol
could prevent gut permeability, thus p-adrenergic receptor antag-
onists may be developed as a potential therapeutic. However, as p-
adrenergic receptors are expressed on a wide range of cells
throughout the body, this treatment will have a broad spectrum
of effects. Additionally, the use of p-blockers to prevent post-
stroke infections has not been asscciated with better cutcomes in
stroke patients and suggests exploring more targeted treatments
should be the focus (Westendorp et al,, 2016). Addressing gut leak-
iness by targeting tight junction regulation may provide more
specific therapeutic options but further elucidation of these mech-
anisms is clearly required. The zonulin pathway of gut barrier
impairment has been implicated in inflammatory diseases and
autoimmunity (Fasanc, 2011}, but it is currently unknown whether
this is implicated in stroke. Furthermore, while we provide evi-
dence of potential paracellular bacterial transmigration via
decreased Z0-1 expression, we cannct exclude the possibility of
transcellular mechanisms of bacterial dissemination following
stroke (Wen and Wong, 2017). It is currently unknown how the
sympathetic overdrive after strocke alters gut physiology, yet it is
feasible that stroke alters gut permeability by induction of intesti-
nal epithelial or enteric neurcnal cell death. Further studies will
need to identify more precise mechanisms in bacterial transloca-
tion after stroke.

5. Concluding remarks

Considerable progress has been made in identifying mecha-
nisms to develop potential therapeutics that specifically target
individual pathways of post-stroke infection. These pathways
include a) immune exhaustion, triggered by HMGB-1/RAGE path-
way, b) immunosuppression, triggered by a shift of Th2 immunity
systematically and by iNKT cells in a SNS-dependent manner, and
¢) dissemination of gut bacteria, due to impaired gut barrier integ-
rity. Preventing immuncsuppression through immunomodulation
may be a viable option, however future studies must ensure that
these do not exacerbate brain damage after stroke. Repairing gut
barrier integrity may also be feasible but precise mechanisms
underlying gut barrier breakdown and bacterial dissemination
need to be elucidated. Further research may also consider using
combination therapy to tackle the multifactorial processes that
work in concert to ultimately place stroke patients susceptible to
infection. However, we note that the mechanisms of post-stroke
infections are not limited to the discussed pathways and thus
further studies are required to elucidate other channels of
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intervention. A better understanding of the precise molecular
events leading up to the impaired host antibacterial defence after
stroke will take us one very significant step closer to developing
powerful and targeted treatment regimens for stroke patients,
ultimately improving patient outcomes.
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Although the roles of SNS and iNKT cells in regulating stroke-induced immunosuppression
and development of post-stroke infections were outlined in the published review, it was not
sufficient for the purpose of this thesis. Therefore, these concepts will be explored more in-

depth below.

The autonomic nervous system

The autonomic nervous system (ANS) is a branch of the peripheral nervous system that
regulates the involuntary or subconscious bodily processes such as heart rate, blood pressure,
respiration, and digestion [2]. Autonomic nerves detect physiological changes and utilizes
subdivisions of the ANS to induce responses that alter or regulate homeostasis. There are two
major subdivisions of the ANS, known as the parasympathetic nervous system (PSNS) and the
SNS, and they have opposing roles in regulating bodily functions. The PSNS primarily uses
the neurotransmitter acetylcholine released from the vagus nerve endings to return the body to
a resting or relaxed state [2]. Therefore, the PSNS is commonly referred to mediate the “rest
and digest” functions such as lowering heart rate, reduce cardiac contractility and enhance
digestion [3]. On the other hand, stress stimuli activate the SNS which employs
neurotransmitters, known as catecholamines, which are released from sympathetic nerve
terminals. Bodily responses to the SNS and catecholamines mediate the “fight or flight”
response to increase cardiac output and blood pressure, and slow down gastrointestinal
processes [4]. Major stressors that activate the SNS are external stimuli that can be visually or
physically perceived. However, internal stimulus, which include inflammation, tissue injury or
infection, can also initiate this stress response [3]. It is these internal stimuli that play an
important role in health and disease and implicates the SNS in the regulation of immunity in a

bidirectional manner following stroke and other diseases.
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The sympathetic nervous system and immunity

In response to internal stress, sensory neurons in the periphery detect the abundance of
various stimuli, including cytokines, such as interleukin (IL) -1, -6, and tumour necrosis factor
alpha (TNF-a), and other antigens, such as danger associated molecular patterns (DAMPS) and
pathogen associated molecular patters (PAMPS), and send signals to the brain [5]. The brain
responds by activating sympathetic neurons through the spinal cord to release catecholamines
as the signalling relay that induces the physiological impact of the SNS throughout the body.
Noradrenaline (NA) is the major catecholamine released by sympathetic nerves and nerve
terminals. NA acts upon the adrenergic receptors which are G-protein coupled receptors that
are expressed on many cell types throughout the periphery and nervous system [4]. They can
be classified into 3 main groups, the a1-, a2- and B receptors, each of which can be further
subdivided into three subgroups [4]. Activation of the adrenergic receptors induce a multitude
of physiological responses that depend on the organ or cell type in which it is expressed.
Activation of the a1 receptors induce the release of Ca?* and primarily results in physiological
responses such as smooth muscle contraction [6]. The o receptors are predominantly expressed
on presynaptic neurons where they are considered inhibitory as their activation by NA inhibits
further release of NA [6]. The B-adrenergic receptors (B-AR) are known for their roles in
varying cardiac output due to their abundant expression in the heart [7]. Activation of P1-
adrenergic receptor (Adrbl) in cardiac muscle allows entry of Ca?* and thus increases arterial
contractility and cardiac output [4, 8], while B2- adrenergic receptor (Adrb2) are commonly
located on smooth muscle cells in the airways to induce relaxation [4]. Finally, the B3
adrenergic receptor (Adrb3) is mainly expressed by adipose cells where they mediate lipolysis

and thermogenesis upon activation [9].
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SNS implication on lymphoid organs

The nervous system and immune system have been traditionally viewed as mutually
exclusive biological processes. However, studies dating back in the 80’s began alluding to the
notion that these systems are more intertwined than initially believed. Studies were able to
utilise electron microscopy to visualise sympathetic nerve terminals within the white pulp of
the spleen and demonstrated these nerve terminals were in close proximity with immune cells
such as T cells, B cells and dendritic cells [10, 11]. We now know that sympathetic neurons
innervate various lymphoid organs, including primary lymphoid organs (bone marrow and
thymus) [12-14], as well as secondary lymphoid organs (lymph nodes) [15-17] and therefore
have direct access to major immune sites to regulate immune cell function.

Primary lymphoid organs host the development of T and B lymphocytes, innate
immune cells of the myeloid lineage (including neutrophils and macrophages). Tracing the
location of sympathetic neurons can be performed by injecting the pseudorabies virus (PRV)
into lymphoid tissues [18]. Infecting PRVs enter sympathetic nerves from the synaptic terminal
and travel into the cell body for replication and generation into virus particles that are released
and infect connected neurons. The PRV can then be labelled to visualise sympathetic neural
pathing within the organ. This technique revealed sympathetic nerves line blood vessels
throughout the bone marrow [19, 20]. Furthermore, these sympathetic nerves in the bone
marrow are within proximity of a subset of quiescent haematopoietic stem cells (HSC) [21,
22]. Due to the high innervation of the bone marrow, these studies suggest that
neurotransmitters, such as NA, have direct access to the bone marrow stroma where
haematopoiesis occurs. As such, it is unsurprising to find that SNS signalling can regulate

development of immune cells. In cases of prolonged SNS activation induced by long-term
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stress in mice and human participants, transcription and translation of genes associated with
myelopoiesis is promoted, and an associated increase output of monocyte and granulocytes out
of the bone marrow [23]. Additionally, SNS activation results in the excessive mobilisation of
immune cells from the bone marrow to the periphery by regulating the chemokine gradient of
C-X-C motif chemokine ligand (CXCL-) -12 [24, 25]. In a healthy state, the CXCL12
chemokine gradient is tightly regulated to control egress of bone marrow derived immune cells.
However, upon SNS signalling or changes in circadian rhythm, B-AR activation reduces the
expression of CXL12, thus resulting in excess release of progenitor cells into the periphery
[26]. Importantly, these hematopoietic effects of stress were inhibited by pharmacological
blockage of the B-ARs or chemical ablation of neurons expressing adrenergic receptors to
suggest the involvement of SNS signalling in haematopoiesis [13, 23, 26].

Similarly, PRV tracing technology have also been applied in the spleen. To demonstrate
neural innervation of the spleen, earlier studies injected PRV into the spleen of rats and were
able to detect PRV labelling within the spinal cord and brain at 60 h and 110 h post-infection
[27]. Sympathetic nerves fibres that innervate the spleen have been observed along the splenic
artery and vein, and branch into T cell-rich zones in the rat [10]. However, these studies utilised
histological imaging techniques that only enable partial visualisation of the adrenergic network
within the spleen. More recently, distribution of the splenic adrenergic network has been
revealed by advanced three-dimensional imaging. Using ImmuView, the sympathetic
architecture was observed to spread throughout the parenchyma of the murine spleen in a
branch-like manner [15]. In regard to the functional role of the SNS in the spleen, this study
demonstrated that NA-dependent activation of Adrb2 on immune cells impeded bacterial
clearance in the spleen [15]. Importantly, this alludes to the ability of NA to directly modulate

immune cell function.
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SNS effect on immune cells

While a adrenergic receptors have a higher affinity for NA compared to the B-ARS its
role on immune cell function have not been well characterised. This is due to little to no
expression of these receptors on immune cells. Studies that attempted to identify the presence
of a adrenergic receptors on immune cells have also been controversial. The majority of studies
report the absence of a1 adrenergic receptors on peripheral blood mononuclear cells (PBMCs)
in a healthy state, including T cells, B cells, NK cells and monocytes [28-30]. However, when
the immune response is activated, o adrenergic receptors in immune cells can be upregulated
to enhance immunity. For example, activation of the a1 adrenergic receptor on macrophages
can induce TNF-a secretion in mice in response to caecal ligation and puncture [31]. In
contrast, the B-ARs are consistently reported to be constitutively expressed on immune cells at
a basal state with Adrb2 being most highly expressed [5, 32]. For this reason, the modulation
of immune responses by the SNS and noradrenaline is thought to be mediated by the Adrb2
and therefore will be further discussed.

The activation of Adrb2 on immune cells is shown to be associated with
immunosuppression. Of the innate immune cells, neutrophils are among the first immune cells
to migrate to sites of injury and infection, where they mediate antibacterial effects via
respiratory burst and release of antibacterial mediators [33]. Studies show that neutrophil
respiratory burst can be inhibited by Adrb2 agonists [34, 35]. Furthermore, in vivo superfusion
of NA over mouse cremaster muscle tissue inhibits the ability of neutrophils to transmigrate
toward bacterial-derived chemoattractant [36]. These effects are likely mediated by Adrb2
signalling on neutrophils due to the significantly higher relative expression of Adrb2 compared

to the other a and B-ARs [36].
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For monocytes and macrophages, Adrb2 agonism also drive immunosuppressive
effects. Monocyte-derived macrophages express toll-like receptors that detect the presence of
bacterial PAMPS, such as lipopolysaccharide (LPS), and induce TNF-o production in response.
With the addition of NA following in vitro stimulation with LPS, human monocyte-derived
macrophages increased production of the immunosuppressive cytokine IL-10 while TNF-a
production is suppressed [37, 38]. These effects were suggested to be mediated by the Adrb2
as macrophages from mice deficient of Adrb2 were unable to produce IL-10 despite the
addition of NA [37].

The effects of Adrb2 activation have also been characterised on cells of the adaptive
immune system. Activation of Adrb2 can enhance the suppressive function of regulatory T
cells [39], induce IL-10 secretion, and reduce the trafficking of lymphocytes through peripheral
tissues and secondary lymphoid organs [40]. The retention of mature T cells in secondary
lymphoid organs after Adrb2 signalling was found to be mediated by enhancing T cell
expression of C-C chemokine receptor (CCR-) -7 and C-X-C chemokine receptor (CXCR-) -4
[40-42]. Lymphocyte activation via Adrb2 signalling also reduces secretion of cytokines
required for proliferation, such as IL-2 and interferon y (IFN-y), and enhances regulatory T cell
function though mechanisms dependent on cyclic adenosine monophosphate (cCAMP) and
protein kinase A (PKA)-dependent phosphorylation [39, 43]. Furthermore, Adrb2 signalling
has been shown to inhibit or disrupt NF-xB gene transcription in T cells and monocytes to
prevent production of proinflammatory cytokines and molecules [44, 45]. Therefore, due to the
innervation of sympathetic nerves throughout major immune organs and the role of Adrb2
activation in general immunosuppression, activation of the SNS has been implicated in the

regulation of immune functions during many disease states.
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Implication of the SNS and the (3-ARs in diseases

Pioneering studies implicated the role of SNS and immunity in various stress scenarios.
Exercise-induced stress was shown to promote the proliferation of suppressive T cells and
reduce the expression of IL-2 on lymphocytes in healthy volunteers [46]. These effects were
suggested to be induced by Adrb2 activation as treatment with the global B-blocker,
propranolol, could prevent these alterations, while treatment with the Bs-receptor antagonist,
metoprolol, had no effect [46]. However, chronic stress and SNS dysregulation can enhance
the progression of various immune-mediated diseases. A meta-analysis found that stress-
related psychological factors were associated with increased incidence of cancer and poor
survival rates [47]. Indeed, due to the immunosuppressive functions of the SNS, immunity
against tumours become impaired. In addition, NK cells, which are known to target tumour
cells expressing low amounts of major histocompatibility complex, were reported to have
decreased tumour cytotoxic activity during high stress states [48, 49]. Furthermore, the
accumulation of myeloid-derived suppressor cells can facilitate the development of cancer by
suppressing anti-tumour immunity in response to SNS signalling [50]. The resulting metastasis
of cancers are likely to be mediated by the B-ARs as experimental and clinical studies
demonstrate delayed disease progression with B-blocker use [51-55]. Furthermore, B-AR
activation on lymphocytes may be critical in inducing suppression of tumour immunity as mice
deficient in mature lymphocytes had delayed stress-induced tumour growth [56].

Sympathetic activation can also negatively impact on the clearance of infections [49].
In bacterial infection with Listeria monocytogenes, ablating sympathetic nerves or inhibiting
NA uptake in mice improved bacteria clearance in the spleen and liver [57]. This was later
confirmed to be due to B-AR activation as preventing B-AR signalling effectively reduced

bacterial burden by enhancing IFN-y and TNF-a production by splenocytes [58, 59]. Similar
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findings were reported in models of Klebsiella pneumoniae infection, where sympathetic nerve
ablation or inhibiting NA uptake (desipramine) improved survival in mice and reduced
bacterial load via monocyte production of IL-6 [60].

Importantly, B-AR signalling may also be critical in regulating or balancing
inflammatory immune responses. Adrb2 deficient mice had enhanced systemic TNF-a
production and reduced IL-10 levels compared to wildtype controls following LPS-induced
sepsis. Subsequently, mice with Adrb2 deficiency succumbed to endotoxemia even with sub-
lethal doses of LPS, possibly due to overactivation of proinflammatory pathways [37]. The
regulation of B-AR signalling is also evident in scenarios of chronic inflammation and
autoimmunity. Adrb2 deficient mice display more severe symptoms of colitis compared to
wildtype mice [37]. In experimental autoimmune encephalomyelitis (EAE) that is commonly
used for modelling multiple sclerosis, chemical sympathectomy or depletion of NA worsens
disease severity [61, 62]. Indeed, stimulating the B-ARS using agonists suppressed relapsing
EAE in Lewis rats [63, 64] and improved clinical scores of EAE in mice [62]. Overall, these
studies demonstrate the critical role SNS and B-AR activation in the regulation or development

of various disease states.

Issues with studies exploring Adrb2 function in immunity

A majority of studies that examine the role of NA on immune responses exclusively
rely on the use of pharmacological molecules that inhibit (e.g. propranolol), stimulate (e.g.
isoproterenol), or ablate (i.e. 6-hydroxydopamine; 6-OHDA) sympathetic nerves. This is due
to the limitations of generating a strain of Adrb2 deficient mice on a background that is more
relevant to human immunity [65]. Currently, the Adrb2 deficient mouse is commercially

available on an FVB/N background which allows for better success in generating transgenic
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mice in comparison to the C57BL/6J strain of mice [66]. However, it is advantageous to have
knockout strains of mice with the C57BL/6J background due to a closer modelling of human
immunity and disease. The first studies that generated the Adrb2 deficient mouse strain on the
FVB/N background found little changes in various parameters of adaptive immunity, including
lymphoid organ cell numbers and T cell-dependent antibody responses in naive conditions in
comparison to mice with the Adrb2 receptor [67, 68]. The lack of observable immune changes
in Adrb2 deficient mouse were reasoned to be due to compensatory mechanisms as a result of
the inherent lack of the Adrb2 receptor in this mouse strain, which were independent of
increased expression of other adrenergic receptors. The authors suggest that adoptive transfer
of Adrb2 deficient leukocytes into a wildtype mouse may demonstrate the direct effect of
Adrb2 deficiency on immunity [65]. However, Adrb2 knockout mouse strains used in these
studies and also in more recent studies were bred on an FVB/N background [67-70], making
adoptive transfers into other strains of mice not possible [65, 68]. Therefore, creating an Adrb2
deficient mouse on a common background, such as C57B1/6, will enable further investigation

into Adrb2 in various immunological diseases.

The B-ARs in post-stroke infection stroke

In the published literature review included in this chapter, we described the changes to
immunity that occur as a result of -adrenergic signalling after stroke (see section 3.3 in review
on page 8). These studies rely on global inhibition of the B-ARs with propranolol, or ablation
of noradrenergic neurons using 6-OHDA to show these effects. However, while these studies
were pivotal in identifying the sympathetic activation as a mechanism to susceptibility to
infection after stroke, little is known about whether the Adrb2 is solely responsible for these

changes. One study examined the effects of selective and non-selective B-blockers on infection
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rates in patients with stroke [71]. Interestingly, non-selective B-blocker use was associated with
increased infections while this association was not seen in patients receiving selective B-
blockers. Therefore, this study suggests that each B-AR may have differential roles in post-
stroke immune suppression and emphasises the importance of teasing out the role of the Adrb2
in post-stroke infection.

Whether the SNS acts on a multitude of immune cells, or only on specific subtypes to
induce immunosuppressive effects after stroke is unclear. In a previous study, we identified the
invariant natural killer T (iNKT) cell as a cell type that is rapidly activated after stroke via -
adrenergic signalling and induces systemic immunosuppression following stroke [72]. As such,
INKT cells may be a primary mediator of post-stroke immunosuppression and understanding
the role and functions of INKT cells may reveal potential avenues to reduce post-stroke

infection.

The invariant natural killer T cell

The natural killer T (NKT) cell is a subset of non-classical lymphocytes that share the
properties of NK cells and T cells. In humans and mice, they are predominantly found in the
liver where they make up approximately 5% and 40% of hepatic lymphocytes in humans and
mice, respectively [73, 74]. Their frequencies in the periphery also vary, where they make up
between 0.1-3% of total leukocytes in the blood, bone marrow and spleen [73, 75]. There are
two main subsets of NKT cells that are categorised based on the specificities of their T cell
receptor (TCR). The INKT cells (or type 1 NKT cells) are the most common type of NKT cells,
making up around 80% of all NKT cells in mice and humans, while the remainder is made up
of variant NKT cells (type Il NKT cells) [75]. Concentrating on the INKT cells, it is defined

by the specificity of their T cell receptor, which is made up of a highly conserved o chain,
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encoded by Va24 in humans (or Val4 in mice) and the Ja18 gene segments. The B chain is
also highly restricted and encoded by the V8.2, VB7 and VB2 in mice, and VP11 in humans
[76]. Unlike conventional T cells that recognise peptides presented by major histocompatibility
complexes (MHC), iNKT cells recognise glycolipids presented by antigen presenting cells on
the non-classical MHC-like complex CD1d. Like the iINKT cell TCR, CD1d is also highly
conserved across many animal species, suggesting that iNKT cells play an essential role in
immunity. In fact, INKT cells has been implicated in many immunological diseases, including
allergy [77, 78], autoimmunity [79, 80], cancers [81, 82], and infectious diseases [83, 84].
The INKT cells can be considered as a master regulator of immunity. They are most
well-known for secreting high quantities of cytokines including IL-1, -2, -3, -5, -10, -13, -17,
-21, and TNF-a [76]. Importantly, iINKT cells can also produce IFN-y and IL-4 — cytokines
that enhance T-helper cell responses. T cells are major cells of the adaptive immune system
(along with B cell) that can be separated into two major classes, T-helper cells (CD4" T cells)
and cytotoxic T cells (CD8" T cells). The T-helper cells can be further classified into the T-
helper 1 (Th1) cells or T-helper 2 (Th2) that are defined by the cytokines in which they are
activated by and the cytokines they secrete [85]. Upon activation with IL-12, naive T cells
differentiate into Thl cells and produce the effector cytokines IFN-y and IL-2. This, in turn,
recruit phagocytes, such as macrophages, and enhances phagocytosis and digestion of
bacterially infected cells [86]. As such, the Thl response is also known as cell mediated
immunity and is critical for the defence against bacterial infection. However, Th1l responses
are associated with autoimmune diseases such as rheumatoid arthritis [87]. In contrast, IL-4
induces differentiation of T cells into Th2 cells to further produce IL-4, -10 and -13 . These
cytokines promote B cell release of immunoglobulin E (IgE), which promotes mast cell and
eosinophil degranulation. The Th2 response is also known as the humoral immune response

[88]. It is vital for tissue repair but it has also been implicated in diseases such as asthma and
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allergy [88]. Due to the ability of the INKT cell to produce both IFN-y and 1L-4, the INKT cells
can facilitate activation of both Thl and Th2 immunity, respectively [89]. As such, INKT cells
become an attractive candidate for targeted therapeutic for various immunological diseases.
For example, stimulating iINKT cells to enable the Th1l response via IFN-y can enhance
immunity for fighting cancers and infections, while inducing a Th2 response via IL-4 may

assist in alleviating some autoimmune diseases.

Activation and mechanisms of iNKT cell polarisation

The most well-known activator of iNKT cells is a-galactosylceramide (a-GalCer), an
a-linked glycosphingolipid, comprised of a sugar ring that is a-linked to an 18-carbon (C)
sphingosine base chain with a 26-C fatty acyl chain [90] (Figure 1.1A). The original name for
a-GalCer is KRN7000 due to its discovery in 1993 from an Okinawan marine sponge (Agelas
mauritianus) by Kirin Brewery Company during a screen for compounds that induce anti-
tumour and immunostimulatory responses [91]. It was found to have strong anti-tumour
activity which were initially thought to be mediated by natural killer (NK) cells by presentation
on antigen presenting cells (APCs) [92]. Later, a-GalCer was identified to specifically activate
NKT cells that possess the TCR encoded by Val4 [90, 93], which is now recognised to be the
iNKT cell. a-GalCer is readily loaded to create a complex with CD1d on APCs (in both humans
and mice) and the TCR of the iINKT cell [94]. Activation of INKT cells in this manner induces
rapid and robust production of both IFN-y and IL-4 (Figure 1.1B) [94]. Recently, the
development of structural analogues of a-GalCer has been a large focus as alterations to a-
GalCer structure can change iNKT cell responses.

At the molecular level, the 26C and 18C carbon chains respectively bind to regions of

the CD1d molecule known as the A’ channel and F’ channel [95, 96]. As such, altering the
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structure of a-GalCer can affect the overall binding of a-GalCer to CD1d and TCR. In early
studies, it was believed that structural modifications in the sugar group, glycosidic bond or
lengths and saturation of fatty acid chains of a-GalCer could modify iINKT cell responses by
altering binding kinetics of the CD1d-glycolipid-TCR complex, as well as varying the stability
and concentration of the CD1d-glycolipid complex [97-99]. Two analogues of a-GalCer that
have been extensively used to explore the mechanisms of iINKT cell polarisation. These are C-
glycoside and OCH, which induce a Th1- and Th2-skewing response, respectively (Figure 1.2)
[100]. Previous reports show that analogues such as OCH that have truncated sphingosine
chain, reduced IFN-y expression while maintaining IL-4 expression by iNKT cells following
in vitro stimulation — factors associated with a Th2 response [79, 80, 101]. By assessing the
binding kinetics, this study suggested that modulation of iINKT cell by analogues with truncated
sphingosine chains reduced length of TCR stimulation compared to a-GalCer. This would
trigger short-lasting calcium influxes, leading to translocation of transcription factors to
promote il-4 gene transcription. Conversely, sustained stimulation of the INKT cell TCR by
the CD1d-a-GalCer complex would induce prolonged calcium influxes for translocation of
transcription factors to produce both IL-4 and IFN-y [101]. However, another study showed
that the Th1 biasing compound, C-glycoside, was unstable when bound to CD1d and provided
less TCR stimulation compared to OCH to suggest that the strength of binding between TCR-
glycolipid-CD1d was not an explanation of iINKT cell polarisation [100]. Therefore, the
duration of receptor engagement may play a role in iNKT cell cytokine responses by altering
binding kinetics of the CD1d-a-GalCer-TCR complex, however this is inconclusive at the
present time.

More recently, the method of glycolipid loading to CD1d and the association of lipid
rafts with the CD1d-glycolipid complex is a proposed mechanism in polarising iINKT cell

responses. In this model, rapid and direct surface loading of glycolipids onto CD1d induces a
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Th2 biased immunity, whereas a-GalCer is intracellularly loaded onto CD1d before being
presented (Figure 1.3) [94, 102]. In contrast, analogues that bias a Th1 response also required
intracellular loading of glycolipid onto CD1d and presentation on the cell membrane as well
as an association with cholesterol-rich lipid rafts [102-104]. Furthermore, emerging evidence
suggests that modulations of INKT cell responses may be dependent on the glycolipid-
presenting cell. Glycolipid presentation by CD1d on regulatory B cells induced iNKT cell-
mediated suppression of Thl immunity to protect against experimental rheumatoid arthritis,
while this protection was not seen in mice deficient in CD1d-expressing B cells [105]. Clearly,
understanding the mechanisms of iINKT cell polarisation unlocks the potential of creating
immune-polarising compounds for treatment in a wide range of diseases.

Research exploring the potential of a-GalCer and targeting the iNKT cell in diseases
began in the cancer field. As mentioned above, a-GalCer was initially shown to induce potent
anti-tumour immunity in the B16 melanoma cancer model [93]. This protection was dependent
on a-GalCer presentation by CD1d-expressing cells to iNKT cells to enhance direct tumour
cell killing via degranulation [93]. More recently, a-GalCer has been tested in models of
bacterial infection [106]. During Streptococcus pneumoniae infection, a common microbe that
causes pneumonia, 90% of INKT cell-deficient mice succumbed to pulmonary infection
compared to only a 25% mortality rate in wildtype mice [107]. Furthermore, activation of INKT
cell with a-GalCer could effectively clear urinary infection with Escherichia coli, that was
mediated by systemic production of IFN-y, TNF-o and IL-10 [108]. Importantly, these studies

demonstrate the importance of INKT cells in antibacterial immune defence.
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Stroke, SNS activation and iNKT cells

The role of the iINKT cell in post-stroke infection has been seldom explored. In a
previous study, we showed that hepatic INKT cells are in a prime position to detect and respond
to distant brain damage in a murine model of ischemic stroke [72]. Early activation of hepatic
iNKT cells, characterised by a “pirouetting” phenotype and increased CD69 expression (T cell
activation marker), induced systemic immunosuppression via IL-10 production and lead to
bacterial infection after stroke. Importantly, we validated our experimental findings in the
clinical settings, where circulating iINKT cells were shown to be activated and increased levels
of plasma IL-10 was detected in patients with stroke upon admission into hospital [109]. In
mice, post-stroke activation of iNKT cells was mediated by p-adrenergic activation as
therapeutic treatment with propranolol could prevent INKT cell-mediated immunosuppression
(further described in section 3.3 of the published literature review in this chapter on page 8)
[72]. Furthermore, we showed that activating iNKT cells with a-GalCer within a therapeutic
timeframe following cerebral ischemia promoted hepatic INKT cells to produce IFN-y, leading
to reduced bacterial infection after stroke. Importantly, the protection from post-stroke
infection conferred by propranolol or a-GalCer was not seen in iINKT cell deficient mice to
demonstrate that iINKT cells are responsible for the modulation of post-stroke immunity and
are a viable therapeutic target to combat post-stroke infection. However, these studies were
performed on mice with a BALB/c background, which are more susceptible to infectious
complications compared to mice on a C57BL/6 background [110]. This is due to BALB/c mice
having a Th2-dominant immunity, while C57BL/6 mice have a Th1l-dominant immunity that
is considered to be more reflective of immunity in humans [111, 112]. Furthermore, the risk of

exacerbating long-term cerebral injury after stroke with immunostimulatory therapies such as
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a-GalCer was not assessed. Therefore, determining whether a-GalCer treatment affects the
infarct volume of post-stroke mice is also yet to be determined.

While a-GalCer was effective in reducing post-stroke infection in mice, side effects of
a-GalCer, such as liver injury [113], has prevented its translation into the clinic. Examining
analogues of a-GalCer may potentially avoid these detrimental side effects. Additionally,
finding analogues that preferentially drive a Thl response may be beneficial to prevent further
post-stroke immunosuppression, lessen infection and therefore improve stroke outcomes.
However, because collateral brain injury following stroke is driven by inflammatory responses
[114], shifting immunity toward an inflammatory Thl response could potentially exacerbate
neurological deficits and increase the possibility of recurring strokes. Conversely, analogues
of a-GalCer that skew for a Th2 immunity may improve neurological outcomes in exchange
for greater immunosuppression and susceptibility to infection after stroke. As such, finding a-
GalCer analogues that induces a sufficient iNKT cell response to prevent post-stroke infection,
yet does not exacerbate brain injury, would be optimal to improve the overall outcome of

patients with stroke.

Current project and statement of thesis aims

In this chapter, some areas that require further elucidation have been identified and will
be addressed in the subsequent chapters. Firstly, while infections, such as pneumonia, are
common and most fatal complications after stroke, the association of cerebral infarct volume
on post-stroke infection remain unclear. Additionally, infarctions of certain brain regions may
also impact on the susceptibility to post-stroke infection. As such, Aim 1 of this thesis explores

the effect of various severities of stroke on post-stroke immunity and infection, and will
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elucidate the relationship between infarction of various brain regions on post-stroke lung
infection in both experimental and clinical settings.

Secondly, Aim 2 will outline how SNS activation can contribute to post-stroke infection
by inducing systemic immunosuppression. Using pharmacological activators and inhibitors of
adrenergic receptors, post-stroke activation of the f-ARs on immune cells by catecholamines
has been identified as a major pathway in which immunosuppression occurs. However, it is
unclear whether the Adrb2 receptor is specifically responsible for systemic post-stroke immune
alterations. Therefore, Aim 2 of my PhD thesis will explore the role of Adrb2 in post-stroke
immunosuppression through the use of specific Adrb2 inhibitors and Adrb2 knockout mice.

Finally, our group has previously identified that adrenergic activation of the hepatic
INKT cells is a major contributor to post-stroke immunosuppression. However, as the most
fatal and common type of infection occurs in the lung, Aim 3 of this PhD thesis will further
delineate the role of pulmonary INKT cells in post-stroke lung immunity. Furthermore,
immunomodulatory capabilities of INKT cells will be harnessed by therapeutically treating
post-stroke animals with a-GalCer and two synthetic structural analogues to demonstrate the

potential of activating INKT cells to reduce post-stroke infection.
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Figure 1.1 Structure of a-galactosylceramide (a-GalCer) and mechanism of invariant
natural killer T (iNKT) cell activation.

a-GalCer is composed of a sugar ring group that is glycosidically bound to an 18-carbon (C18)
fatty sphingosine base chain and a 26-carbon (C26) fatty acyl chain (A). Figure adapted from
[100]. The glycolipid, a-GalCer, is the most well-studied activator of INKT cells. It is rapidly
loaded onto the non-classical MHC molecule known as CD1d that is expressed by antigen
presenting cells (APC). The APCs present a-GalCer to the TCR of the iNKT cell, which is
encoded by the Va24 (humans) or Va14 (mice) and Ja18 (both humans and mice) gene
segments. Activation of INKT cells in this manner induces robust production of both IFN-y and
IL-4 (B).
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Figure 1.2 Molecular structure of a-GalCer glycolipids, OCH and C-glycoside.

Modulations to the structure of a-GalCer can alter the cytokine output by iNKT cells
following activation. The analogue, OCH, differs from a-GalCer by a truncated
sphingosine base chain that is 9-carbon long. Similarly, the analogue, C-glycoside,
differs by the absence of the glycosidic bond. Red circles denote differences in

analogue structure compared to a-GalCer. Figure adapted from [100].
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Figure 1.3 Proposed mechanism of glycolipid loading onto CD1d by antigen
presenting cells (APC) for inducing T-helper 1 (Th1) or T-helper 2 (Th2) iNKT

cell responses

Glycolipids that induce Thl responses are taken up by APCs and are loaded onto
CD1d within endosomes. The glycolipid-CD1d complex is then transported to the
surface of the APC and the glycolipid is presented on CD1d with cholesterol-rich lipid
domain (left). In contrast, glycolipids that induce Th2 responses are freely loaded onto
CD1d on the cell surface for presentation to iNKT cells (right). Figure adapted from
[102].

Page | 33



Chapter Two

General materials and methods
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Mice

Adult male C57BI/6 mice of 7-12 weeks were obtained from Monash Animal Research
Platform (MARP, Clayton, VIC, Australia) and housed at Monash Medical Centre Animal
Facility (MMCAF) in specific pathogen-free (SPF) conditions. Mice were acclimatised for a
minimum of 7 days before the beginning of any experimental procedure. All procedures were
approved by the Monash Medical Centre Animal Ethics Committee (MMCB/2016/10, Monash
Medical Centre, Clayton, Victoria, Australia). All animals had access to water and food ad
libitum, maintained in temperature-controlled rooms under a 12-hr light-dark cycle and allowed

to acclimatise for at least 7 days before experimentation.

Mouse model of ischemic stroke — the middle cerebral artery occlusion (MCAQ)

The mouse model of ischemic stroke was performed as previously described [115]. Mice
were anaesthetised by intraperitoneal injection of ketamine (Claris) at 150 mg/kg and xylazine
(Hium) at 10 mg/kg. Once anaesthetised, an incision at the top of the head was made to expose
the skull, and a laser Doppler holder (PeriFlux System 5000, Stroke model kit 407, Perimed,
Jarfélla-Stockholm, Sweden) was temporarily glued to the right side of the skull to monitor
blood flow in the right hemisphere of the brain. The fur at the site of the neck incision was
removed and the area was sterilised with 80% ethanol. A 1-2 cm incision was made along the
midline of the throat to expose the trachea. The right common carotid artery, external carotid
artery, and internal carotid artery were dissected away from any connective tissue. A vessel
clip was used on the right common carotid artery, and a slit was made in the external carotid
artery. A silicone-coated monofilament with a diameter of 0.21-0.23mm (Doccol Corporation)
was immediately inserted into the external carotid artery and advanced into the internal carotid
artery to occlude blood flow into the MCA. A successful occlusion of blood flow to the brain

was determined by a ~70% drop in Doppler reading. The external carotid artery was then tied
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off and the vessel clip removed. In this study, we utilised both reperfused and non-reperfused
models of MCAO. In the reperfused model, the monofilament was retracted to allow for
reperfusion of blood flow into the MCA following either 30 or 60 min of occlusion.
Conversely, in the non-reperfused model, the monofilament was not retracted, and MCA was
occluded for the duration of the experimental time point. The incision at the neck was then
sutured, Doppler probe removed, and the head incision closed. As a control, potential surgical
stress that is unavoidable to induce MCAO in mice was modelled in a sham surgery, whereby
similar surgical procedures were performed without the insertion of the monofilament. After
surgery, all mice were allowed to recover overnight on a heat pad and monitored and weighed
hourly for up to 8 h post-surgery. Mice were then monitored daily for up to 4 days where they
were humanely euthanised at each experimental timepoint. See Appendix 1 and 2 for

monitoring sheet and clinical severity scoring charts, respectively.

Preclinical MRI

An Agilent 9.4T small animal MRI scanner was used to obtain T2-weighted scans for
brain oedema volume quantification during longitudinal studies. Animals were continuously
anaesthetised using 1% isoflurane prior to and for the duration of the scan. The Fast Spin Echo
T2-weighted imaging parameters were: slice thickness = 0.3 mm; repetition time = 4000 ms;
echo time = 42.528 ms; echo train length = 4; averages = 6; flip angle = 90°; FOV= 20x20 mm
and matrix size= 128x128. MRI scans were used to determine brain oedema volume for each
animal using ImageJ (NIH, Bethesda, MD, USA). MRI was performed by Dr. Tara

Sepehrizadeh and Gang Zheng from the Monash Biomedical Imaging facility.
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Neurological assessment

At 8 h and every 24 h following surgery until the experimental endpoint, neurological
assessment was performed using a six-point scoring system [116]: O = normal motor function;
1 = flexion of torso and contralateral forelimb when lifted by tail; 2 = circulating when mouse
is held by tail on flat surface; 3 = leaning to one side at rest; 4 = no spontaneous motor activity;

5 = death.

Brain infarct quantification

At experimental endpoints, mice were anaesthetised and humanely euthanised via
cervical dislocation. The head of the mouse was cut off and skin peeled back to expose the
skull. The skull at the top of the head was removed and the brain was carefully dissected out
of the skull. Brains were slowly frozen over liquid nitrogen. Coronal sections at a thickness of
30 um were collected at every ~420 um. For infarct staining, sections were submerged in 0.1%
thionin (Sigma) for 2 mins, 70% ethanol for 2 mins, and 100% ethanol for 2 mins, with washing
performed with deionised water between each step. Sections were dried and submerged in
Histosol before mounting coverslips using DPX Mountant (Thermo Fisher). Images were
captured using a Canon PowerShot SX730 HS mounted above a light box. Infarct volume was
measured using ImageJ (NIH, Bethesda, MD, USA) and corrected for brain oedema using the
formula: corrected infarct volume = [left hemisphere area — (right hemisphere area — right

hemisphere infarct area) x (thickness of section + distance between sections)] [116].

Bacteriological analysis
At experimental endpoints, mice were humanely euthanised and sterilised with 80%
ethanol. The skin at the chest was cut away and tools were resterilised with 80% ethanol before

dissecting the lung out of the chest cavity. Lungs were weighed, placed in sterile phosphate
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buffered saline (PBS — 137 mM NacCl, 2.7 mM KCI, 10 mM NazHPOQO4, 1.8 mM KH2PO4) and
homogenised under sterile conditions. For determination of colony forming units (CFUs), 10
ul of tissue homogenate was serially diluted and plated in triplicates onto brain heart infusion
(BHI) agar plates, supplemented with 5% sheep blood as supplied by the Department of
Microbiology at Monash University. Plates were incubated at 37°C in aerobic conditions and
bacterial colonies quantified after 24 h. Data is expressed as CFU/g of tissue using the equation:

(triplicate average x 10 dilution factory ftisgi e weight.

Enumeration of circulating leukocytes

At experimental endpoints, mice were anaesthetised by isoflurane inhalation and whole
blood collected via cardiac puncture using a 21G needle. 10 ul of whole blood was added to an
Eppendorf tube containing 190 pl of crystal violet cell counting solution (0.05% crystal violet
w/v). Circulating leukocytes were enumerated on a haemocytometer using the equation:
averaging the cell count in the outer four quadrants x dilution factor x 10%. Cell counts were

expressed as number of leukocytes/ml of blood.

Flow cytometry

To examine the immune cell composition of circulating and lung leukocytes, flow
cytometric analyses were performed on single-cell suspensions. At experimental endpoints,
mice were anaesthetised, and blood was taken via cardiac puncture and immediately placed
into tubes containing EDTA (Sarsdtet). Circulating leukocytes were pelleted (centrifuging for
5 mins at 491 x g at 4°C) and washed with FACS buffer (PBS with 2% foetal calf serum, 4
mM EDTA). The cell pellet then underwent red blood cell (RBC) lysis by resuspending in
ACK lysis buffer (150 mM NH4Cl, 10 mM KHCOs, 0.1 mM EDTA, pH 7.4) for 3 min at room

temperature (RT). Cells were washed with FACS buffer and cell lysis repeated if required to
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obtain a single-cell suspension for antibody staining. For the lung, all lobes were placed on ice
and finely minced using scissors. Lungs were placed in digestion buffer containing 3 ml of 0.5
mg/mL of collagenase D (Sigma-Aldrich) in full media (RPMI supplemented with 10% foetal
calf serum, 1% Pen/Strep, 4 mM L-Glut) and digested for 40 min at 37°C with gentle agitation.
To stop the digestion, 8 ml of cold PBS was added to the lung homogenate and samples placed
on ice. Samples were then passed through a 70 um filter, washed with FACS buffer and pelleted
for RBC lysis by resuspending in 3 ml of ACK lysis buffer for 3 min at RT with inversion. To
stop RBC lysis, 8 ml of PBS was added, and cells further pelleted and washed with FACS
buffer for filtration through a 40 um filter. Single-cell suspensions were added to a 96-well
plate, pelleted and resuspended in fluorescent antibody cocktails containing Fc receptor blocker
(2.4G2, BD Biosciences) with either: a) PE-conjugated anti-CD45 (30-F11, eBioscience),
FITC-conjugated anti-CD11b (M1/70, BioLegend), APC-Cy7-conjugated anti-Ly6C (AL-21,
BD Pharmingen), BV510-conjugated anti-Ly6G (1A8, BioLegend), PE-Cy7-conjugated anti-
F4/80 (BMS8, eBioscience); or b) PE-conjugated anti-CD45 (F11, eBioscience), APC-
conjugated anti-CD3e (145-2C11, BD Biosciences), PE-Cy7-conjugated anti-CD4 (RM4-5,
eBiosciences), FITC-conjugated anti-CD8 (53-6.7, BD Biosciences), e450-conjugated anti-
B220 (RA3-6B2, eBiosciences). Cell viability was determined using 7-Aminoactinomycin D
(7TAAD; BiolLegend).

For analysis of iINKT cells, the single-cell suspensions were pelleted and resuspended
in a fluorescent antibody cocktail containing: Fc receptor blocker (2.4G2, BD Biosciences),
APC eFluor780-conjugated anti-CD45 (30-F11, Invitrogen), APC-conjugated anti-TCRp
(H57-597, BD Pharmingen), PE-conjugated PBS-56-loaded CD1d-tetramer (NIH tetramer
facility, Atlanta, GH), FITC-conjugated anti-CD69 (H1.2F3, BD Pharmingen). Cells were then

permeabilised using the Cytofix/Cytoperm Plus kit (BD Biosciences) as per manufacturer’s
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protocol and intracellular cytokines were stained with PE Cy7-conjugated anti-IFN-y
(XMGL1.2, eBioscience) and PerCP-Cy5.5-conjugated anti-1L-10 (JES5-16e3, eBioscience).
Cells were run along with Counting Beads (BD Biosciences) and quantified on a BD
LSRFortessa (BD Biosciences), where data was analysed using FlowJo (v10.0.7, Tree Star
Inc.). To differentiate immune cell populations, all live leukocytes were firstly defined as
viability dye negative (7TAAD or Live/Dead dye) and CD45%, and further subtyped into
neutrophils (CD11b*/Ly6G™), monocytes (CD11b*/Ly6C*) T-helper cells (CD3*/CD4"),
cytotoxic T cells (CD3*/CD8*), B cells (B220") and iNKT cells (TCRB*/CD1d-tet*). See

Appendix 3 and 4 for list of antibodies and gating strategies, respectively.

Serum cytokine analysis

To obtain sera, mice were euthanised and whole blood was taken via cardiac puncture.
Blood was allowed to clot for 25 min at RT and centrifuged at 2.4 x g for 5 min for sera
collection. For lungs, the left lobe was homogenised in 700 pl of cOmplete, EDTA-free
Protease Inhibitor Cocktail (Sigma). Lung homogenates were centrifuged at 6000 x g for 10
min at 4°C. Sera and lung supernatant were collected and stored at -80°C until analysis. A
mouse IFN-y (AN-18) and IL-10 OptEIA ELISA set (BD Biosciences) were used as per

manufacturer’s protocol to quantify cytokine levels in the serum and lung.

Statistical analysis

Data were analysed into GraphPad Prism 8. When comparing normally distributed data
between two groups, an unpaired t-test or Mann-Whitney u-test was used following exclusion
of significant outliers using Grubbs’ test. For comparisons of more than two groups, a One-

way ANOVA with Sidak’s multiple comparisons test was used for normally distributed data,
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while a Kruskal-Wallis test with Dunn’s multiple comparisons test was used for non-parametric
data. All graphs are presented as mean + standard error of the mean (SEM). Comparisons were

considered statistically significant if the p-value (p)<0.05.
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Chapter Three

The impact of infarct size and location

on post-stroke infection
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Abstract

Infection is a leading cause of death in patients with stroke; however, the impact of cerebral infarct size or location on infectious
outcome is unclear. To examine the effect of infarct size on post-stroke infection, we utilised the intraluminal middle-cerebral
artery occlusion (MCAQ) mouse model of ischemic stroke and adjusted the duration of arterial occlusion. At 1 day following
stroke onset, the propottion of mice with infection was significantly greater in mice that had larger infarct sizes. Additionally, the
presence of lung infection in these mice with severe strokes extended past 2 days, suggestive of long-term immune impairment.
At the acute phase, our data demonstrated an inverse relationship between infarct volume and the number of circulating
leukocytes, indicating the elevated risk of infection in more severe stroke is associated with reduced cellularity in peripheral
blood, owing predominately to markedly decreased lymphocyte numbers. In addition, the stroke-induced reduction of
lymphocyte-to-neutrophil ratio was also evident in the lung of all post-stroke animals. To investigate the effect of infarct location
on post-stroke infection, we additionally performed a photothrombotic (PT) model of stroke and using an innovative systematic
approach of analysis, we found the location of cerebral infarct does not impact on the susceptibility of post-stroke infection,
confirming the greater role of infarct volume over infarct location in the susceptibility to infection. Our experimental findings
were validated ina clinical sefting and reinforced that stroke severity, and not infarct location, influences the risk of infection after
stroke.

Keywords Stroke - Infection - Infarct volume - Infarct location

Introduction stroke is traditionally associated with disability and devastat-

ing neurological deficits, a major cause of poor outcome and
Ischemic stroke is a debilitating cerebrovascular disease thatis ~ death for patients with stroke is infection [1]. Infections are
a leading contributor to death and disability worldwide. While  reported in up to 64% of patients and can develop within
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3 days of stroke onset [2]. Bacterial prneumonia is the most
common fatal infectious complication in stroke and contrib-
utes significantly to extended hospital stay, worsening of neu-
rological outcome, development of further complications, and
death [3]. As such, recent research has focused on strategies to
reduce the occurrence of post-stroke infection in order to im-
prove patient outcome. Most notably, recent clinical trials test-
ed the efficacy of preventive antibiotic therapy (PAT) to re-
duce the occurrence of post-stroke infection [4-6].
Unfortunately, findings showed that PAT could not reduce
the incidence of post-stroke pneumonia not provide additional
benefits over standard treatment [5-9]. In light of the hetero-
geneity of stroke amongst patients, it is not surprising that the
therapeutic strategy of a “one-size-fits-all” treatment would
fail. Therefore, a greater understanding of the effect of differ-
ent stroke phenotypes on host defence and the associated life-
threatening sequelae of infection is crucial for facilitating the
development of better targeted treatments.

The elevated risk of infection in patients with stroke sug-
gests that immune functions that normally facilitate bacterial
clearance atre weakened. Supporting this notion, findings from
clinical and expetimental studies demonstrated that stroke can
reshape systemic immune responses. Within hours to days of
stroke onset, there is evidence for profound loss of circulating
lymphocytes (Iymphocytopenia), reduced spleen cellularity,
and impaired immune cell functions [10-12]. Recent studies
have proposed that the degree of immune impairment and
susceptibility to infection is linked to the severity of stroke.
Indeed, stroke patients with larger cerebral infarcts display
increased circulating levels of interleukin-10 (IL-10), reduc-
tion in Th1/Th2 ratio [12], impairment of monocyte and Iym-
phocyte function [13], and reduced spleen cellularity [14].
These clinical observations suppott the notion that the extent
of brain injury induced by stroke can potentially be used to
predict infection risk [15-17]. Experimental studies with ani-
mal models have been utilised to delineate the mechanisms
underlying how larger brain infarction promotes greater im-
mune impairment. However, the majority of these studies em-
ploy a single model of stroke, possibly overlooking the effect
of cerebral reperfusion and varying stroke severity on periph-
eral immunity and post-stroke infection.

Another factor that may impact the susceptibility to post-
sfroke infection is the area of the brain in which cerebral is-
chemia occurs. Lesions involving the superior and middle
temporal gyti, otbitofrontal cottex, or the superior longitudi-
nal fasciculus have been associated with infection develop-
ment in a clinical setting [17]. In addition, infarction of the
insular cortex has been reported to associate with prolonged
dysphagia [18]—a well-known risk factor for post-stroke
pneumonia [19-21]. Clinical studies have observed an im-
paired systemic immune function, increased susceptibility to
infection, and worse functional outcome in patients with
strokes involving the insular cortex [22-24]. However, the
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relationship may be confounded as the insular cortex is a
common area of infarction in the middle cerebral artery
{(MCA) territory [25]. Indeed, a recent study suggests that
the detrimental outcommes of insular strokes were instead due
to larger infarct volumes [26]. This was suppotted by other
studies that found no associations of mnsular strokes with in-
fection or immune alterations after correcting for infarct vol-
ume [27, 28]. In light of this, the relationship between stroke
infarct size, localisation and post-stroke infection cleatly re-
mains controversial and requires further study.

In this study, we aimed to investigate the role of cerebral
lesion size following reperfused or non-reperfused ischemic
stroke on the extent and frequency of post-stroke infection over
time. In addition, we assessed systemic immune parameters, in-
cluding leukocyte counts and composition in the blood, lung, and
gpleen. Furthermore, to assess the contribution of infarct
localisation on infection, independent of infarct size, we utilised
an imnovative systematic approach to explore the effect of cere-
bral infarction involving 12 brain regions on post-stroke infec-
tion. Finally, we conducted a refrospective clinical study whetelry
the findings are congistent with our experimental study, demon-
strating that cerebral lesion size is an imipottant determinant for
mfection, and not stroke infarct location.

Methods
Mice

Adult male C57B1/6 mice of 7-12 weeks were obtained from
Monash Animal Research Platform (MARP, Clayton, VIC,
Australia) and housed at Monash Medical Cenfre Animal
Facility (MMCAF) in specific pathogen-free (SPF) condi-
tions. All procedures were approved by the Monash Medical
Centre Animal Ethics Committee (MMCB/2016/10, Monash
Medical Centre, Clayton, Victoria, Australia).

For photothrombotic (PT) stroke experiments, 7—-8-week-
old male C57Bl/6J mice were sourced from Animal
Resources Centre {ARC, Canning Vale, Western Australia,
Australia) and housed under SPF conditions at RMIT
University Animal Facility (RAF, Bundoora, Victoria,
Australia). Procedures for PT strokes were approved by the
RMIT Animal Ethics Commitiee (AEC1613, RMIT
University, Bundoora, Victoria, Australia).

All animals had access to water and food ad libitum, main-
tained in temperature-controlled rooms under a 12-h light-
dark cycle and allowed to acclimatise for at least 7 days before
experimentation.

MCAD

The mouse model of ischemic stroke was pertormed as previ-
ously described [29]. Briefly, mice were anaesthetised by
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intraperitoneal injection of ketamine (150 mg/kg) and
xylazine (10 mg/kg). Once anaesthetised, an incision at the
top of the head was made to expose the skull, and a laser
Doppler holder (PeriFlux System 3000, Stroke model kit
407, Perimed, Jarfilla-Stockholm, Sweden) was glued to the
right side of the skull to monitor blood flow in the right hemi-
sphere of the brain. The fur at the site of the neck incision was
removed and the area was sterilised with ethanol. A 1-2-em
incision was made along the midline of the throat to expose
the trachea. The right common carotid artery, extermal carotid
artery, and internal carotid artery were dissected away from
any connective fissue. A vessel clip was used on the right
common carotid artery, and a slit was made in the external
carotid artery. A silicone-coated monofilament with a diame-
ter of 0.21-0.23 mm {Doccol Corporation) was immediately
inserted into the external carotid artery and advanced into the
internal carotid artery to occlude blood flow into the MCA. A
successful occlusion was determined by a ~70% drop in
Doppler reading. The external carotid artery was tied off and
the vessel clip removed. In this study, we utilised both reper-
fused and non-reperfused models of middle cerebral artery
occlusion (MCAO). In the repetfused model, the monotila-
ment was refracted to allow for reperfusion of blood flow into
the MCA following either 30 or 60 min of occlusion.
Convetsely, in the non-reperfused model, the monofilament
was not retracted, and MCA was occluded for the duration of
the experimental time point. The incision at the neck was then
sutured, Doppler probe removed, and the head incision closed.
As a control, potential surgical stress was mimicked in a sham
surgery, whereby similar surgical procedures were performed
without the insertion of the monofilament. After surgery, all
mice were allowed to recover overnight on a heat pad. Mice
were then monitored daily for up to 4 days where they were
humanely euthanised at each experimental timepoint.

Photothrombotic Vascular Occlusion

Photothrombotic vascular occlusion creates an ischemic
infarction/stroke with clear and well-delimited borders that are
highly reproducible. All photothrombotic stroke procedures
were performed under aseptic conditions at the RMIT
University Animal Facility. Mice were anesthetised with inhaled
isoflurane (5% induction and 1.5-2% maintenance in medical
oxygen at 0.2 ml/min flow rate) and placed onto a heating pad to
maintain body temperature at 37 °C, as measured by a rectal
thermal probe (Stoelting Rodent Warmer X2, Stoelting Co.,
Wood Dale, IL, USA). Once anesthetised, fur on the scalp was
removed with electric clippers, the mouse was positioned in a
digital stereotaxic frame (Stoelting Co., Wood Dale, IL, USA),
and the skin over the scalp cleaned with 70% ethanol. Using a
scalpel, an incision was made in the skin overlying the desired
infarct area and the skull exposed. Infarct coordinates, as deter-
mined using the Mouse Brain Atlas [30] were marked on the

skull with the aid of the digital stereotactic frame. Mice were
then injected with Rose Bengal ip. (Merck KGaA, Darmstadt,
Germany) and after 3.5 min the area of the skull ovetlying
various cottices was illuminated with a 565 nm LED using a
1500-pum-diameter fibre optic cable (ThorLabs, Newton, NIJ,
USA) for 15 or 20 min.

To produce an infarct targeting the sensorimotor cortex,
mice wete injected with 80 mg/kg ip. of Rose Bengal, and
the skull over the sensorimotor cortex representation {2.2 mm
right of bregma) was illuminated for 15 min. Due to the ana-
tomical position of the insular cortex, the thickness of'the skull
greatly obstructs penetration of light into this area of the brain.
Therefore, to produce an infarct targeting the insular cortex,
mice were injected with a dosage of 120 mg/kg ip. of Rose
Bengal and the skull over the insular cortex representation
(2.8 mm depth from Bregma on the right lateral surface of
the skull) was illuminated for 20 min. In order fo access the
insular cortex region with the fibre optic cable, mice were
positioned with the head tilted to the left. All Rose Bengal
doses and illumination times were optimised for the desired
cortical lesion size and location in preliminary expetriments.
After surgery, all mice wete allowed to recover overnight ona
heat pad and post-surgical analgesia was provided by
buprenotphine {0.05 mg/kg s.c. every 12 h for 24 h).

Preclinical MRI

An Agilent 9.4 T small animal magnetic resonance imaging
{MRI} scanner was used to obtain T2-weighted scans for brain
oedema volume quantification during longitudinal studies.
Animals were continuously anaesthetised using 1% isoflurane
prior to and for the duration of the scan. The Fast Spin Echo
T2-weighted imaging parameters were as follows: slice thick-
ness = 0.3 mm; repetition time = 4000 ms; echo time =
42.528 ms; echo train length=4; averages =6; flip angle =
90°;, FOV =20 % 20 mm and matrix size =128 x 128. MRI
scans were used to determine brain oedema volume for each
animal using ImageJ (NIH, Bethesda, MDD, USA).

Neurological Assessment

At8hand every 24 h following surgery until the experimental
endpoint, neurological assessment was performed using a six-
point scoring system [31]: 0 =normal motor fimction; 1=

flexion of torso and contralateral forelimb when lifted by tail;
2 =circulating when mouse is held by tail on flat surface; 3 =

leaning to one side at rest; 4 = no spontaneous motor activity;
5 =death.

Infarct Quantification

At experimental endpoints, brains were dissected and slowly
frozen over liquid nitrogen. Coronal sections at a thickness of
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30 um were taken at every ~420 um. Sections were stained
with 0.1% thionin (Sigma) to visualise brain infarct. Images
were captured using a Canon PowerShot SX730 HS mounted
above a light box. Infarct volume was measured using ImageJ
{INIH, Bethesda, MD, USA) and corrected for brain oedema
using the formula: corrected infarct volume = [left hemisphere
area — (right hemisphere area— right hemisphere infarct ar-
ea) * (thickness of section + distance between sections)] [31].

Bacteriological Analysis

At experimental endpoints, the lung was dissected and
weighed. Tissues were placed in sterile PBS and homogenised
under sterile conditions. For determination of colony forming
units ({CFUs), 10 gl of tissue homogenate was serially diluted
and plated onto brain heart infusion (BHI) agar plates, supple-
mented with 5% sheep blood. Plates were incubated at 37 °C
and bacterial colonies quantified after 24 h.

Circulating Leukocytes Analyses

At experimental endpoints, mice were anaesthetised and whole
blood collected via cardiac puncture. Quantification of circulat-
ing white blood cells (WBCs) was performed using a crystal
violet cell counting solution (0.053% crystal violet w/v).

Flow Cytometry

To examine the immune cell composition of circulating and
lung leukocytes, flow cytometric analyses were performed on
single-cell suspensions. Blood was taken via cardiac puncture
and immediately placed into tubes containing EDTA.
Circulating leukocytes were washed with FACS buffer,
underwent RBC lysis, and washed again to obtain a single-
cell suspension for staining. For the lung, a single-cell suspen-
sion was achieved by mincing the tissue, digestion in 0.5 mg/
mL of collagenase D (Sigma-Aldrich), RBC lysis and finally
followed by filtration through a 40 pm filter. Single-cell sus-
pensions were pelleted and resuspended in fluorescent anti-
body cocktails containing Fe receptor blocker with either: (a)
PE-conjugated anti-CD45 (30-F11, eBioscience), FITC-
conjugated anti-CD11b (M1/70, BioLegend), APC-Cy7-
conjugated anti-Ly6C (AL-21, BD Pharmingen), BV510-
conjugated anti-Ly6G (1A8, BioLegend), PE-Cy7-
conjugated anti-F4/80 (BMSB, eBioscience); or b) PE-
conjugated anti-CD45 (F11, eBioscience), APC-conjugated
anfi-CD3e (143-2C11, BD Biosciences), PE-Cy7-conjugated
anti-CD4 (RM4-5, eBiosciences), FITC-conjugated anti-CD8
(53-6.7, BD Biosciences), e450-conjugated anti-B220 (RA3-
6B2, eBiosciences). Cell viability was determined using 7-
aminoactinomycin I (BioLegend). Cells were run along with
Counting Beads (BD Biosciences) and quantified on a BD
LSRFortessa (BD Biosciences), where data was analysed
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using FlowJo (v10.0.7, Tree Star Inc.). For cell populations,
all leukocytes were defined as CD45", where they wete fur-
ther separated into neutrophils (CD11b™/Ly6G™), monocytes
(CD11bYLy6C"y T-helper cells (CD3'/CD4"), cytotoxic T
cells (CD3%/CD8"), and B cells (B220™). The lymphocyte-
neutrophil ratio was calculated by dividing the sum of T and
B cells by the number of neutrophils.

Mouse Cerebral Infarct Location Analysis

A databage of all experimental animals in this study was cre-
ated. Ot all the experimental animals, data from mice with an
experimental endpoint of 1 day following stroke were com-
bined for further retrospective analysis. Mice that underwent
preclinical MRI scans wete excluded as these animals were
not culled until day 4. Any mice with data missing or unavail-
able were also excluded. Four double-blinded investigators
examined thionin-stained brain sections from all included
mice to determine infarct involvement within various brain
regions. Twelve brain regions were examined: caudoputamen,
insular cortex, somatomotor area, somatosensory area,
piriform area, gustatory areas, visceral areas, striatum ventral
region, hypothalamus, thalamus, midbrain, and hippocampal
region (as defined by the Allen Brain Atlas—accessible from
http://mouse.brain-map.org/static/atlas). For each data set,
investigators recorded the number of sections in which
infarct occurred within each specified brain region.

Patient Sampling

A retrospective cohort design was used, where all information
was obtained from scanned medical and electronic records
available at the time of data collection. All patients primarily
admitted for an acute sttoke to Monash Medical Centre be-
tween 16 January 2015 and 10 February 2016 were enrolled,
and the data presented here are a subset of that used in a
previously published article [32]. Patients with haemorrhagic
stroke, transient ischemic attacks, or those who developed a
stroke as a complication of hospitalisation and thus had a
separate reason for admission, were excluded. Included pa-
tients were followed-up for development of infections until
the day of discharge from the acute ward or death, depending
on which came first. If death occurred in the sub-acute setting
(rehabilitation unit) within the same admission, it was also
recorded. All data extraction was performed by a sole, blinded
investigator (L.H.) who was not involved in infection assess-
ment. The severity of stroke was determined in most cases
using the National Institute of Health Stroke Scale (NIHSS)
within 24 h of admission. If that was not documented, a ret-
rospective NIHSS was obtained on the documented signs and
gymptoms on admission. Computed tomography {CT) brain
scans at stroke onset were used to differentiate between
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ischemic stroke, taking care not to misclassify those with
haemorrhagic transformation within an ischemic stroke.

Patient Data Evaluation and Analysis

All infections that developed while patients were in the acute
stroke unit wete recorded. Infections were defined with refer-
ence to the Centre of Disease Control (CDC) criteria for in-
fections, which required certain clinical, pathological, radio-
logical and microbiological evidence.

All relevant evidence relating to a potential infection were
recorded, systematically reviewed by a senior physician
{V.K.S.) with reference to the CDC/NHSN criteria and classi-
fied as “Definite”, “Probable’” or “Unlikely”. Definite infec-
tions were diagnosed in those with sufficient information to
meet the CDC/NHSN criteria. Probable infections were diag-
nosed in those with insufficient information to meet the CDC/
NHSN criteria but were regarded as a likely infection by the
physician. Unlikely infections were diagnosed in those with
sufficient information to not meet the criteria.

Furthermore, data were collected on the use of antibiotics,
and invasive procedures such as intravenous cannula (IVC),
indwelling catheter (IDC), nasogastric tube (NGT) and endo-
tracheal tube (ETT). The use of pre-admission medications
that may influence immune function and infection risk includ-
ing antibiotics, immunosuppressive medications and beta-
blockers were obtained through pharmacy records. The pres-
ence ot history of comorbidities that may predispose to infec-
tion risk were also recorded.

Statistics

Experimental data were input into GraphPad Prism 7 and
analysed using one-way ANOVAs with Sidak’s multiple cormi-
parisons test to compare the means of multiple groups, except
for non-parametric data where a Kruskal-Wallis test with
Dunn’s multiple comparisons test was used. For comparison
of data between two groups, an unpaited t-test or Mann-
Whitney test was used depending on the distribution of data.
Difference in infection rate between groups was analysed with
a y” test. Comparisons were considered significant if the p
value was < 0.05.

To analyse the contribution of each independent vari-
able to the presence of infection in our mouse data set,
we used the multivariate adaptive regression spline
{MARS) algorithm {a non-parametric regression analysis)
from the earth package, R [33]. This method can be used to
capture non-linear relationships between each predictor
variable and the outcome variable in a data-driven manner.
The analysis assesses each data point for each predictor as
a knot and fits a linear regression model to either side of a
hinge point to achieve the smallest error.

For patient data, a multivariable logistic regression analysis
was performed by a blinded investigator (V.K.S) and used to
determine the association between stroke and the presence of
infection after adjusting for confounding factors of age, sex,
stroke severity, the use of medications affecting infection risk
(specifically immunosuppressive including corticosteroids,
imimunological therapies, disease-modifying anti-theumatic
drugs, chemotherapy), the presence of any comorbid condi-
tions affecting infection risk (such as diabetes mellitus, chron-
ic lung disease, chronic liver disease, active malignancy), the
use of indwelling urinary catheter, the presence of NGT feed-
ing and cerebral infarct location defined as cortical versus
non-cortical.

Results
Infection Is more Prevalent after a Severe Stroke

To investigate the effect of stroke severity on infection, we used
the MCAO model of ischemic stroke and adjusted the duration
of occlusion with the aim of achieving varying severities, and
examined the effect of reperfusion. Our models of MCAQO
were: 30 min transient MCAO (tMCAQO) =30 min of arterial
occlusion with reperfusion; 60 min tMCAO = 60 min of arterial
occlusion with repertusion; permanent MCAO (pMCAQO) = oc-
clusion of MCA throughout the experimental period. The vol-
ume of cerebral infarct lesion, amount of cerebral oedema, neu-
rological deficit and lung intection were therefore all assessed at
24 h following stroke onset (Fig. 1). Histological analysis of
thionin-stained brain sections (Fig. 1a) revealed an increase of
infarct volume with increasing duration of MCA occlusion
(Fig. 1b). This result ig consistent with the more sensitive im-
aging modality of in vivo MRI, where oedema volume,
assessed in a blinded manner, was significantly increased with
occlusion time (Fig. 1¢). The successtul induction of increasing
stroke severities was also confirmed through neurological scot-
ing where mice showed enhanced neurological impairment
with increasing duration of arterial occlusion {Fig. 1d). From
the parameters examined, we thus established mild {30 min
tMCAO), moderate (60 min tMCAOQ), and severe (pMCAOQ)
models of experimental stroke.

Bacterial pneumonia is a frequent and often fatal compli-
cation after stroke, both in experimental and clinical settings
[34]. However, the roles of cerebral reperfusion and stroke
severity on post-sttoke infection remain unclear. As such, we
next examined the contribution of stroke severity and duration
of occlusion on the prevalence of post-stroke infections.
Bacterial cultures of lung tissue revealed an increasing pres-
ence of culturable bacteria following prolonged occlusion of
MCA, with mice that underwent pMCAO having the most
dramatic increase compared to the sham surgical control
(Fig. le). Interestingly, there appears to be no difference in
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Fig. 1 Infection is more frequent at | day following severe stroke. Stroke
(30 min tMCAQ, 60 min tMCAO, or pMCAQ) or sham surgery was
performed in independent mice and culled | day after surgery. Upon
cuthanisation, brains were sectioned and stained with 0.1% thionin,
where infarct region is denoted in white and outlined with a black
dotted linc (a). Infarct volume was calculated using ImagelJ (b).
Similarly. a separate cohort of mice underwent MRI scans at 1 day after
surgery to determine oedema volumes (c¢). Prior to euthanasia,
neurological score was recorded, where 0 = normal motor function; 1 =

30 min
tMCAO

Sham

the amount of culturable lung bacteria between post-stroke
animals. However, when comparing lung infection rate after
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flexion of torso and contralateral forelimb when lifted by tail; 2 = circling
when mouse is held by tail on flat surface; 3 = leaning to one side at rest;
4 =no spontaneous motor activity; 5 = death within 24 h (d). Lungs were
collected for bacteriological analysis, where bacterial load was measured
(e) and infection rate was also recorded (f). Graphs are presented as mean
+ SEM. Neurological score data is presented as median. n = 10 mice per
group or i =>4 for MRIstudy, *p < 0.05, ¥*p < 0.01, ¥*¥*p < 0.001, ¥***p
<0.0001, one-way ANOVA normally distributed data or Kruskal-Wallis
test for bacteriological analysis

stroke, the proportion of mice that acquired lung infection
significantly increased with stroke severity (x* test for trend =
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13.93, p=0.0002) (Fig. 1f). Taken together, with our
established models of stroke severity, our findings demon-
strate that stroke severity has a substantial impact on the host
susceptibility to lung infection.

Infection Peaks at 1 Day After Experimental Stroke

To assess the effect of stroke severity on infection risk over
time, we conducted a longitudinal study of up to 4 days fol-
lowing the onset of mild, moderate, ot severe stroke. We mon-
itored the development and resolution of oedema in the brain
via in vivo MRI in the same animals over the experimental
period {Fig. 2a). Over the course of 4 days, mice that
underwent 30 min or 60 min tMCAQ surgery had oedema
peaking at 1 day following stroke onset that returned to base-
line by day 4 (Fig. 2b). Consistent with this, the infarct volume
was not larger at day 2 or 4 after these models of tMCAO (Fig.
2c). The recovery of oedema volume toward baseline
cotresponded with neurological scores, whete mice displayed
normal motor function by 4 days following stroke onset (Fig.
2d). However, mice that were subjected to pMCAO displayed
larger brain oedema (Fig. 2b) and infarct (Fig. 2c) volumes
after 1 day and remained significantly higher than tansient or
sham stroke at day 4, with neurological deficit evident
throughout the experimental period (Fig. 2d). To assess longer
term impact of stroke on lung infection, we collected the lungs
and performed bacteriological analyses via culturing at days 2
or 4 following surgery. By 2 days after either 30 min or 60 min
tMCAO, lung infection diminished to baseline levels (Fig.
2e). Conversely, lung infection was still evident in mice that
underwent pMCAO at day 2, and this returned to baseline at
4 days following stroke onset (Fig. 2e). These findings indi-
cate that the peak of lung infection occurs at 1 day following
experimental stroke and requires a longer period of time to
resolve following a severe, non-reperfused stroke.

Non-reperfused Cerebral Ischemia Results in Severe
and Prolonged Immune Alterations

We next explored the effect of stroke on petipheral inmmunity
by examining differences in leukocyte composition in the
blood and lung, and in spleen weight within 4 days following
stroke onset. Consistent with previous reports, stroke onset
decreased total circulating leukocyte numbers (Fig. 3a). In
fact, circulating leukocyte number was inversely correlated
with infarct volume (p = 0.0083, #* = 0.1412) (Fig. 3b). This
finding suggests that a more pronounced immune alteration
occurs with a greater severity of stroke. Temporally, circulat-
ing leukocyte levels remained lower than sham levels
throughout the experimental period in mice that underwent
pMCAO (Fig. 3¢). The spleen followed a similar trend where-
by spleen weights were less than sham level at 1 day following
all models of stroke. At day 2 post-surgery, spleens in mice

that underwent 30 or 60 min tMCAQO wete equivalent to sham
weight, while spleen weights remained low throughout the 4-
day experimental period in mice that underwent pMCAO
(Fig. 3d). As infection in the lung was most prominent at
1 day following stroke, we further analysed differences in
immune cell populations in the blood and lungs at this
timepoint. The lymphoeyte-neutrophil ratio in blood has pre-
viously been used as a predictor for community-acquired bac-
terial pneumonia [35, 36] and more recently in post-stroke
preumonia in humans [37]. In our experimental study, we
used flow cytometry to assess the immune cell composition
in the blood as well as at the site of infection {lung) of post-
stroke mice at 1 day following surgery and we calculated the
lymphocyte-neutrophil ratio. Compared with sham mice,
there was a markedly lower lymphocyte-neutrophil ratio in
the blood and lung after all severities of stroke, which was
most pronounced in mice subjected to pMCAO {Fig. 3 e and
1). This reduced lymphocyte-neutrophil ratio in the blood and
lung was primarily due to the loss of lymphocytes, including
B cells and CD4" T cells and CD8™ T cells, while neutrophil
numbers remain unchanged (Supp. Fig. 1 and Supp. Fig. 2).
These data demonstrate that stroke induces a drastic change in
peripheral immune cell populations, with severe strokes pro-
ducing longer lasting changes.

The Location of Cerebral Infarction Does Not Impact
on Post-Stroke Infection

Whether the specific location of a cerebral infarct promotes
greater susceptibility to infection remains controversial as
brain lesions in the MCA territory can affect many common
areas. As such, we sought to determine if damage of different
cerebral cortices would induce systemic immune changes that
alter host susceptibility to post-stroke lung infection. Using
the PT stroke model, we accurately targeted the insular or
sensorimotor cortex as confirmed through thionin staining
(Fig. 4a). The dose of Rose Bengal and the duration of light
exposure to induce cerebral infarct within the sensorimotor or
insular cortex were adjusted to create comparable infarction in
order to directly investigate the effect of infarct location with-
out the influence of infarct size. Indeed, cerebral infarction
genetated with this model in the insular or sensotimotor cortex
displayed no significant differences in infarct size (Fig. 4b).
Moreovet, our findings demonstrated that spleen weight (Fig.
4¢) and circulating leukocyte counts (Fig. 4d) at 1 day follow-
ing PT stroke onset were comparable in mice that underwent
cerebral injury in the insular or sensorimotor cortex.
Additionally, there was no difference in the degree or rate of
infection following stroke within the insular or sensorimotor
cortex (Fig. 4e). These data suggest that the localisation of a
brain infarct induced by PT stroke, specifically when compar-
ing the insular and sensorimotor cortex, does not change host
susceptibility to post-stroke infection.
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Fig. 2 Infection peaks at 1 day
following severe stroke and
resolution of infection is
extended. Mice underwent either
a 30 min tMCAQ, 60 min
IMCAOQ, or pMCAO and were
monitored daily for up to 4 days
following stroke. At 1, 2, and

4 days following surgery, mice
were anaesthetised and
underwent MRI scans (a) to
longitudinally monitor oedema
volumes over the experimental
timepoint (b). Similarly, separate
cohorts of mice were cuthanised
at 2 and 4 days afier surgery in
order to quantify infarct volume
(e). Neurological scores were
recorded daily until the end of the
experimental endpoint (d). Lungs
were also taken to quantify
bacterial load (e). Data are
presented as mean + SEM.
Neurolkgical score data is
presented as median. n>6 per
group or = 4 for MRI study. **p
< (.01 and ****p <0.0001 using
a one-way ANOVA for normally
distributed data, or Kruskal-
Wallis test for bacteriological
analysis
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Furthermore, we performed a systematic analysis of our
experimental data to assess whether cerebral infarct vol-
ume or infarct location influenced the risk of acquiring
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lung infection. Only mice with experimental endpoints at
1-day post-stroke (at the peak of infection) were included
in our analysis. Mice that underwent MRI scanning, flow

cytometric analysis, or had data sets with missing or un-
available data were excluded. The final study cohort used
for retrospective analysis included 61 MCAO or PT stroke
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mice. In a double-blinded manner, 12 brain regions were
annotated for assessment of infarct involvement:
caudoputamen, insular cortex, somatemotor area, somato-
sensory area, piriform area, gustatory areas, visceral area,
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weights at day 1, 2 and 4 were also measured (d). At | day following
surgery, flow cytometric analyses of the blood (e) and lung (f) was
performed and a lymphocyte/neutrophil cell ratio was determined. Data
are represented as mean + SEM, where 12 > 13 per group for raw leukocyte
counts and n>6 for flow cytometry data, where *p <0.05, **p <0.01,
##4n < 0.001, one-way ANOVA
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striatum ventral region, hypothalamus, thalamus, midbrain
and hippocampal region. A MARS model was used for
analysis of the relationship between predictors and infec-
tion. Qur data indicate that the only key predictor for
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carly infection was infarct volume, with larger lesions
increasing the risk of acquiring lung infection at 1 day
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following stroke. The odds ratio for infarct volume at a
hinge below 14.95 was 1.005 (95% CI 1.002-1.059, p=
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0.03) (Fig. 5). The MARS analysis also confirmed that
there was no significant relationship between different in-
farct locations to the risk to infection. In contrast to some
previous studies, the involvement of the insular was not
an important determinant of lung infection. These findings
support the risk of post-stroke infection to be more depen-
dent on the extent of cerebral ischemia than the location
of cerebral infarct.

Stroke Severity Is a Clinical Risk Factor for Infection

Of the total 633 patient records obtained, 201 did not meet the
selection criteria (including patients with haemorrhagic
stroke) and were therefore excluded from the study. This left
a study cohort of 432 patients with ischemic stroke. Patient
characteristics are presented in Table 1. The mean age of the
study cohort was 71.45 years (standard deviation [SD] 14.9),
with 44% being female (N 190). Among the study sample,
cerebral infarction in the cortical region was most common
and the proportion of patients with infarcts in the left hemi-
sphere was similar to that of the right hemisphere. Overall, 44
patients acquired infection, accounting for an overall inci-
dence of 10%. The most common types of infection were
UTI (N 18, 40.9%) and pneumonia (N 17, 38.6%). Patients
with multiple infections (V 4, 9.09%) and other infections
(eye/ear/nose/throat, gastrointestinal, other respiratory infec-
tions excluding pneumonia. skin/soft tissue, and unknown)
were much less prevalent (V 1, 2.27%).

Using a multivariable logistic regression, shown in Table 2,
greater age (OR 1.05, 95% CI 1.01-1.08), greater stroke se-
verity (OR 1.07, 95% CI 1.02-1.12), and use of indwelling
catheter (OR 7.42, 95% CI 3.14-17.53) were independently
associated with the risk of infection (all p < 0.01). Sex, comor-
bidities, use of immunosuppressants, use of pre-stroke antibi-
otics, use of B-blockers, and the use of NGT were not inde-
pendently associated with a risk of infection. Furthermore, our
analysis of cerebral infarct location between cortical and non-

Table 1  Descriptive statistics of patients with ischemic stroke

Ischemic stroke (n=432)

Age (mean/SD)
Female sex

Days in acute ward (median)
Location of stroke:

- Cortical

- Subcortical

- Cerebellar

- Brainstem

- Multiple

- Unknown
Hemisphere of stroke
- Left

- Right

- Both
Severity/NIHSS (mean/SD)
Death

Prevalence of infection
Day of onset of infection (mean/SD))
Site of infection

- Eye/ENT

- Gastrointestinal

- Lung (except pneumonia)
- Pneumonia

- Skin/soft tissue

- Urinary tract

- Unknown

- Multiple

Antibiotics prescribed
IV line inserted

IDC inserted

NGT inserted

ETT inserted
Comorbid conditions

- Diabetes

- Chronic lung disease
- Chronic liver discase
- Malignancy

- HIV

- Autoimmune disease
Medications

- Beta-blockers

- Immunosuppressants

- Antibiotics (pre-stroke)

7145 (14.9)
190 (44.0%)
4(257)

230 (53.2%)
48 (11.1%)

182 (50.8%)
155 (43.3%)
21 (5.9%)
777 (1.5)
42 (9.7%)
43 (10.0%)
3.07(2.8)

1 (2.32%)
1(2.32%)
1 (2.32%)
17 (39.5%)
1(2.32%)
18 (41.9%)
1(2.32%)
4 (9.30%)
55 (12.8%)
427 (98.8%)
55 (12.7%)
27 (6.3%)
12 (2.8%)

105 (24.3%)
42 (9.7%)
5(1.2%)

51 (11.8%)
0 (0.00%)

8 (1.9%)

134 (31.0%)
29 (6.7%)
16 (3.7%)

ENT ear, nose and throat, £77 endotracheal tube, A7V human immuno-
deficiency virus, /DC indwelling urethral catheter, /V intravenous, NGT'
nasogastric tube, SO standard deviation

cortical was not independently associated with a risk of infec-

tion (OR 1.04, 95% CI 0.46-2.35).
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Table 2 Multivariable regression of predictors of infection after acute
ischemic stroke

Adjusted OR (95% CI) P value
Age 1.05(1.01-1.08) 0.005%
Sex 0.77 (0.35-1.65) 0454
NIHSS 1.07(1.02-1.12) 0.008*
Comorbidities 1.21(0.56-2.63) 0.624
Immunosuppressants 2.30(0.70-7.61} 0.177
Pre-stroke antibiotics 1.93 (0.40-5.34) 0414
Beta-blockers 1.32(0.61-2.87) 0476
Use of NGT 2.16(0.73-6.44) 0.165
Use of IDC 742 (3.14-17.53) 0.000%
Location 1.04 (0.46-2.35) 0923

Location defined as cortical versus non-cortical

IDC indwelling urethral catheter, NGT nasogastric tube, NHISS National
Institutes of Health Stroke Scale, OR odds ratio

Discussion

Infection is a major clinical problem for patients with stroke
[3, 34]. However, our understanding of post-stroke infection is
limited largely due to the heterogeneity of stroke pathology
and severity amongst patients. Additionally, it is currently
unclear to what degree the impact of infatct localisation in
cettain brain regions has on the extent of post-stroke immune
alterations and infection development. In the present study, we
investigated the relationship between cerebral infarct size and
location on systemic immunity and spontaneous lung infec-
tion after stroke in mouse models. Our findings suggest that
stroke severity, and not the location of cerebral infarct, is as-
sociated with a greater susceptibility to infection in both our
experimental and clinical studies. We suggest that this in-
creased susceptibility to infection in mice with larger cerebral
infarcts is associated with a greater systemic change in im-
mune cell populations, as demonstrated by a profound de-
crease of the lymphocyte-neutrophil ratio in the blood and
lungs of post-stroke animals.

The intraluminal MCAO technique is a well-established
preclinical model of stroke [38]. Furthermore, in this model,
the duration of arterial occlusion can be easily modified with
the retraction of the monofilament, thus allowing for the in-
vestigation of reperfused and non-reperfused cerebral ische-
mic injury. As such, to examine the impact of stroke severity
on infection, we adjusted the duration of occlusion to achieve
cerebral infarction of varying sizes (30 or 60 min tMCAO), as
well as to model patients who did not have reperfusion
{(pMCAO). This allowed for direct comparison hetween each
sevetity of sttoke and the impact on host immunity and devel-
opment of infection. While our bacteriological analysis of the
lung showed no difference in the degree of infection between
the various MCAQO models, we demonstrate that the rate of
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infection is greater in mice that underwent pMCAQ {and thus
developed a larger infarct volume), the most severe form of
experimental stroke. Specifically, we show that more than
9% of mice subjected to pMCAQO acquired lung infection
within 1 day following stroke onset. This contrasts with
around a 50% infection rate in mice subjected to either 30 or
60 min of tMCAQ. A prior study focusing on the tMCAO
model demonstrated bacterial growth from lung homogenates
of all mice that underwent a 90 min MCAO model, compared
to half of that in mice at 5 days following 30 min MCAOQO [39].
In comparison, our data demonstrates that lung infection
peaked at day 1, and the resolution of infection was delayed
only in mice subjected to the most severe stroke. Nevertheless,
our experimental finding indicating that stroke severity pre-
dicts the host susceptibility to infection is consistent with our
clinical study, and others, where infarct volume and stroke
severity (defined by NIHSS) are strong predictors of post-
stroke infection [16, 27, 32].

Conceivably, there is a physiological response to protect the
host from mmune-mediated tissue damage that is offset by the
downregulation of imimune responses after stroke with the side
effect of rendering patients susceptible to infection.
Characteristics of post-stroke immunosupptession include pro-
found loss of circulating Iymphocytes and atrophy of the spleen
[14, 39]; however, limited studies have explored this relationship
with stroke severity over an extended time petiod. Our study
suggests that alterations in imimunity are dependent on the extent
of cerebral ischemia, as we have shown a significant negative
correlation between infaret volume and circulating leukocyte
numbers at the peak of lung infection. Additionally, our results
show a reduction in the lymphocyte-neutrophil ratio in the circu-
lation and lung across all severities of stroke, though this was
most pronounced following extensive cerebral infarct induced by
PMCAQ. Indeed, a decrease of the lymphocyte-neutrophil ratio
in the blood has been recently shown to be a predictor of post-
stroke pneumonia [37] and is clinically used to predict infection
and pneumnonia [35-37]. However, to the best of our knowledge,
we are the first to show the decrease in the lymphocyte-
neutrophil ratio in the lung (site of infection), which may explain
the high rate of lung infection following stroke in both expeti-
mental models and in the clinic. Furthermore, while lymphocytes
and the adaptive immune response could be expected to control
infection 5—7 days after stroke, the reduced numbers of these
cells do not fully explain the observed increase in infection
24 h following stroke onset. In contrast, cells of the innate im-
mune system, such as neutrophils, serve as the first line of de-
fence and consist of mechanisms that function to promptly re-
spond and protect the host from infection. Indeed, we have pre-
viously reported dysfunction of neutrophil activation and chermo-
taxis in post-stroke mice [40]. Moreover, similar deficiencies
were found in circulating blood neutrophils from stroke patients
[41], potentially suggesting the risk of post-stroke infection is due
to reduced neutrophil function rather than number.
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In addition, we show that mice subjected to pMCAO con-
tinued to have reduced levels of circulating leukocytes over a 4-
day period, while leukocytes in mice with mild and moderate
infarct sizes induced by tMCAO recovered to baseline levels by
2 days following stroke. The loss of overall circulating leuko-
cytes may be explained by previous studies that reported a
profound loss of lymphocytes following extensive infarcts over
a 7-day timefiame [39]. Prolonged alteration of systemic im-
munity in mice that underwent severe stroke, represented by
persistent low circulating leukocyte counts and splenic atrophy,
possibly contributes to a delayed clearance of bactetia in the
lung. Indeed, in tMCAQO models of stroke, the resolution of
lung infection was accompanied by the return of leukocyte
counts and spleen weight back to sham levels. These findings
may also suggest that patients with severe stroke remain immu-
nosuppressed and are more prone to secondary infection.
Clinically, immunosuppression has been reported to persist
for months and years following stroke [42]. In fact, over 17%
of stroke patients wete readmitted due to infection throughout a
10 year period [43]. Whether the long-term susceptibility to
infection was due to patients having more severe strokes was
not delineated in these studies. Our study suggests that patients
with greater stroke severity may present with prolonged im-
mune impairment, thus it is feasible that they would require
additional management to control potential infectious compli-
cations. Indeed, this may be the ideal patient cohort in which
antibiotic prophylaxis may be beneficial. However, results from
recent clinical frials have suggested against the use of antibiotic
prophylaxis as it does not improve outcome i post-stroke pa-
tients. Patients with severe acute ischemic stroke that were pro-
phylactically treated with antibiotics had increased risk of in-
fection during hospitalisation and did not show improvements
in mortality within the short-term [44]. Furthermore,
procaleitonin-guided antibiotic treatment in patients with stroke
also did not improve the rate of pneumonia, mortality or patient
functional outcome [7]. As such, with the apparent changes to
imimunity that occurs following stroke, a possible therapeutic
alternative to antibiotics is immunomodulatory treatments that
will induce an anti-bacterial host immunity to effectively limit
post-stroke infection but at the same time does not exacerbate
inflammatory processes in the brain.

In our analysis of our patient cohort, age was a predictor of
post-stroke infection. It is well established that advanced age
is linked to worsened stroke severity and poorer functional
outcome [45—47]. These may be due to age-related factors that
impede recovery after stroke, such as cell senescence, low-
grade systemic inflammation and decline in immune function
[46, 48, 49]. The increased risk to post-stroke infection in
older patients may come as a result of decreased immune
function; however, the underlying mechanisms are unclear.
Recent work from our laboratory demonstrated a breakdown
in gut barrier integrity, allowing for the dissemination and
translocation of gut-derived bacteria into the periphery,

including the lung [50]. We have also recently showed that
advanced age contributes to intestinal inflammation that exac-
erbates gut permeability and structural breakdown of the co-
lonic barriets even after mild stroke injury [51]. The increas-
ing focus on the effect of ageing in age-related disease will
potentially open alternative avenues of therapeutic interven-
tion to reduce infection in patients with stroke, especially for
older patients who are most at risk.

We next attempted to determine whether the location of
cerebral infarction influences host susceptibility to infection
following stroke, and so we adopted the PT stroke model to
accurately target the sensorimotor and insular cortex. This
method allowed us to induce cerebral damage in two different
areas of the brain with comparable infarct volumes. Our find-
ings indicate PT-induced damage to the sensorimotor or insular
cortex resulted in comparable changes in overall circulating
leukocyte numbers, nor the degree or rate of infection. Thus,
our data suggest that infarct location does not contribute addi-
tional risk to post-stroke infection. While previous clinical re-
ports described patients with infarcts involving the right insular
cortex having worse long-term functional outcomes [23], and
associated with pneumonia [22, 52, 53], this may be due to
larger lesion volumes compared to patients with non-insular
strokes [54]. The worsened outcome observed in patients with
infarct localising to the insular cortex may be explained by the
vascular anatomy of the brain. Infarction of the insular cortex
requires total occlusion of the M1 and M2 segments of the
MCA, resulting in lack of cerebral blood flow to the rest of
the MCA territory and thus larger infarct size [54, 55).
Indeed, after adjusting for infarct volume, the associations with
death following insular stroke were negated [26, 28]. In addi-
tion, a humber of studies show no association between infarc-
tion of particular brain regions and infection after adjusting for
covariates such as infarct size [16, 27]. Our study echoes these
findings, but due to the retrospective nature of our clinical data,
we could only perform rudimentary analysis of cerebral infarct
location by distinguishing cortical versus non-cottical regions
and post-stroke infection in our patient cohort. Nevertheless, we
address the relationship between cerebral infarct location and
infection risk by taking a more systematic and clinically tele-
vant approach with our experimental data. Specifically, we ret-
rospectively examined twelve brain regions and conducted
MARS analysis to identify whether infarct involvement in these
brain regions could be associated with infection i our animal
model. Our data confirmed that only infarct volume was asso-
ciated with the risk of post-stroke infection.

In summary, we demonstrate that alarger infarct volume after
stroke predisposes the host to greater susceptibility to infection.
Our data suggest that this is due to a mote prolonged and pro-
nounced alteration in the cellular composition of systemic im-
munity. Furthermore, the location of cerebral infarct does not
provide additional host susceptibility to post-sttoke infection as
indicated by studies targeting specific brain regions, and by the
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refrospective comparison of cerebral infarct location and infec-
tion that we show here. Therefore, our study highlights that
infarct volume is of greater impottance than infarct location in
the risk of post-stroke immune alterations and infection.
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Supp. fig. 1 Flow cytometric analyses of neutrophil and lymphocyte numbers in the lung of
post-stroke mice. Mice underwent 30 min tMCAOQ, 60 min tMCAQO, pMCAOQO or sham surgery.
At 1 day following surgery, flow cytometric analyses of the lung was performed where
neutrophil (a), B cell (b), T cell (¢) numbers were quantified. T cells were further separated
into CD4" (d) and CD8" (e) T cells. Data are represented as mean + SEM, where n>6 per group,

where *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA.
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Supp. fig. 2 Flow cytometric analyses of neutrophil and lymphocyte numbers in the blood of
post-stroke mice. Mice underwent 30 min tMCAOQ, 60 min tMCAQO, pMCAOQO or sham surgery.
At 1 day following surgery, blood was taken via cardiac puncture and flow cytometric analysis
was performed where neutrophil (a), B cell (b), T cell (c) numbers were quantified. T cells
were further separated into CD4" (d) and CD8" (e) T cells. Data are represented as mean +

SEM, where n>6 per group, where *p<0.05, **p<0.01, ***p<0.001, one-way ANOVA.

Page | 63



Chapter Four

The role of the sympathetic nervous

system In post-stroke infection
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Introduction

The high prevalence of post-stroke infection indicates impaired antibacterial immunity.
Indeed, we showed that the loss of circulating leukocytes and decreased spleen size are key
characteristics of post-stroke immune impairment in Chapter 3. Additionally, we demonstrated
that the loss of circulating leukocytes is dependent on stroke severity and leads to a greater risk
to developing infection [117]. However, the mechanisms underlying these observations remain
unclear. Based on existing evidence, we hypothesise that post-stroke immunosuppression is
driven by a dysfunction of the sympathetic nervous system (SNS). The SNS mediates bodily
processes in response to stress via the innervation of tissues and organs throughout the body.
When activated, sympathetic nerves around the body secrete neurotransmitters known as
catecholamines that act as effector molecules. Noradrenaline (NA) is the catecholamine that is
predominantly released by sympathetic postganglionic fibres in the periphery [4]. After stroke,
symptoms of impaired cardiac function, heart rate variability, baroreflex sensitivity, and blood
pressure changes provide strong evidence of altered SNS activity [118, 119]. Furthermore,
elevated circulating NA has been reported within the first 7 days after stroke in patients [120-
122]. Increased presence of NA precursors and metabolites in the plasma may also suggest
sympathetic overflow [1]. Therefore, understanding the generation and metabolism of NA may
reveal the dominant pathways for NA generation and may allow for opportunities to investigate
the association between SNS dysfunction and post-stroke infection.

In the peripheral sympathetic nerve endings, synthesis of NA begins with uptake of
tyrosine from the bloodstream, sourced from the breakdown of dietary protein. Tyrosine is
converted into 3,4-dihydroxyphenylalanine (DOPA) and then dopamine (DA) via tyrosine
hydroxylase and L-aromatic-amino acid decarboxylase, respectively [1]. The fate of DA

diverges to be converted into dihydroxyphenylacetic acid (DOPAC) or transported into vesicles
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for conversion to NA by dopamine-f-hydroxylase (DBH). From here, NA is then transported
out of the cell where it can act upon adrenergic receptors on non-neuronal cells to have
downstream receptor-mediated effects. Alternatively, and more commonly, NA re-enter
neuronal cells via the cell membrane noradrenaline transporter, recycled and re-transported
into vesicles for further excretion, or is metabolised into dihydroxyphenylglycol (DHPG) by
monamine oxidase (MAO) and then secreted into the bloodstream [1]. A summary of the
synthesis and metabolism of NA is depicted in Figure 4.1. Excess NA or the metabolites,
DOPA, DOPAC and DHPG, found in the circulation is indicative of sympathetic activity. In
the setting of stroke, patients were found to have an increased levels of plasma NA [120, 122],
suggestive of SNS hyperactivity. Excessive levels of circulating NA may have further cardiac
and immunological implications in various organs in the periphery (as outlined in Chapter 1).

Once in the periphery, NA can act on the adrenergic receptors: a1, a2, B1, B2 and B3. Of
the five main adrenergic receptors, adrenergic receptor 32 (Adrb2) is the most widely expressed
on immune cells [4]. Findings from various preclinical studies suggest activation of Adrb2 on
immune cells leads to immunosuppressive effects. Specifically, Adrb2 activation on immune
cells has been shown to inhibit respiratory burst in neutrophils [34], interleukin (IL-)-8
production by monocytes [123] and modulate regulatory T cell apoptosis [124]. The activation
of B-adrenergic receptors on immune cells in the setting of experimental stroke was also shown
to contribute significantly to stroke-induced immunosuppression, including apoptosis of
lymphocytes [125], reduced IFN-y production, induction of alternatively activated (M2)
macrophages and down regulation of other pro-inflammatory cytokines [126]. The
administration of non-selective [-adrenergic receptor inhibitors (B-blockers) such a
propranolol (PPL) has also been demonstrated to reduce the immunosuppressive effects after
experimental stroke. For example, post-stroke mice administered PPL showed a sustained Th1l

response [125], no loss of marginal zone B cells and circulating IgM levels [127], preserved
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splenic atrophy [125, 128] and retained natural Killer (NK) antibacterial function [129], and
prevented the immunosuppressive functions of the INKT cell [72]. As a result, use of -
blockers has proven beneficial in reducing infection after experimental stroke.

Unfortunately, the translation of B-blockers for preventing infection in patients with
stroke yields mixed findings. While some retrospective clinical studies found that B-blocker
use was associated with reduced rates of infection and improved mortality rates [130, 131], a
larger portion of literature showed B-blockers did not improve the incidence of post-stroke
infection or patient outcomes [132, 133]. In fact, some studies report a positive association
between the use of B-blockers and the incidence of infection and risk of mortality in patients
with stroke [134]. This discrepancy between clinical studies may be due to the lack of clarity
as to whether selective or non-selective B-blockers were tested. This may be of importance as
it was recently reported that non-selective B-blockers was associated with increased infections,
while selective B-blockers had no effect [71].

With these conflicting reports, the relationship between SNS dysregulation and
systemic NA release on [-adrenergic receptor activation and post-stroke infection requires
further elucidation. We hypothesise a mechanism underlying post-stroke immunosuppression
is the hyperactivation of the SNS, resulting in increased NA release in the periphery to allow
for systemic activation of B-adrenergic receptors on immune cells. We propose the interaction
between NA with its receptor contributes to functional suppression in host antibacterial
immunity and increases susceptibility to infection after stroke. Furthermore, due to the
immunosuppressive role of the Adrb2 in other disease models, we suggest that the classic
hallmarks of impaired immunity after stroke is primarily driven by this receptor. Therefore, in
this chapter, we measure SNS activity by quantifying plasma catecholamines in acute
timepoints following stroke. Additionally, we determine the degree in which the B-ARs and

specifically the Adrb2 are responsible for post-stroke infection.
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Methods
Mice

Wildtype (WT) male mice (C57BI/6J) mice were used as described in Chapter 2. For
experiments using knockout mice, male Adrb2” (JAX laboratories) mice were bred on a
C57BI/6J background for 10 generations. The genotype of Adrb2”-mice was confirmed by the
genotyping facilities from Transnetyx. All procedures were approved by the Monash Medical
Centre Animal Ethics Committee (MMCB/2016/10, Monash Medical Centre, Clayton,
Victoria, Australia). Animals were randomly assigned to the experimental groups to prevent
selection bias. All animals had access to water and food ad libitum, maintained in temperature-
controlled rooms under a 12 h light-dark cycle and allowed to acclimatise for at least 7 days

before experimentation.

B-blocking treatments

For experiments using PPL (Sigma-Aldrich), mice were treated with 30 mg/kg at O h,
4 h, and 8 h after surgery via intraperitoneal. injection. For experiments using ICI-118551
(Sigma-Aldrich), mice were treated with 1 mg/kg at O h, 4 h and 8 h after surgery via i.p.
injection. The dosage for PPL and ICI-118551 were obtained from previous publications [72,

135]. Saline injections in separate mice were used as a control group for comparison.

Plasma collection and circulating catecholamine analysis

In naive mice or following 15 min, 30 min, 60 min and 3 h after stroke or sham surgery,
whole blood was taken from mice via cardiac puncture and immediately transferred into tubes
containing 20 pl of 250 mM egtazic acid (EGTA) and 100 mM glutathione. Samples were

centrifuged for 10 min at 220 x g at 4°C for plasma collection and stored at -80°C until
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catecholamine quantification. Plasma catecholamines were extracted and quantified as
previously described [136, 137]. Briefly, plasma was placed in 0.5 ml of 0.4 M perchloric acid
containing 0.01% EDTA with 3,4-dihydroxybenzylamine. Samples were centrifuged and
supernatant was collected. Catecholamines were extracted from the supernatant using alumina
adsorption, separated by high performance liquid chromatography, and quantified by

colorimetric detection.

List of other techniques used but previously described:
e 30 min, 60 min tMCAQ and pMCAO (pg 37)
e Brain infarct quantification (pg 37)
e Bacteriological analysis (pg 37)
e Enumeration of circulating leukocytes (pg 38)

e Statistical analysis (pg 40)
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Results

Plasma DA and NA increase at 3 h following severe stroke

For this study, we utilised the three experimental models developed in Chapter 3 to model
stroke severity: mild (30 min transient MCAO [tMCAO]); moderate (60 min tMCAO); and
severe (permanent MCAO [pMCAQ]). To investigate the effect of stroke on the SNS, we firstly
quantified the levels of circulating NA, as well as other catecholamines involved in NA
generation and metabolism at 15 min, 30 min, 60 min and 3 h following induction of the 3
models of stroke. The catecholamines measured were DOPA (Figure 4.2), DA (Figure 4.3),
DOPAC (Figure 4.4), NA (Figure 4.5), AD (Figure 4.6), and DHPG (Figure 4.7).

In the first 3 h following stroke, plasma DOPA remain unchanged compared to sham
and naive animals (Figure 4.2A-E). Similarly, stroke induction did not significantly alter DA
concentrations in plasma at 15 min, 30 min and 60 min (Figure 4.3A-D) in comparison to sham
mice. In contrast, a drastic increase in plasma DA was observed at 3 h following pMCAO
compared to mild and moderate stroke groups, as well as to sham mice (Figure 4.3E). This
significant elevation of DA at 3 h post-pMCAQO may impact on the production of its
downstream metabolites, DOPAC and NA. While levels of plasma DOPAC remain unchanged
after stroke compared to sham at all timepoints (Figure 4.4B-D), a change in NA concentration
was observed. Specifically, NA levels was only elevated at 3 h in mice that underwent pMCAQO
in comparison to mice that underwent sham and, 30 min and 60 min tMCAO surgery (Figure
4.5B-E). This data suggests that DA is primarily converted in NA and not DOPAC in mice that
underwent pMCAO. Despite the rise of circulating NA after 3 h post-pMCAO, the levels of its
metabolites, AD (Figure 4.6B-E) and DHPG (Figure 4.7B-E) in the plasma were not changed

compared to sham treatment.
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Non-selective B-adrenergic receptor blocking does not reduce post-stroke infection
following severe stroke

Circulating NA only represents approximately 5-10% of total NA released from nerve
endings [138]. Additionally, the peak of NA release may occur before 15 min or after 3 h post-
stroke, which was not assessed. Nonetheless, with the hypothesis that NA induces
immunosuppression and susceptibility to infection via B-adrenergic receptor activation after
stroke, we examined the effectiveness of inhibiting B-adrenergic receptors non-selectively with
PPL in reducing post-stroke lung infection. We also examined the impact of PPL treatment on
hallmarks of immune suppression in mice that underwent pMCAO. In mice that underwent
pPMCAO and treated with saline, spontaneous lung infection was evident at 1 day following
surgery (Figure 4.8A). However, unlike previous reports that showed PPL was effective in
reducing post-stroke infection in mild to moderate models of stroke [72, 125], post-stroke
treatment with PPL could not reduce the frequency or degree of infection following the more
severe pMCAO (Figure 4.8A). Post-stroke immunosuppression has been previously
characterised by a loss of circulating leukocytes and spleen cellularity [117, 125, 139]. While
circulating leukocytes (Figure 4.8B) and spleen weight (Figure 4.8C) decreased in mice that
underwent pMCAO with saline treatment compared to sham mice treated with saline, PPL
treatment could not rescue or improve these characteristics of immunosuppression. These
findings suggest that blockade of f-adrenergic receptors with non-selective inhibitors cannot

reduce post-stroke infection in a severe model of ischemic stroke.

Inhibiting Adrb2 reduces infection following moderate but not severe stroke
The leading hypothesis by which post-stroke immunosuppression and infection occurs

is through activation of B-adrenergic receptors on immune cells. To test the role of the Adrb2
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in post-stroke infection, we treated post-stroke mice with the selective Adrb2 antagonist, ICI-
118551. While saline-treated stroke mice presented with higher bacterial lung infection
compared to sham mice as expected, ICI-118551 treatment could not reduce the levels of
bacteria presented in the lung following pMCAQO (Figure 4.9A). Similarly, mice that
underwent pMCAO regardless of ICI-118551 or saline treatment, had reduced circulating
leukocytes compared to sham (Figure 4.9B). Interestingly, ICI-118551 was effective at
preventing a loss in spleen weight initiated by stroke when compared to sham (Figure 4.9C).
Overall, this suggests specific pharmacological blockade of Adrb2 immediately following
stroke onset cannot reduce infection following severe stroke.

The administration of PB-blockers has previously been shown to reduce infection
following moderate experimental stroke [72, 125]. Therefore, we next tested whether the
efficacy of Adrb2 blockers is dependent on stroke severity by administering 1CI1-118551 to
mice that underwent a moderate stroke (60 min tMCAOQ). In contrast to previous reports, while
there was prominent lung infection in saline-treated mice that underwent 60 min tMCAQO
compared to sham, ICI-118551 treatment could not reduce infection (Figure 4.10A).
Furthermore, there were no changes to circulating leukocyte numbers (Figure 4.10B) or spleen
sizes (Figure 4.10C) between treatment groups. Due to our finding that -blockers (PPL) do
not reduce post-stroke infection following severe stroke (Figure 4.8), we next determined
whether the effectiveness of ICI-118551 was impacted by stroke severity. When we compared
ICI-118551-treated mice that underwent pMCAO to ICI-118551-treated mice that underwent
60 min MCAQO, lung infection was significantly reduced (Figure 4.11A). ICI-118551 treatment
could also prevent the loss of circulating leukocytes after 60 min tMCAQO, compared to the
pMCAO counterpart (Figure 4.11B). No changes to spleen sizes were detected between 60
min tMCAOQO surgery mice versus pMCAO surgery mice that were treated with 1CI-118551

(Figure 4.11C).
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Deficiency of Adrb2 does not alter post-stroke infection

To further interrogate the role of Adrb2 on post-stroke infection, we utilised Adrb2
deficient mice and performed 60 min tMCAO. Similar to previous findings, spontaneous lung
infection was detected in WT mice that underwent 60 min tMCAQ compared to sham (Figure
4.12A). Interestingly, this was not accompanied by the hallmark signs of post-stroke
immunosuppression as there were no changes to circulating leukocyte numbers (Figure 4.12B)
or spleen weight (Figure 4.12C) between sham-operated and post-stroke WT mice. Similarly,
mice with Adrb2 deficiency had similar levels of lung infection following 60 min tMCAO in
comparison to their stroke WT counterpart (Figure 4.12A). Between Adrb2 deficient mice that
underwent sham or 60 min tMCAOQO, there were no changes to circulating leukocyte levels
(Figure 4.12B). Additionally, there were also no statistically significant differences in
circulating leukocyte count between WT and Adrb2 deficient mice that underwent 60 min
tMCAO (Figure 4.12B). Spleen sizes decreased in Adrb2 deficient mice that underwent 60
min tMCAO in comparison to its sham counterpart, however this was not different in
comparison to WT mice that underwent 60 min tMCAOQO (Figure 4.12C). Overall, these
findings suggest that the inherent lack of Adrb2 does not alter the susceptibility to post-stroke

infection.
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Discussion

Infection after stroke has traditionally been associated with precipitants such as
aspiration, indwelling catheters, immobility, or other health comorbidities [140]. Although
these factors may play a role, more recent evidence suggests stroke results in impairment of
the immune system that can additionally contribute to post-stroke infection. Indeed, the loss of
leukocytes in the blood and macroscopic shrinking of the spleen has been shown by us and
others as an indicator of post-stroke immunosuppression in both clinical and experimental
stroke settings [117, 125, 139, 141]. There is also evidence of impaired antibacterial immune
cell function after stroke, including reduced expression of major histocompatibility complex
(MHC) class Il and interferon-y (IFN-y) release by macrophages from animals and humans
with stroke [142, 143]. In addition, there are reports of reduced NK cell killing function [129],
and loss of marginal zone B cells and circulating IgM in post-stroke mice [127]. While post-
stroke immunosuppression is apparent, the mechanisms in which this occurs is unclear. A better
understanding of the underlying mechanisms will help reveal new therapeutic targets aimed at

reversing this impairment to reduce the rate of infection after stroke.

Findings from a number of clinical and preclinical studies indicate SNS is an important
modulator of immune responses after stroke. Given that plasma NA and other catecholamines
are elevated in patients with stroke [122, 127, 144], the notion of NA-mediated post-stroke
immunosuppression is a possibility. In fact, elevated plasma NA was associated with reduced
MHC expression and greater susceptibility to post-stroke infection in patients [145]. While,
NA is known to be an agonist of all adrenergic receptors (and is in fact a more potent agonist
of the o adrenergic receptors), the Adrb2 is predominantly expressed by immune cells and
activation of the Adrb2 has been better associated with immunosuppression than the o

adrenergic receptors [4]. In experimental studies, many have attempted to show the
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involvement of the Adrb2 using B-receptor antagonists (PPL) or ablation of NA-producing
sympathetic neurons (6-hydroxydopamine [6-OHDA]) [72, 125, 127, 129]. Administration of
[B-receptor agonists or ablating sympathetic neurons have proven effective in reversing some
of the immunosuppressed phenotype (such as reduced spleen cellularity and loss of circulating
leukocytes) seen following stroke to suggest the role of the SNS [72, 125, 128, 141]. Despite
this, efficacy of using B-blocker use to reduce post-stroke infection in patient cohorts has been
controversial [71, 130, 132-134]. The discrepancy in findings may be due to the lack of
stratifying patients to stroke severity. Therefore, in this chapter, we have designed experiments
to examine i) the level of circulating NA and its metabolites following various models of stroke,
ii) the effectiveness of adrenergic receptor inhibitors in reducing infection after either a
moderate or severe model of stroke, and iii) the role of the Adrb2 in immunosuppression and
risk to infection after stroke.

In comparison to mice that underwent sham surgery, there were no changes to the
plasma catecholamines DOPA, DOPAC, ADR, and DHPG within the first 3 h after the various
models of ischemic stroke. Only at the 3 h timepoint were elevations in plasma DA and NA
detected following severe stroke when compared to mild and moderate severities of stroke.
There may be a multitude of reasons as to why a more pronounced elevation in plasma
catecholamines was not seen in our experiments. Firstly, 3 h post-stroke may be too acute for
SNS dysregulation to be detected in the circulation. Indeed, one study showed plasma NA was
elevated at 5 h following experimental stroke [146], while others only show an elevation after
the first day after stroke in patients [121, 144]. This suggests that catecholamine release is a
dynamic process that is continuously regulated and that the increase in catecholamines may
only be detected after 3 h following cerebral ischemia. Secondly, plasma NA may not be a
good indicator of SNS activation. The concentration of NA in the plasma is dependent on the

rate of release and the rate of removal from the plasma whereby reduced removal of NA from
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the plasma can increase detection of plasma NA without a change in SNS activity [1]. The
contrary may also occur, where despite an increase in SNS activity in certain organs, an
increase in NA uptake by various cells in respective organs would lead to no change in plasma
NA. Furthermore, plasma NA only represents up to 10% of all NA produced by sympathetic
nerve endings and therefore is not fully representative of SNS activity [1, 138, 147]. Lastly,
while measuring plasma NA is relatively simple, the half-life of NA is short (approx. 2 min)
and the sensitivity and reproducibility of NA detection assays are low [147-149]. Therefore,
caution is required for the interpretation and implications of these findings as the relationship
between plasma NA on SNS activity is complex [1].

New methods of measuring SNS activity are required, especially to measure changes
to SNS activity in various organs due to the deep innervation of sympathetic neurons in major
immune sites. A recent study established a protocol for imaging catecholamine uptake by
cardiomyocytes in healthy volunteers [150]. This study used two radioactively tagged
analogues of catecholamines that were safe for administration into humans and were detectable
using positron emission tomography (PET) scanning. Future experiments that delineate the
effect of stroke on the SNS may also consider measuring the levels of enzymes involved in NA
generation and metabolism to provide further supporting evidence of potential SNS
dysregulation. Measuring the changes to NA uptake or enzymes involved in NA biosynthesis
at sites of infection (i.e. lung) may be of importance to indicate whether SNS hyperactivation
correlate with immune impairment in these organs.

To overcome the shortcomings of measuring plasma NA, we next tested the efficacy of
B-blockers in reducing post-stroke infection. The use of PPL, a non-selective p-blocker, in
experimental models of stroke has previously proven to reduce post-stroke infection [72, 125].
However, the majority of studies explored this in a mild or moderate severity of stroke

(equivalent to the 30 or 60 min tMCAO models used in this study). Here, we showed that PPL
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was unable to reduce post-stroke infection in a severe model of stroke, suggesting that [3-
adrenergic receptor activation is not the primary driver of SNS-mediated immunosuppression
and that alternative mechanisms are in play. More importantly, the non-reperfused nature of
pPMCAO is more reflective of the clinical settings whereby less than 15% of patients with stroke
receive thrombolytic or thrombectomy interventions [151].

Past studies indicate that the susceptibility to post-stroke infection is also contributed
by immune exhaustion, whereby overstimulation of immunity in the few hours after stroke
leads to exhaustion of immune cells by 24 h after stroke [152]. Immune exhaustion following
stroke is initiated by release of high-mobility group box 1 (HMGB1) from dying neurons in
the ischemic core of the brain. HMGB1 can then escape into the periphery to act on receptors
for advanced glycation end products (RAGES) on monocytes in the bone marrow and spleen.
This activation of monocytes promotes a strong production of proinflammatory cytokines, such
as tumour necrosis factor (TNF)-a, IL-1B, and IL-6, and induces a “sickness behaviour”
phenotype in post-stroke mice. Additionally, HMGB1 promotes proliferation of
immunosuppressive bone marrow-derived monocytes that reduces T cell immunity [152].

Additional mechanisms of post-stroke infection is the breakdown of intestinal barriers
that allow for the dissemination of gut-derived bacteria to peripheral tissues (such as the lung)
[153]. The loss of epithelial tight junction proteins in the colon may be mediated by increased
levels of colonic TNF-a, especially in aged post-stroke animals [154]. We suggest that in the
case of a mild-moderate stroke, -adrenergic receptor activation by catecholamines is primarily
responsible for post-stroke immunosuppression, however, as severity of stroke worsens, other
mechanisms of post-stroke infection come into play to cause infection. This notion is supported
by the results of our experiments into our experiments examining the effectiveness of the
selective Adrb2 antagonist, 1CI-118551, in reducing post-stroke infection. We showed that

Adrb2 antagonism could reduce post-stroke infection after a model of moderate stroke, but not
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after a model of severe stroke. Therefore, a complex interplay of multiple biological systems
is likely to be at play in the event of a severe stroke, and thus blockade or manipulation of
multiple pathways may be needed to reverse post-stroke immunosuppression.

We next aimed to further elucidate the role of the Adrb2 in post-stroke infection using
Adrb2 deficient mice. Previous studies exploring Adrb2 deficiency utilised mice in mixed
genetic backgrounds. We overcame this by backcrossing the strain to C57BI/6J mice for over
10 generations. In our study, Adrb2 deficiency did not alter the rate of infection and therefore
suggests that the Adrb2 is not single-handedly involved in the susceptibility to post-stroke
infection. In a prospective study, the use of non-selective B-blockers versus the use of
adrenergic receptor B1 (Adrbl) within the first 3 days following admission on post-stroke
infection was explored [71]. This study reported that the use of non-selective B-blockers was
associated with increased infections, while use of Adrb1 antagonists did not have an association
with infection. As such, authors suggest that the increased association of infection with non-
selective B-blocker use was mediated by blocking Adrb2 [71], although our present findings
do not support this. However, in our study, data involving the Adrb2 deficient mice should be
interpreted with caution. The inherent lack of Adrb2 signalling pathway in these mice may
have an impact on findings. Furthermore, previous reports of overexpression of B1- and Ps-
adrenergic receptors in brown adipose tissue in Adrb2 KO mice [155] are suggestive of
compensatory mechanisms by other adrenergic receptors in the absence of Adrb2.

To better understand the impact of stroke on Adrb2 signalling and immunosuppression,
ICI-118551 was administered during and following stroke. ICI-118551 treatment has been
previously reported to partially reduce post-stroke immunosuppression by sustaining
lymphocyte production of IFN-y [139]. Importantly, the remainder of the immunosuppressive
symptoms could be explained by activation of the hypothalamic-pituitary-adrenal (HPA) axis

in that study [139]. The HPA axis works in tandem with the SNS in response to stress to
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produce glucocorticoids in response to production of adrenocorticotropic hormone.
Glucocorticoid blockade after experimental stroke could prevent the loss of T lymphocytes in
the blood and preserve spleen size [139]. Furthermore, a combination treatment of -receptor
antagonists and glucocorticoid receptor antagonist was superior in preventing splenic atrophy
and NK cell death compared to B-receptor antagonist or glucocorticoid receptor antagonist
alone. Therefore, this highlights the role for the HPA axis in post-stroke infection and is likely
that HPA axis and SNS activation both collaborate to contribute to post-stroke
immunosuppression.

The role of NA and activation of the Adrb2 still requires further study. The
experimental approach we took was blockade of adrenergic receptors, while the
supplementation of SNS metabolites, such as NA, has yet to be explored in the context of
infection after stroke. The administration of NA would require osmotic pumps to allow for
small and sustained doses of NA throughout the experimental timepoints. Surgical insertion of
osmotic pumps containing NA following mild stroke surgery could be used to model SNS
dysregulation that typically would be seen only following a severe stroke. Then, examining the
bacterial load in the lung of stroke mice treated with saline against stroke mice treated with NA
may answer whether NA mediates post-stroke infection. Similar experiments could be
performed using selective -receptor agonists, such as isoprenaline, to explore the role of the
B-receptors in post-stroke immunosuppression. Additionally, imaging of catecholamine uptake
in various organs after stroke may also be achievable using PET and radioactively labelled
catecholamines to allow for analysis in experimental and clinical stroke [150]. The uptake of
catecholamines by immune cells in the lung would be of particular interest as this may offer a
reason as to why lung infection is the most common type of infection in post-stroke animals as
well as in patients with stroke. Overall, the mechanisms to post-stroke infection are clearly

complex, multifaceted and may influence one another. Therefore, there is value in
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simultaneously exploring these processes (which may include immune exhaustion, gut barrier
breakdown, and autonomic dysfunction) for a better understanding of the mechanisms to post-

stroke infection.
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Figure 4.1 Generation and metabolism of catecholamines by sympathetic nerve

endings

Circulating tyrosine (TYR) enters the sympathetic nerve ending and is converted into
3,4-dihydroxyphenylalanine (DOPA) by tyrosine hydroxylase (TH). The enzyme L-
aromatic-amino acid decarboxylase (LAAAD) then converts DOPA into dopamine
(DA), while excess DOPA are release into the bloodstream. Next, DA is either convert
by monamine oxidase (MAO) into dihydroxyphenylacetic acid (DOPAC) to be released
into the bloodstream or transported into endosomes for conversion by dopamine-3-
hydroxylase (DBH) into noradrenaline (NA) and transported out of the cell. The release
out of sympathetic neurons allows NA to either interact with adrenergic receptors on
other cell types, escape into the periphery, convert into adrenaline (AD) by
phenylethanolamine N-methyltransferase (PNMT), or re-enter the neuronal cell. Here,
NA converts into dihydroxyphenylglycol (DHPG) by MAO for release into the
bloodstream (A). A simplified depiction of NA generation and metabolism is also
depicted (B). Figure adapted from [1].
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Figure 4.2 Plasma 3,4-dihydroxyphenylalanine (DOPA) within the first 3 h after

stroke are unchanged.

Whole blood from post-stroke mice were added to tubes containing EGTA and
centrifuged for plasma collection. Plasma was stored at -80°C until analysis of
catecholamines via HPLC. Following SNS activation, DOPA is the first catecholamine
that is converted from circulating tyrosine in the nerve endings (A). Plasma DOPA was
measured at 15 min (B), 30 min (C), 60 min (D), and 3 h (E) post-surgery. Data are
represented as mean + SEM, n=3 mice per group in 15 min, 30 min and 60 min
timepoints and n=6 for 3 h timepoints, one-way ANOVA with multiple comparisons.
Dotted lines denote levels of plasma DOPA in naive mice. Abbreviations: DOPA, 3,4-
dihydroxyphenylalanine; DA, dopamine; DOPAC, dihydroxyphenylacetic acid; NA,
noradrenaline; AD, adrenaline; DHPG, dihydroxyphenylglycol.
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Figure 4.3 Plasma dopamine (DA) is elevated at 3 h after severe stroke.

Whole blood from post-stroke mice were added to tubes containing EGTA and
centrifuged for plasma collection. Plasma was collected from whole blood and stored
at -80°C until analysis of catecholamines via HPLC. DOPA is converted into DA in the
catecholamine synthesis pathway (A). Plasma DA was measured at 15 min (B), 30
min (C), 60 min (D), and 3 h (E) post-surgery. Data are represented as mean + SEM,
n=3 mice per group in 15 min, 30 min and 60 min timepoints and n=6 for 3 h timepoints,
*p<0.05, **p<0.01, one-way ANOVA with multiple comparisons. Dotted lines denote
levels of plasma DA in naive mice. Abbreviations: DOPA, 3,4-dihydroxyphenylalanine;
DA, dopamine; DOPAC, dihydroxyphenylacetic acid; NA, noradrenaline; AD,
adrenaline; DHPG, dihydroxyphenylglycol.
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Figure 4.4 Changes to plasma dihydroxyphenylacetic acid (DOPAC) within the

first 3 h after stroke.

Whole blood from post-stroke mice were added to tubes containing EGTA and
centrifuged for plasma collection. Plasma was collected from whole blood and stored
at -80°C until analysis of catecholamines via HPLC. In the catecholamine synthesis
pathway, DA can be metabolised into DOPAC or noradrenaline (NA) (A). Plasma
DOPAC was measured at 15 min (B), 30 min (C), 60 min (D), and 3 h (E) post-surgery.
Data are represented as mean + SEM, n=3 mice per group in 15 min, 30 min and 60
min timepoints and n=6 for 3 h timepoints, one-way ANOVA with multiple comparisons,
where $p<0.05, %8p<0.01 and 58p<0.001 in comparison to plasma DOPAC in naive
mice (denoted by dotted lines). Abbreviations: DOPA, 3,4-dihydroxyphenylalanine;
DA, dopamine; DOPAC, dihydroxyphenylacetic acid; NA, noradrenaline; AD,
adrenaline; DHPG, dihydroxyphenylglycol.

Page | 89



(9]

Plasma NA (pg/ml)

O

Plasma NA (pg/ml)

DOPA —— DA DHPG

DOPAC AD

15 min C 30 min
15000+ 15000~
E
10000 g 100004
<
4
©
5000- v % 50007
e B g ;
N el e T
Sham 30min 60min pMCAO Sham 30min 60 min pMCAO
{MCAO  tMCAO tMCAO tMCAO
60 min E 3h
15000+ 15000+ p=0.0793
*
= *
10000+ g 10000 ¢
<
=z
£
7 5000+ e
o S v J_
J |v¥l. ............ SR Pt
0 L T T :I‘
Sham 30min 60 min pMCAO ; ;
IMCAO  IMCAO Sham 30 min 60 min pMCAO

tMCAO tMCAO

Page | 90



Figure 4.5 Plasma noradrenaline (NA) is elevated at 3 h following severe stroke.

Whole blood from post-stroke mice were added to tubes containing EGTA and
centrifuged for plasma collection. Plasma was collected from whole blood and stored
at -80°C until analysis of catecholamines via HPLC. In the catecholamine synthesis
pathway, DA is predominantly converted into NA (A). Plasma NA was measured at 15
min (B), 30 min (C), 60 min (D), and 3 h (E) post-surgery. Data are represented as
mean + SEM, n=3 mice per group in 15 min, 30 min and 60 min timepoints and n=6
for 3 h timepoints, one-way ANOVA with multiple comparisons. Dotted lines denote
levels of plasma NA in naive mice. Abbreviations: DOPA, 3,4-dihydroxyphenylalanine;
DA, dopamine; DOPAC, dihydroxyphenylacetic acid; NA, noradrenaline; AD,
adrenaline; DHPG, dihydroxyphenylglycol.
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Figure 4.6 Plasma adrenaline (AD) is unchanged within the first 3 h after stroke.

Whole blood from post-stroke mice were added to tubes containing EGTA and
centrifuged for plasma collection. Plasma was collected from whole blood and stored
at -80°C until analysis of catecholamines via HPLC. In the catecholamine synthesis
pathway, NA is can be converted into AD (A). Plasma AD was measured at 15 min
(B), 30 min (C), 60 min (D), and 3 h (E) post-surgery. Data are represented as mean
+ SEM, n=3 mice per group in 15 min, 30 min and 60 min timepoints and n=6 for 3 h
timepoints, one-way ANOVA with multiple comparisons. Dotted lines denote levels of
plasma AD in naive mice. Abbreviations: DOPA, 3,4-dihydroxyphenylalanine; DA,
dopamine; DOPAC, dihydroxyphenylacetic acid; NA, noradrenaline; AD, adrenaline;
DHPG, dihydroxyphenylglycol.
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Figure 4.7 Plasma dihydroxyphenylglycol (DHPG) is unchanged within the first

3 h after stroke.

Whole blood from post-stroke mice were added to tubes containing EGTA and
centrifuged for plasma collection. Plasma was collected from whole blood and stored
at -80°C until analysis of catecholamines via HPLC. In the catecholamine synthesis
pathway, NA is can be converted into DHPG (A). Plasma DHPG was measured at 15
min (B), 30 min (C), 60 min (D), and 3 h (E) post-surgery. Data are represented as
mean + SEM, n=3 mice per group in 15 min, 30 min and 60 min timepoints and n=6
for 3 h timepoints, one-way ANOVA with multiple comparisons where $p<0.05,
88p<0.01 and %8p<0.001 in comparison to plasma DHPG in naive mice (denoted by
dotted lines). Abbreviations: DOPA, 3,4-dihydroxyphenylalanine; DA, dopamine;
DOPAC, dihydroxyphenylacetic acid; NA, noradrenaline; AD, adrenaline; DHPG,
dihydroxyphenylglycol.
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Figure 4.8 Non-selective inhibition of B-adrenergic receptors with PPL does not

improve post-stroke infection after severe experimental stroke.

Mice that underwent pMCAO or sham surgery were treated with saline or PPL
(30mg/kg) at 0 h, 4 h and 8 h following surgery. At 24 h after surgery, mice were
humanely euthanised, where lungs were collected for bacterial analysis (A), circulating
leukocyte count was enumerated in whole blood (B), and spleen weights recorded (C).
Data are presented as mean + SEM, where n=6 and *p<0.05, **p>0.01, ****p>0.0001,
one-way ANOVA for normally distributed data or Kruskal-Wallis test for bacteriological

analysis.

Page | 96



**x% =
108 4x105- p=0.0607
A
n [ ]
5
g 10 - ——
g 4 | A -8 3x10°1 . u R
= 10 o A
2 o5 A 2 *e -+
51 n E 2¢10°% _=_
S 102 2 * - -
[ 8 1x1064 - N
O 10t u 4
0 — A 0 T T T
Sham pMCAO pMCAO Sham pMCAO pMCAO
+1ClI + Sal +ICI +1ClI + Sal +IClI
80- x
— A, A
? 70 ° 4
~ [ X )
= (X
f,, 60 - [
g : e
= 50+ d L} A
g [ ] A A
= i | |
(% 40
30 T T T
Sham pMCAO pMCAO
+1Cl + Sal +1Cl

Figure 4.9 Specific Adrb2 antagonism does not prevent infection after severe

stroke.

Mice underwent pMCAO or sham surgery and were treated with ICI-118551 (ICI)
(Img/kg) or saline at O h, 4 h, and 8 h after surgery. At 24 h after surgery, mice were
humanely euthanised, where lungs were collected for bacterial analysis (A), circulating
leukocyte count was enumerated in whole blood (B), and spleen weights recorded (C).
Data are presented as mean = SEM, where n=6 where *p<0.05, ***p>0.001 using a

one-way ANOVA for normally distributed data or Kruskal-Wallis test for bacteriological

analysis.
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Figure 4.10 Specific Adrb2 antagonism does not prevent infection after

moderate stroke.

Mice underwent 60 min tMCAO or sham surgery and were treated with 1CI-118551
(ICI) (1mg/kg) or saline at 0 h, 4 h, and 8 h after surgery. At 24 h after surgery, mice
were humanely euthanised, where lungs were collected for bacterial analysis (A),
circulating leukocyte count was enumerated in whole blood (B), and spleen weights
recorded (C). Data are presented as mean + SEM, where n=6, one-way ANOVA for

normally distributed data or Kruskal-Wallis test for bacteriological analysis.
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Figure 4.11 Specific Adrb2 antagonism reduces infection after moderate stroke

in comparison to severe stroke.

Mice underwent stroke (pPMCAO or 60 min tMCAOQ) or sham surgery and were treated
with 1CI-118551 (ICI) (1mg/kg) at O h, 4 h, and 8 h after surgery. At 24 h after surgery,
mice were humanely euthanised, where lungs were collected for bacterial analysis (A),
circulating leukocyte count was enumerated in whole blood (B), and spleen weights
recorded (C). Data are presented as mean + SEM, where n=6 and *p<0.05, ***p>0.001
using one-way ANOVA for normally distributed data or Kruskal-Wallis test for
bacteriological analysis. Data presented here are were obtained from Figures 4.9 and
4.10.
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Figure 4.12 Deficiency of Adrb2 does not protect from post-stroke infection.

Wildtype (WT) or Adrb2 deficient (Adrb2 KO) mice underwent 60 min tMCAO or sham
surgery. At 24 h following surgery, mice were humanely euthanised, where lungs were
collected for bacteriological analysis (A), circulating leukocytes enumerated (B), and
spleen weights recorded (C). Data are presented as mean + SEM, where n=5 for
experiments using Adrb2 KO mice where n25, **p>0.01, one-way ANOVA for normally

distributed data or Kruskal-Wallis test for bacteriological analysis.
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Chapter Five

Targeting INKT cells for treatment of

post-stroke infection
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Introduction

Currently, the gold-standard treatment for post-stroke infection is the administration of
antibiotics. However, various clinical studies have shown that therapeutic use of antibiotics
cannot improve patient outcome [156]. This initiated interest in preventive antibiotic therapy
(PAT) as an alternative solution to prevent infections after stroke. Early experimental studies
showed that PAT reduced the development of infections and fever, and significantly reduced
mortality in post-stroke animals [157, 158]. However, as described in Chapter 1, these
beneficial effects of PAT did not translate in clinical trials because of two major issues: 1) PAT
did not reduce the incidence of post-stroke pneumonia, and 2) PAT did not improve patient
outcome [140, 159-163]. Therefore, with the failure of PAT along with the looming threat of
antibiotic resistance, alternative therapeutics to reduce post-stroke infection are urgently
required.

Research in the past decade has focused on elucidating the underlying mechanisms of post-
stroke infection in order to identify opportunities for therapeutic intervention. Causative
mechanisms to post-stroke infection has been traditionally associated with direct entering of
pathogens to sites of infection (i.e. lung) via means such as aspiration and use of gastric tubing
[164-166]. It is now understood that reduced immunity after stroke increases the risk of
infection, although few studies have integrated the underlying mechanisms. It is likely the
mechanisms are dependent on a multitude of dynamic processes that create difficulties in the
discovery of targeted treatments and therapeutics to prevent or reduce post-stroke infection
[167, 168]. Nevertheless, we have previously identified that invariant natural killer T (iNKT)
cells in the liver mediates systemic post-stroke immunosuppression, resulting in greater
susceptibility to infection [72]. Therefore, therapeutic targeting of the INKT cell may present

as a viable option to reverse post-stroke infection.
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The INKT cell (or type 1 NKT cell) is an innate-like T cell, characterised by the
expression of CD3 and a T cell receptor (TCR), which consists of a highly conserved a chain
encoded by the Ja/8 gene segment [76]. Unlike conventional T cells, iINKT cells recognise
glycolipid antigens presented on the non-polymorphic MHC-like complex, CD1d. Due to the
highly conserved nature of CD1d and the iINKT cell TCR across many animal species, iINKT
cells have been suggested to play an essential role in immunity [76]. Additionally, owing to
their ability to produce a vast array of immunomodulatory molecules, iINKT cells are capable
of activating or suppressing immunity and thus function as a master-regulator of immunity
[73].

The type of immunity induced by iNKT cells depend on their mode of activation. The
most well studied activator of iNKT cells is a-galactosylceramide (o-GalCer), which is
presented by CD1d on antigen presenting cells to the TCR of iINKT cells [90, 100]. Activation
of the iNKT cell via a-GalCer stimulates iNKT cells to produce copious amounts of interferon
(IFN-) y and interleukin- (IL-) 4 [80, 100]. However, IFN-y and IL-4 have conflicting roles in
immunity. In the current understanding of T-helper (Th) immunology, IFN-y facilitates a Thl
response, while simultaneously inhibiting the Th2 response. Conversely, IL-4 induces a Th2
response, while inhibiting a Thl response [87, 88]. Therefore, due to the contradictory effects
of IFN-y and IL-4 in immunity, there has been a large focus in controlling the type of immunity
elicited by the iINKT cell. Skewing iNKT cell responses to specifically induce either IFN-y or
IL-4 production can be achieved by altering the structure of a-GalCer [97, 99, 100, 104].
Indeed, the capacity of structural analogues of a-GalCer to polarise iINKT cell responses toward
either a Thl or Th2 response could have benefits in treating a wide range of diseases.
Furthermore, as a-GalCer treatment has shown to induce liver toxicity in mice [113], modified
compounds or analogues derived from a-GalCer may reduce this and therefore should be

considered.
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The INKT cells are predominantly found in the liver, where they comprise of
approximately 40% of hepatic lymphocytes in mice and up to 5% in humans [73, 75]. As such,
the function of INKT cells in models of inflammation, infection and injury have been most
widely explored in the liver [169, 170]. Indeed, previous work in our laboratory demonstrated
that hepatic INKT cells can remotely respond to distant brain injury within the first 4 h
following an experimental model of ischemic stroke [72]. This resulted in increased
intracellular IL-10 production by hepatic iNKT cells and spontaneous lung infection within 24
h post-stroke. These findings were reflected in the clinic as we could detect the activation of
circulating iINKT cells, which correlated with increased plasma IL-10 in a stroke severity-
dependent manner. Furthermore, this increase in IL-10 was exacerbated in patients with post-
stroke infection, suggesting the iINKT cells may mediate post-stroke immunosuppression via
IL-10 [109]. Furthermore, therapeutic administration of a-GalCer induced the production of
systemic IFN-y and a significant reduction of bacterial load within the lung after experimental
stroke [72] and demonstrates the potential of harnessing the INKT cell in reducing post-stroke
infection.

While immune suppression following stroke can be mediated by hepatic INKT cells, it
is unclear whether the same phenotype extends to INKT cells residing in other tissue
compartments. Of note, the immunological profile of lung INKT cells is of interest due to the
high frequency of fatal bacterial pneumonia in patients with stroke. In a healthy state, most
pulmonary iNKT cells in mice reside in the vasculature where they patrol for foreign antigen,
while a small population reside in the extravascular space [171]. Upon pulmonary infection
with Streptococcus pneumoniae, production and release of IFN-y by pulmonary iNKT cells
were critical for neutrophil-mediated clearance of bacteria in the lungs and survival of mice
[172]. This was dependent on CD1d presentation of glycolipids from S. pneumoniae and group

B Streptococcus to activate INKT cells to produce antibacterial IFN-y and IL-17, which
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promoted host protection [173]. Furthermore, the CD1d-dependent recruitment of neutrophils
into the extravascular space in-turn promotes migration of intravascular iINKT cells into the
alveoli via chemokine (C-C motif) ligand 17 (CCL17), which was required for bacterial
clearance [171]. Due to the high frequency of lung infection following stroke, there is a
requirement to explore the changes in INKT cell number and activation status in the lung.
Evidently, the role of pulmonary iINKT cells is important in lung immunity and defence
against bacterial infection. Therefore, in this chapter, we sought to elucidate the role of the
pulmonary iNKT cells in post-stroke infection to test the hypothesis that activation of
pulmonary INKT cells in this manner is immunosuppressive, thus impairs antibacterial
immunity in the lung, and leads to increased susceptibility to infection. In addition, we
examined the capacity to activate iNKT cells using a-GalCer as a therapeutic to reduce post-
stroke infection. Finally, we examined the efficacy of two a-GalCer analogues to enhance
immunity to protect from systemic infection and infection challenged after stroke, with the

hope of finding an effective alternative to a-GalCer with minimal adverse effects.
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Methods
Mice

Wildtype (WT) male mice (C57BI/6J) mice were used as described in chapter 2. For
experiments using iINKT cell deficient mice, male Ja18” (JAX laboratories) mice were bred
on a C57BI/6J background for 10 generations. The genotype was confirmed by the genotyping
facilities from Transnetyx. All procedures were approved by the Monash Medical Centre
Animal Ethics Committee (MMCB/2016/10, Monash Medical Centre, Clayton, Victoria,
Australia). Animals were randomly assigned to experimental groups to prevent selection bias.
All animals had access to water and food ad libitum, maintained in temperature-controlled

rooms under a 12 h light-dark cycle.

Treatments

For experiments involving glycolipid treatment, a-GalCer (KRN-7000; Kirin Brewery,
Gunma, Japan) and the synthetic o-GalCer analogues DBO06-9 and SKCO08-27 were
reconstituted in dimethyl sulfoxide (DMSO) at 1 mg/ml as stock. Analogues were designed
and synthesised by Steven A. Porcelli (Department of Microbiology and Immunology, Albert
Einstein College of Medicine, Bronx, New York, USA). The molecular structures of the
glycolipids are presented in Figure 5.1. Stock concentrations of glycolipids were diluted in
saline with Tween-20 for a final dosage of 2 ug (in 0.5% DMSO and 0.5% Tween 20) and
administered into mice via intraperitoneal injection. This dosage was obtained from previously
published data from our laboratory [72]. A vehicle control consisted of 0.5% DMSO and 0.5%
Tween-20 in saline. For experiments quantifying liver toxicity, a-GalCer, analogues or vehicle
was administered in naive WT mice and humanely euthanised after 24 h. For experiments

exploring the role of activating iNKT cells after stroke, a-GalCer, analogues or vehicle was
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administered into mice at 2 h following MCAO stroke surgery and humanely euthanised at 24
h after surgery for endpoint analysis.
Serum cytokine and alanine aminotransferase (ALT)

To obtain sera, mice were euthanised and whole blood was taken via cardiac puncture.
Blood was allowed to clot for 25 min at RT and centrifuged at 2.4 x g for 5 min for sera
collection. For lungs, the left lobe was homogenised in 700 pl of cOmplete, EDTA-free
Protease Inhibitor Cocktail (Sigma). Lung homogenates were centrifuged at 6000 x g for 10
min at 4°C. Sera and lung supernatant were collected and stored at -80°C until analysis. A
mouse IFN-y (AN-18) and IL-10 OptEIA ELISA set (BD Biosciences) were used as per
manufacturer’s protocol to quantify cytokine levels in the serum and lung. For assessment of

liver injury, ALT levels in the sera was determined by Monash Medical Centre Pathology.

Culturing bacteria and testing antibacterial immunity induced by a-GalCer analogues
A bacterial culture was prepared by inoculating 10 ml of Luria-Bertani (LB) broth with
non-pathogenic Escherichia coli and incubated at 37°C overnight on a shaker. From the
overnight culture, 1 ml was added to fresh LB broth and incubated for 2 h or until a
concentration of 3 x 108 CFU/ml was obtained. Bacteria were pelleted and resuspended in
saline and 3 x 107 CFU was intraperitoneally injected into mice. At 2 h following injection of
bacteria, a-GalCer, a-GalCer analogue or vehicle was administered. Mice were then humanely

euthanised at 8 h post-infection for collection of spleen and lung for bacteriological analysis.

List of other techniques used as described in chapter 2:
e 30 min, 60 min tMCAQO and pMCAO (pg 35)
e Preclinical MRI (pg 36)

e Brain infarct quantification (pg 37)
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Bacteriological analysis (pg 37)
Enumeration of circulating leukocytes (pg 38)
Flow cytometry of whole lung (pg 38)

Statistics (pg 40)
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Results

Role of pulmonary iNKT cells in the post-stroke lung

To investigate the effect of stroke on pulmonary iNKT cells, we performed flow
cytometry on lung tissue and analysed the number, activation, and cytokine production of iINKT
cells at 24 h following stroke. In this chapter, we used the three pre-established models of
MCAO to achieve strokes of varying severities by adjusting the time of arterial occlusion: 30
min tMCAO (mild model); 60 min tMCAO (moderate model); and pMCAO (severe model)
(as described in chapters 2 and 3). In chapter 3, we showed a significant reduction in numbers
of lymphocytes in the lung at 24 h following all 3 models of stroke. Despite this, there were no
changes in the number of pulmonary INKT cells after all severities of stroke (Figure 5.2A).
Although no change in INKT cell number was detected in the post-stroke lung, an alteration in
function may be possible. Thus, we examined the expression of CD69 to assess iINKT cell
activation and found an increase in the proportion of CD69" iINKT cells following all models
of stroke compared to sham-surgery control (Figure 5.2B). However, the activation of
pulmonary iINKT cell after stroke was not accompanied by changes in the production of IFN-

v (Figure 5.2C) and IL-10 (Figure 5.2D) by iNKT cells after all severities of stroke.

Deficiency of INKT cells prevents the loss of pulmonary lymphocytes

We next examined the role of iINKT cells in the host antibacterial defence at 24 h after
stroke. We achieved this by comparing the lung immune cell populations between WT and
Jo18 deficient mice, which we confirmed lack iNKT cells (Figure 5.3A). Wildtype and Ja18
deficient mice underwent the 60 min tMCAO model as no discernible changes were seen in
pulmonary iNKT cell number and function between stroke severities. In WT mice, there was a

reduced number of overall lymphocytes in the lung of mice that underwent 60 min tMCAO
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compared to mice that underwent sham surgery (Figure 5.3B). The loss of lymphocytes in the
lung of WT post-stroke mice was predominantly attributed to the significant loss of CD4* T
cells (Figure 5.3C), but not of CD8" T cells (Figure 5.3D) or B cells (Figure 5.3E). However,
this reduction in pulmonary lymphoid populations after stroke were not seen in Ja18 deficient
mice that underwent 60 min tMCAOQO compared to sham-operated Jo18 deficient mice (Figure
5.3B-E). Similar to the findings in chapter 3, there were no changes to number of CD11b* cells
(Figure 5.3F), neutrophils (Figure 5.3G) or monocytes (Figure 5.3H) in the lung of sham-
and 60 min tMCAO-operated mice for both WT and Jal8 deficient mice. These findings

suggest that iNKT cells play a role in reducing CD4" T cell abundance in the lung after stroke.

Mice deficient in INKT cells are not protected from post-stroke lung infection

Numerous clinical and experimental studies have provided evidence for systemic
changes after stroke, including reduced spleen cellularity and decreased circulating leukocytes
[117, 125, 128, 174]. Therefore, we investigated whether the lack of INKT cells alters these
parameters after stroke and whether Ja18 deficient mice are more protected from post-stroke
infection. Similar to previous findings, there was a reduction in spleen weights (Figure 5.4A)
and a loss of circulating leukocytes (Figure 5.4B) at 24 h post-stroke in WT mice that
underwent 60 min tMCAO when compared to sham-operated WT mice. This was associated
with spontaneous lung infection in these mice (Figure 5.4C). In Ja18 deficient mice, there was
no change in spleen weight between sham-operated animals and 60 min tMCAO-operated
animals (Figure 5.4A). It is noteworthy that, although there is a statistically significant
difference between sham-operated WT and Ja18 deficient mice, this is likely attributed to the
smaller size of Jal8 mice despite being age-matched. Nevertheless, the stroke-induced
reduction of spleen size in WT is not seen in Ja18 deficient mice, suggesting iNKT cells may

have a role in splenic atrophy after stroke (Figure 5.4A). In contrast to WT, circulating
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leukocyte numbers did not change in Jal8 deficient mice between sham and 60 min tMCAO
operated animals (Figure 5.4B) and may suggest that Jal8 deficient mice are less immune
compromised after stroke and therefore have reduced risk of infection. However, there was no
change in lung infection in Ja18 deficient mice that underwent 60 min tMCAO compared to
sham operated Ja18 deficient mice (Figure 5.4C). Importantly, deficiency of iINKT cells did
not alter the extent of cerebral infarction in post-stroke mice (Figure 5.4D). Overall, these data
suggest that INKT cells do not protect or exacerbate post-stroke lung infection. However, as
the abundance and function of INKT cells remain unchanged after stroke, there may be an
opportunity to stimulate iINKT cells to induce an antibacterial immunity to reduce post-stroke

infection.

Treatment of a-GalCer reduces post-stroke infection

A potent and specific activator of iNKT cells is a-GalCer [89]. To investigate whether
INKT cells can be stimulated to reduce post-stroke infection, we administered a single dose of
a-GalCer at 2 h post-stroke surgery and then assessed bacterial infection in the lung and other
immune parameters at 24 h following stroke onset (Figure 5.5A). In vehicle-treated mice, post-
stroke mice had a significantly increased presence of lung bacteria compared to sham-operated
mice (Figure 5.5B). This coincided with the characteristic signs of post-stroke
immunosuppression where spleen weights (Figure 5.5C) and circulating leukocyte numbers
(Figure 5.5D) decreased following 60 min tMCAO in vehicle-treated mice. Treatment with o-
GalCer in mice that underwent 60 min tMCAO could significantly reduce the presence of
bacteria in the lungs compared to its vehicle-treated counterpart. While a-GalCer treatment
could not prevent splenic atrophy after stroke, there was a significant decrease in spleen weight
in 60 min tMCAO mice compared to sham-surgery controls in the a-GalCer treatment groups

(Figure 5.5C). However, in stroke mice, a-GalCer treatment could significantly prevent the
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decrease in spleen weight when compared to vehicle treatment. (Figure 5.5C). In the
circulation, there was a significantly reduced number of circulating leukocytes in a-GalCer
treated sham-operated mice compared to its vehicle-treated counterpart (Figure 5.5D).
Furthermore, there was no significant difference in circulating leukocyte numbers in between
vehicle and a-GalCer-treated mice that underwent 60 min tMCAOQO (Figure 5.5D). In the
context of stroke, cerebral inflammation dictates the extent of brain infarction [114, 175-177].
Therefore, with immunomodulatory therapy in stroke, it is feasible that stimulation of
immunity may promote cerebral inflammation and exacerbate brain infarction. Here, we show
that there was no significant difference in infarct volume between vehicle and a-GalCer treated
mice after 60 min tMCAOQO (Figure 5.5E). Overall, these data suggest that a-GalCer can
significantly reduce the level of post-stroke lung infection and partially improve aspects of

stroke-induced immunosuppression without exacerbating cerebral injury.

a-GalCer induces pulmonary and systemic production of IFN-y

a-GalCer induces the robust production of IFN-y and therefore we assessed whether
reduced infection rates were associated with cytokines levels in the lung. In our sham-operated
animals, we confirmed that o-GalCer treatment increased lung IFN-y at 24 h post-stroke
(Figure 5.6A). However, IFN-y levels in the lung did not increase to the same extent in mice
that underwent 60 min tMCAO and treated with a-GalCer, and IFN-y levels remained similar
to that of vehicle-treated 60 min tMCAO-operated mice (Figure 5.6A). Despite the lack of
change in IFN-y levels in the lungs of a-GalCer-treated post-stroke mice, we examined whether
levels of IL-10 are reduced after a-GalCer treatment in post-stroke mice to possibly explain the
decreased infection seen in this cohort. IL-10 levels in the lung increased after stroke in vehicle
treated mice that underwent 60 min tMCAQO when compared to sham-operated mice treated

with vehicle (Figure 5.6B). However, a-GalCer treatment after stroke could prevent this
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increase as lung IL-10 was significantly lower between vehicle and a-GalCer treatment in mice
that underwent 60 min tMCAO (Figure 5.6B). It is important to note that lungs were not
perfused prior to cytokine analysis, and therefore the cytokine levels presented here may be a
representation of both systemic and lung cytokine levels. Indeed, was there a dramatic increase
in serum IFN-y following a-GalCer treatment in sham-operated animals at 8 h post-surgery
compared to its vehicle counterpart (Figure 5.6C). However, while the extent of this increase
was significantly lower in a-GalCer-treated stroke mice compared to a-GalCer-treated sham-
operated animals, serum IFN-y remained significantly elevated in comparison to vehicle-
treated mice that underwent 60 min tMCAO (Figure 5.6C). These findings were reflected at
24 h post-stroke as serum IFN-y remained elevated in a-GalCer-treated mice that underwent
sham surgery, but to a lesser degree in a-GalCer treated mice that underwent 60 min tMCAO
(Figure 5.6D). As such, our data suggests that a-GalCer treatment can reduce the occurrence
of post-stroke lung infection, potentially via inducing rapid and systemic production of IFN-y

and reducing pulmonary IL-10.

The protection against lung infection conferred by a-GalCer is not seen in iNKT cell
deficient mice

To confirm that the protective effects of a-GalCer is dependent on iNKT cells, we
induced 60 min tMCAO in Ja18 deficient mice and treated with a-GalCer or vehicle. a-GalCer
could not reduce bacterial load in the lung after 60 min tMCAO (Figure 5.7A). Furthermore,
a-GalCer did not improve the stroke-associated characteristics of immunosuppression as there
were no changes to spleen weights (Figure 5.7B) or circulating leukocyte counts (Figure 5.7C)
between vehicle-treated and a-GalCer-treated Ja18 deficient mice. This data suggests that a-

GalCer reduces post-stroke lung infection by activating iNKT cells.
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Analogues of a-GalCer induce rapid antibacterial immunity

Previous studies with a-GalCer dissuade from its use due to its conflict in inducing both
Thl and Th2 immune responses. To overcome this conflicting role, we synthesised two
analogues of o-GalCer, DB06-9 and SKC8-27 (Figure 5.1) and assessed their capacity to
induce antibacterial immunity. Here we hypothesise that DB06-9 and SKC8-27 would induce
differing cytokine profiles due to the difference in structure. Within 6 h of administration into
naive mice, DB06-9, and SKC8-27 increased production of IFN-y in the lung (Figure 5.8A)
and sera (Figure 5.8B) comparable to that in mice treated with a-GalCer. With a strong
capability to induce IFN-y in naive mice, a-GalCer and analogues were next administered into
mice following 2 h of pre-established E. coli infection. By 6 h following glycolipid or vehicle
injection (i.e. 8 h post-infection with E. coli), mice treated with DB06-9 or SKC8-27 were
equally effective as a-GalCer in reducing E. coli from the spleen (Figure 5.8C). It should be
noted that another well-reported drawback of using a-GalCer is liver injury [113]. We believe
that the side effects of a-GalCer may be avoided while still maintaining antibacterial effects by
using a-GalCer analogues. At 8 h following injection of a-GalCer, DB06-9 or SKC8-27, the
extent of liver toxicity (as measured by sera ALT) remained at baseline levels (Figure 5.8D).
By 24 h following a-GalCer treatment in naive mice, serum ALT was significantly elevated in
comparison to naive and vehicle-treated mice (Figure 5.8E). Liver toxicity was also evident in
mice treated with DB06-9 and SKC8-27 as serum ALT was similar to that in a-GalCer treated
animals (Figure 5.8E). Nonetheless, these experiments show that the analogues DB06-9 and

SKC8-27 are as effective as a-GalCer in inducing antibacterial immunity in naive animals.

Analogues of a-GalCer do not reduce post-stroke infection
We next tested the efficacy of a-GalCer analogues in reducing infection in post-stroke

animals. At 2 h following surgery, post-stroke mice were treated with either vehicle, DB06-9
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or SKC8-27 and bacterial load at 24 h was assessed (Figure 5.9A). Interestingly, vehicle
treated post-stroke mice did not acquire infection to the extent of previous experiments (as
indicated by dotted line) (Figure 5.9B). As a result, there was no difference in bacterial load
in the lungs post-stroke mice treated with analogue DB06-9 or SKC8-27 compared to vehicle-
treated stroke mice (Figure 5.9B). In mice treated with vehicle, spleen weights from post-
stroke mice did not change in comparison to its sham counterpart (Figure 5.9C). Treatment of
post-stroke mice with DB06-9 had no impact on spleen size compared to post-stroke vehicle-
treated mice (Figure 5.9C). However, while spleen weight decreased after stroke in SKC8-27-
treated mice, this was still significantly greater in comparison to post-stroke mice treated with
vehicle (Figure 5.9C). Circulating leukocyte numbers decreased after stroke in vehicle-treated
mice compared to vehicle-treated mice that underwent sham surgery (Figure 5.9D).
Furthermore, treatment with either analogue DB06-9 or SKC8-27 after stroke also had
decreased circulating leukocyte levels in respect to vehicle-treated post-stroke mice (Figure
5.9D). To ensure that infarct volume was not exacerbated by analogue treatment after stroke,
brain infarct volume was measured in post-stroke mice. Brain infarct volume was unchanged
by DB06-9 or SKC8-27 treatment after stroke when compared to vehicle treatment (Figure
5.9E). Furthermore, we monitored the development of brain oedema using MRI over 4 days in
post-stroke mice treated with vehicle, DB06-9, or SKC8-27 (Figure 5.10). We showed that
DB06-9 or SKC8-27 treatment did not delay the resolution of brain oedema in the first 4 days
following stroke (Figure 5.10B and C). Overall, we show that both DB06-9 and SKC8-27
could not reduce post-stroke lung infection. However, it should be noted that the presence of
bacteria in the lung in vehicle-treated post-stroke mice was lower in these experiments than

expected.
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Infection challenge after stroke

Due to the low presence of lung bacteria in vehicle-treated post-stroke mice in the
experiments described above (Figure 5.9B), we attempted to mimic post-stroke infection by
injecting bacteria after surgery. Before using the analogues, we first tested whether a-GalCer
is still effective in reducing bacterial load in this model of post-stroke infection. In a previous
study, we provide evidence of bacterial dissemination from the gut that peaks approximately 3
h post-stroke [153]. In that study, we demonstrate that the primary source of bacteria in the
post-stroke lung originated from the gut [153]. Furthermore, other studies detected the presence
of Escherichia coli in the lungs and blood of post-stroke mice [125, 158]. Therefore, we
administered E. coli (a common gut microbe) intraperitoneally at 3 h post-surgery to mimic the
dissemination of bacteria from the gut, then evaluated whether a-GalCer treatment at 2 h post-
surgery could reduce the presence of bacteria in the spleen and lung (Figure 5.11A). While
bacteria counts were higher in the spleen of sham-operated mice treated with a-GalCer
compared to vehicle, it was no different to stroke mice after a-GalCer treatment (Figure 5.11B)
Similarly, in the lung, sham-operated mice treated with vehicle had unusually little bacteria,
and treatment with a-GalCer could not lower the presence of bacteria in post-stroke mice

(Figure 5.11C).
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Discussion

Infection is a major cause of post-stroke mortality that is largely contributed by a shift
in immunity that impairs antibacterial responses [125, 178]. Previous studies from our
laboratory demonstrated this shift is due to the ability of hepatic INKT cells to rapidly respond
to distant brain injury [72]. However, since post-stroke infection predominantly occurs in the
lung, we hypothesised that lung bacterial defence is compromised by the immunomodulatory
effects of pulmonary INKT cells, resulting in increased lung infection. In this study, our data
suggests that there are no discernible changes to iINKT cell number and function in the lung
after stroke. Furthermore, susceptibility to post-stroke infection was not exacerbated or reduced
in INKT cell deficient mice, suggesting that iINKT cells do not play a role in post-stroke
infection. Despite this, we demonstrate that boosting IFN-y production by activating iNKT
cells with a-GalCer could reduce post-stroke infection. We next showed that the a-GalCer
analogues, DB06-9, and SKC8-27, could effectively enhance immunity to combat infection to
the same extent as a-GalCer in a simple model of E. coli infection. However, neither analogue
could reduce lung infection in post-stroke mice as effectively as a-GalCer. As such, this study
suggests that enhancing INKT cell responses using glycolipids may offer an alternative target

for therapeutics to reduce post-stroke infection.

Differential roles of lung and liver iNKT cells

To the best of our knowledge, there is limited research that explores the role of INKT
cells in lung immunity after stroke. In this study, while pulmonary iNKT cells had increased
expression of the activation marker CD69, this increase was modest, and we could not find any
changes to pulmonary iNKT cell number or cytokine production after stroke. It is known that

INKT cells make up 40% of hepatic lymphocytes in mice and are positioned with the capability
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of sensing disruptions to homeostasis and respond accordingly [73, 74]. In contrast, iINKT cells
only account for approximately 5% of resident lymphocytes in the lung [73, 171, 179].
Therefore, it is somewhat unsurprising that we found that pulmonary iNKT cells only play a
limited role in lung immunity during post-stroke infection. We suggest that hepatic iNKT cells,
rather than pulmonary iNKT cells, are primarily responsible for systemic changes in immunity
after stroke. Indeed, a previous study demonstrated that a single, systemic dose of a-GalCer
promoted lymphocyte expansion in the liver over a 7-day period, while thymic and splenic
lymphocyte cell numbers remained unchanged [180], showing that the majority of immune
changes following a-GalCer treatment occur within the liver. This is further supported by our
previous study that showed regional specific activation of iINKT cells that responds to brain
injury by systemically dampening immunity via the release of I1L-10 [72].

In this study, Ja18 deficient mice (on a C57B1/6 background) were not protected nor at
greater risk to post-stroke infection compared to wildtype mice. However, a previous study
from our laboratory demonstrated that CD1d deficient mice (on a BALB/c background) that
are deficient in all NKT cells had higher post-stroke mortality [72]. This may suggest that
variant NKT cells (type Il NKT cells) play a larger role in post-stroke infection, while INKT
cell play a secondary role. Additionally, the discrepancies in findings may also be due to
background strain differences between these studies. It is well documented that BALB/c mice
are more susceptible to infectious complications compared to mice on a C57BI/6 background
[110]. It was later determined that BALB/c mice have a Th2-dominant immunity, while
C57BI/6 mice have a Thl-dominant immunity, meaning that BALB/c mice are less capable of
combatting infection compared to C57BI/6 mice [111, 112]. In NKT deficient mice on a
BALB/c background, the high mortality after stroke suggests these mice had further impaired
antibacterial immunity and succumbed to post-stroke infection. To support this, the use of

antibiotic prophylaxis could improve the survival rate of NKT cell deficient BALB/c mice [72].
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On the other hand, INKT cell deficiency in C57BI/6 mice used in the current study had no
mortality nor differences in bacterial load in the lung. This suggest that C57BI/6 mice are still
capable of combatting post-stroke lung infection even in the absence of INKT cells and
therefore have a secondary role.

While iNKT cells are clearly more abundant in the liver compared to the lung, the
composition of INKT cell subsets in these organs also differ. There are currently five iINKT
cell subsets that are defined by their expression of various transcription factors and cytokines:
NKT1 cells express high amounts of T-bet and secrete high amounts of IFN-y and IL-4 upon
TCR stimulation; NKT2 cells express promyelocytic leukemia zinc finger protein (PLZF) and
release IL-4 and IL-13; NKT 17 cells express retinoid-related orphan receptor gamma t
(RORyt) and release 1L-17; follicular helper NKT (NKTrn) cells express B cell lymphoma 6
protein (BCL-6) and release IL-21; and NKT10 cells that express E4 promoter-binding protein
4 (E4BP4) and release 1L-10 [73]. In the liver, the populations of iINKT cells are comprised of
predominantly NKT1 cells, whereas the lung iNKT cell populations are made up of NKTZ1and
enriched with NKT2 and NKT17 cells [179, 181, 182]. Therefore, there may be a tissue-
specific difference in iNKT cell responses following a-GalCer stimulation. In this study, while
no changes to pulmonary iINKT cell numbers were observed, we did not measure the
proportions of different INKT cell subsets in the lung. We hypothesise that the proportion of
NKT1 cells decreases while an increase in NKT2 cells occurs in the lungs after stroke, shifting
pulmonary immunity toward a Th2-skewed response and therefore increasing susceptibility to
infection. Future studies to differentiate and quantify pulmonary iNKT cell subsets may shed
light on the immune environment in the lung after stroke.

In this study, a-GalCer treatment successfully reduced the bacterial load in the lung
following stroke. We suggest that the systemic antibacterial immunity is provided by hepatic

INKT cells, potentially due to a much higher frequency of iNKT cells in the liver. Additionally,
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the hepatic INKT cell population primarily consists of NKT1 cells [73, 183], and are therefore
capable of inducing a potent IFN-y response that exudes from the liver into the periphery. In
support of this, we show that a-GalCer treatment significantly increased both IFN-y in the lung
and sera, however it is unclear if IFN-y originates from hepatic iNKT cells. Our data suggests
that further in-depth tests are required to test whether hepatic INKT cells are the main producers
of systemic IFN-y that we detected. This can be tested by isolating leukocytes from the liver
and lung and comparing IFN-y production by iNKT cells following in vitro o-GalCer
stimulation. The findings of this future experiment will reveal if changes to systemic immunity
induced by a-GalCer and glycolipid-based therapies are predominately dictated by hepatic

iNKT cells.

Evaluation of DB06-9 and SKC8-27

As stroke outcomes can be dependent on immune or inflammatory responses, and INKT
cells have been shown to control post-stroke infection, modulating their responses with a highly
specific activator could be a potential therapeutic. Targeting iNKT cells through a-GalCer is
an attractive option due to the specificity of a-GalCer to activate iNKT cell, and the ability of
INKT cells to induce various types of immune responses [76]. However, while the effects of
a-GalCer are well-documented to induce production of large quantities of IFN-y and IL-4, this
consequently induces conflicting immune profiles [104]. In our study, a-GalCer was still able
to reduce post-stroke lung infection, however we continued to test synthetic analogues of a-
GalCer in an attempt to find a compound with more distinct immunological effects. Similar to
a-GalCer, we found that the two analogues, DB06-9 and SKC8-27, also successfully induced
an IFN-y response and antibacterial effects when naive mice were challenged with E. coli.
Surprisingly, DB06-9 and SKC8-27 were unable to confer protection against infection in the

context of stroke and suggest that these analogues may induce immune conflicting cytokines,
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such as IL-4, but this was not assessed in our study. This emphasises the need for further
research into the mechanisms behind the polarisation of iINKT cells by glycolipids to facilitate
the development of novel therapeutics with targeted effects. Earlier work indicates that the
polarisation of INKT cell responses involve the binding avidity between the CD1d-glycolipid-
TCR complex of the antigen presenting cell and iNKT cell, respectively [97-99]. However,
current consensus behind iINKT cell polarity is the location of antigen loading and association
of lipid rafts with CD1d [94, 102]. Intracellular loading of glycolipid onto CD1d and
presentation with the localisation of cholesterol-rich lipid rafts to the plasma membrane near
the CD1d-glycolipid complex has been strongly associated to induce a greater Thl response
[102]. Conversely, rapid and direct loading of glycolipid onto CD1d without the requirement
of intracellular loading and the absence of lipid raft association to the CD1d-glycolipid
complex has been better associated with a Th2-skewed immune response. Indeed, a previous
study showed that SKC8-27 had relatively similar lipid raft association to a-GalCer, which
induced robust IFN-y and IL-4 production [102], while little is known about DB06-9. Overall,
mechanisms to iINKT cell polarisation by glycolipids require further elucidation to identify
potential glycolipids with more precise immunological effects.

It should be noted that the vehicle-treated post-stroke mice had lower infection rates
(compared to previous experiments) when testing our analogues, which may have impacted
our statistical analysis. Due to this, we attempted to model post-stroke infection by injecting E.
coli to more effectively test the capacity of a-GalCer analogues in reducing post-stroke
infection. We previously demonstrated a breakdown in gut barrier integrity by 3 h following
stroke, allowing for translocation of gut microbes into peripheral organs such as the lungs
[153]. Therefore, as a preliminary study, post-stroke mice were infected with E. coli (a common
gut microbe) interperitoneally at the timepoint that gut barriers are compromised (3 h post-

stroke) and then treated with a-GalCer. Unexpectantly, sham-operated animals infected with
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E. coli and treated with a-GalCer had significantly higher bacterial load in the spleen compared
to vehicle-treated counterpart. Furthermore, in post-stroke mice treated with E. coli, a-GalCer
was unable to lower bacterial load in the lungs at 7 h post-stroke, which conflicts with previous
results showing a-GalCer could reduce bacterial load in the lung at 24 h after stroke. This
finding may be due to the temporal cytokine production profile of INKT cells when activated
by a-GalCer. While IFN-y and IL-4 are known to be produced following iNKT cell stimulation
with a-GalCer, their release occurs at differing timepoints. Peak IL-4 is detected at 1.5 h, while
peak IFN-y occurs at 18 h following a-GalCer treatment in mice [100, 113]. Therefore, the 5 h
timepoint following a-GalCer (7 h post-stroke) may be too acute for an effective IFN-y
response to clear E. coli infection following stroke. Therefore, future experiments to test
whether a-GalCer can reduce this model of post-stroke E. coli infection will be assessed at the
24 h timepoint. If this is achieved, next steps would involve treating with DB06-9 and SKC8-
27 using this model to give a better indication of the efficacy of these analogues to treat post-
stroke infection.

Another factor that requires consideration in our study is the pathogenic organism in
post-stroke infection. The use of E. coli in this experiment is further justified by other studies
that found E. coli in blood and lung cultures from post-stroke mice [125, 158]. However, using
E. coli in the present study and in future studies will prompt an E.coli-specific immune response
that may not be mediated by iNKT cells. Furthermore, E. coli infection may not be
representative in patients as the infective organism in post-stroke lung infection is unknown.
This is especially evident as several studies could not identify the causative organism in a large
portion of patients with stroke diagnosed with pneumonia [140, 166, 184]. Indeed, no one
organism is solely responsible for pneumonia and can be caused by a number of microbes
including Streptococcus pneumoniae, Staphylococcus aureus, Klebsiella pneumoniae and even

various viruses [185]. Additionally, findings from our previous study demonstrate that the
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causative agents of post-stroke bacterial pneumonia may be contributed by microbes from the
gut as more than 70% of detected microbes in infected patients with stroke were known to be
commensal bacteria that commonly reside in the gut, including Enterococcus spp and
Morganella morganii [153]. Therefore, inoculation of post-stroke mice with other microbes
that are associated with pneumonia should be considered when testing the efficacy of

glycolipid-based therapies.

Roadblocks to translation of glycolipid-based therapies

There is a multitude of issues that impede the translation of a-GalCer or glycolipid-
based therapies into the clinic. These include 1) liver toxicity, 2) difference in the abundance
of iINKT cells between mice and humans, or amongst humans and 3) longevity of iNKT cell
responses after glycolipid treatment. Firstly, a-GalCer is known to cause liver toxicity in mice
[113]. Indeed, our analogues cause similar levels of liver injury as measured by serum ALT
levels in glycolipid-treated mice. The mechanisms of a-GalCer-induced liver injury involves
uptake of free a-GalCer and presentation by hepatic CD31" endothelial cells to iINKT cells
[186, 187]. This induces production of TNF-o by hepatic lymphocytes and upregulate
expression of Fas ligand by iNKT cells, causing hepatic injury [113, 186, 187]. A method to
avoid liver toxicity is by pulsing antigen presenting cells with a-GalCer. One study showed
that administering dendritic cells loaded with a-GalCer compared to free a-GalCer could
prevent lethal liver injury in mice [180, 186]. However, iNKT cells are more abundant in mice
where they constitute up to 40% of hepatic lymphocytes and 2% of circulating lymphocytes,
while humans have considerably fewer iINKT cells where they account for up to 5% of hepatic
lymphocytes and only 0.5% of lymphocytes in circulation [73, 188, 189]. Therefore, the
occurrence of a-GalCer-induced toxicity in humans has been reported to be minimal [190].

There is little known about the relative abundance of INKT cells within non-human primates,
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however the abundance of iINKT cells in F344 inbred rats are reported to be more reflective of
humans compared to that of mice [191, 192].

In contrast, while the low abundance of iINKT cells may be optimal to prevent liver
toxicity, the lower number of INKT cells in humans may also negatively impact on the
effectiveness of glycolipid therapy. This was especially notable in cancer patients where there
is evidence suggesting these patients had a lower abundance of circulating iINKT cells and a
relatively weaker immunological response to a-GalCer [190]. In the case of patients with
stroke, we previously showed that the number of circulating iINKT cells did not change over
the course of 90 days following stroke compared to both hospital and healthy human controls
[109]. Due to this, the likelihood of patients with stroke that fail to respond glycolipid therapy
is less likely and therefore may still be a viable option to treat post-stroke infection.

Lastly, while the administration of a-GalCer induces rapid (within hours) and robust
INKT cell activation, it is followed by downregulation of TCR [193, 194] and therefore INKT
cells become less responsive to further TCR stimulation by a-GalCer [195]. This is followed
by apoptosis of a large portion of INKT cells by 10 days, while the remainder of INKT cells
display an anergic phenotype that persists for one month after initial stimulation [196]. This
makes repeated doses of a-GalCer less effective. While this may be a hindrance in diseases
such as cancer, it may be desirable in the case of combatting post-stroke infection. It is crucial
to ensure the immune enhancement after glycolipid treatment is not prolonged to reduce the
risk of exacerbating brain injury following stroke. Furthermore, post-stroke
immunosuppression is thought to be the body’s natural response to prevent the development of
autoimmune responses to central nervous system (CNS) antigens (such as myelin basic protein
and glial fibrillary acidic protein) that leak into the periphery after stroke [197, 198]. Therefore,
caution must be taken when considering stimulating immunity using a-GalCer based therapies

as this may increase the risk of developing autoimmunity to CNS antigens.
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In this study, while we demonstrate that pulmonary INKT cells do not alter lung
immunity or post-stroke lung infection, the iNKT cells can still be activated with a-GalCer to
invoke an immune response capable of reducing lung infection. We demonstrated that the a-
GalCer analogues DB06-9 and SKC8-27 could induce a strong IFN-y response and
antibacterial immunity that is on par with a-GalCer, although neither analogue could reduce
post-stroke lung infection in mice. Importantly, we also ensure that treatment with these
analogues do not cause further ischemic brain damage over a longer period. Ultimately, this
study suggests that targeting iINKT cells to reduce post-stroke infection remains an attractive
therapeutic avenue that merits further investigation. As detailed throughout this chapter, further
studies should explore 1) changes to INKT cell subsets in the lung after stroke, 2) the
differences in response to a-GalCer between pulmonary iNKT cells and hepatic iNKT cells, 3)
the mechanisms of iNKT cell polarisation by a-GalCer analogues, and 4) the causative

microbes in post-stroke infection.
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Figure 5.1 The molecular structures of a-GalCer, DB06-9 and SKC8-27.

a-GalCer (top) is made up of a sugar group that is glycosidically bound to a 18 carbon
(C) sphingosine base chain and a 26C fatty acyl chain. The analogues DB06-9
(middle) differs by an addition of another sugar group, while SKC8-27 (bottom) differs
by the substitution of the oxygen (O) to C in the sugar group. Analogues were
synthesised and provided by Steven A. Porcelli (Albert Einstein College of Medicine,
USA)
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Figure 5.2 Pulmonary iNKT cells remain unchanged after stroke.

Lungs from post-surgery mice were dissected out and processed for flow cytometry
and iNKT cell number (A) and presence of CD69 (B) were quantified. Intracellular IFN-
y (C) and IL-10 (D) production from pulmonary iNKT cells were also measured. Data
are presented as mean + SEM, where n<6, *p<0.05, one-way ANOVA with Holm-

Sidak’s multiple comparisons test.
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Figure 5.3 INKT cell deficiency preserves CD4+ T cell populations in the lung

after stroke.

Sham or stroke (60 min tMCAO) surgery was performed in wildtype (WT) or iNKT cell
deficient mice (Ja18 KO). Lungs from post-surgery mice were processed flow
cytometric analysis for INKT cells (A) and lymphocytes (B), including CD4+ T cells (C),
CD8+ T cells (D) and B cells (E). Pulmonary myeloid cell populations including
CD11b+ cells (F), neutrophils (G) and monocytes (H) were also quantified. Data are
presented as mean * SEM, where n<6, n.s. denotes no statistical significance,
*p<0.05, **p<0.01, one-way ANOVA with Holm-Sidak’s multiple comparisons test.
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Figure 5.4 iNKT cell deficient mice are neither protected or more prone to post-
stroke lung infection.

Sham or stroke (60 min tMCAO) surgery was performed in wildtype (WT) or iNKT cell
deficient mice (Ja18 KO) and euthanised at 24 h post-surgery. Spleens were weighed
(A) and circulating leukocyte counts were enumerated (B) to observe signs of post-
stroke immunosuppression. The lung was taken for bacteriological analysis (C) and
brains were processed, sectioned and stained with 0.01% thionin to visualise infarct
volume (D). Data are presented as mean + SEM, where n=5-9 for sham-operated mice
and n=8-12 for stroke-operated mice, n.s. denotes no statistical significance, *p<0.05,
**p<0.01 using a Kruskal-Wallice test with Dunn’s multiple comparisons for
bacteriological analysis data or a one-way ANOVA with Holm-Sidak’s multiple
comparisons test for normally distributed data.
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Figure 5.5 Treatment with a-GalCer reduces post-stroke lung infection.

Mice underwent sham or stroke (60 min tMCAO) surgery and were injected with
vehicle (0.5% DMSO and 0.5% Tween-20 in saline) or 2 yg of a-GalCer (in 0.5%
DMSO and 0.5% Tween-20 in saline) at 2 h post-surgery and subsequently euthanised
at 24 h (A). Lungs were taken for bacteriological analysis (B), spleens were weighed
(C) and circulating leukocyte numbers were enumerated (D). Brains of post-stroke
animals were also taken to quantify brain infarct (E). Data are presented as mean *
SEM, where n=6-8, n.s. denotes no statistical significance, *p<0.05, **p<0.01,
***p<0.001 using a Kruskal-Wallice test with Dunn’s multiple comparisons between
groups in bacteriological analysis or one-way ANOVA with Holm-Sidak’s multiple

comparisons test for normally distributed data.
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Figure 5.6 a-GalCer treatment enhances systemic IFN-y production and lowers

lung IL-10

Mice underwent sham or stroke (60 min tMCAO) surgery and injected with vehicle
(0.5% DMSO and 0.5% Tween-20 in saline) or 2 ug of a-GalCer (in 0.5% DMSO and
0.5% Tween-20 in saline) at 2 h post-surgery and euthanised at 8 or 24 h. The left
lobe of the lung was processed to determine IFN-y (A) and IL-10 (B) levels at 24 h
post-stroke using an ELISA. Serum levels of IFN-y was also measured at 8 h (C) and

24 h (D) following stroke. Data are presented as mean + SEM, where n=5 for 8 h

timepoints and n>6 for 24 h timepoints, n.s. denotes no statistical significance,

*p<0.05, *p<0.01, ***p<0.001, ****p<0.0001 using a one-way ANOVA with Holm-

Sidak’s multiple comparisons test for normally.
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Figure 5.7 a-GalCer treatment does not protect iNKT cell deficient mice from

bacterial lung infection.

Mice deficient in INKT cells (Ja18 KO) mice underwent stroke surgery (60 min tMCAO)
and were treated with either vehicle (veh, 0.5% DMSO and 0.5% Tween-20 in saline)
or 2 ug of a-GalCer (in 0.5% DMSO and 0.5% Tween-20 in saline) at 2 h post-surgery
and euthanised at 24 h post-stroke. Lungs were taken for bacteriological analysis (A),
spleens weighted (B) and circulating leukocyte numbers enumerated (C). Data are
presented as mean = SEM, where n>5, Kruskal-Wallice test with Dunn’s multiple
comparisons between groups in bacteriological analysis or one-way ANOVA with

Holm-Sidak’s multiple comparisons test for normally distributed data.

Page | 135



6 h post-glycolipid injection

4000
% *k
2 30001 x
(o))
5
2 2000 v
> T
o
> 1000 v
Z
g 1. oot Bl b
0 T T T T
Veh g-GalCer DB06-9 SKC8-27
C 8h post E. coli infection
8x106 *k
*k%k
= 6x106- . S
&
= °°
0 6
=2 T
-]
LL
O 2x108 2J; v
gt [
0 T iy * T
Veh o-GalCer DB06-9 SKC8-27
E 24 h post-glycolipid injection
*
1000+ .
8004 X
|
= A
S 6007 v
: v
5 400 T
" o + ofes
T []
] N v
oL TR ¥ 7 VY IRER SR Y TN I SO

Veh

IFN-y pg/ml serum

B 6 h post-glycolipid injection

8000- *kk%
**

Ak v

60004 [ ]
T
40004
v
20004
0 Lan an

Veh

T - T T
a-GalCer DB06-9 SKC8-27

D 6 h post-glycolipid injection

801

ALT (UIL)
D D
< <

N
o
1

Veh

a-GalCer DB06-9 SKC8-27

Page | 136



Figure 5.8 The structural analogues of a-GalCer, DB06-9 and SKC8-27, enhance

antibacterial immunity.

Mice were treated with either vehicle (veh, 0.5% DMSO and 0.5% Tween-20 in saline)
or 2 ug of the glycolipids (in 0.5% DMSO and 0.5% Tween-20 in saline) a-GalCer,
DB06-9, or SKC8-27 via i.p. injection. At 6 h post-injection, mice were euthanised via
cardiac puncture and lung (A) and serum (B) IFN-y was measuring using an ELISA.
To test the antibacterial effects of a-GalCer and analogues, the same dosage of veh,
a-GalCer, DB06-7 or SKC8-27 was administered 2 h following E. coli infection. At 8 h
following E. coli infection, mice were humanely euthanised and the spleen taken for
bacteriological analysis (C). To measure liver toxicity, mice were treated with veh, a-
GalCer, DB06-9, or SKC8-27 and euthanised at 6 or 24 h later for serum collection.
Sera were run to measure the presence of ALT at 6 h (D) or 24 h (E) following glycolipid
treatment. Dotted lines represent the level of infection in vehicle-treated stroke mice
from Figure 5.5B. Data are presented as mean + SEM, where n>3, *p<0.05, **p<0.01,
***n<0.001, Kruskal-Wallice with Dunn’s multiple comparisons test for comparison
between groups in bacteriological analyses or one-way ANOVA with Holm-Sidak’s

multiple comparisons test for normally distributed data.
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Figure 5.9 Analogue treatment after stroke does not reduce post-stroke lung

infection.

Mice underwent either sham or stroke (60 min tMCAOQ) surgery and were treated with
either vehicle (veh, 0.5% DMSO and 0.5% Tween-20 in saline) or 2 pg of the
glycolipids (in 0.5% DMSO and 0.5% Tween-20 in saline) DB06-9 or SKC8-27 via i.p.
injection at 2 h post-surgery and euthanised at 24 h post-surgery (A). Upon
euthanisation, lungs were taken for bacteriological analysis (B), spleens weighed (C),
and circulating leukocytes enumerated (D). Brains were slowly frozen over liquid
nitrogen, sliced at 30 um sections and stained with 0.1% thionin to visualise and
guantify infarct volume (E). Data are presented as mean + SEM, where n>6, *p<0.05,
**p<0.01, ***p<0.001, Kruskal-Wallice with Dunn’s multiple comparisons test for
comparison between groups in bacteriological analyses or one-way ANOVA with

Holm-Sidak’s multiple comparisons test for normally distributed data.
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Figure 5.10 Glycolipid treatment after stroke does not alter long-term recovery

of cerebral oedema.

Mice underwent either sham or stroke (60 min tMCAOQ) surgery and were treated with
either vehicle (veh, 0.5% DMSO and 0.5% Tween-20 in saline) or 2 pg of the
glycolipids (in 0.5% DMSO and 0.5% Tween-20 in saline) DB06-9 or SKC8-27 via i.p.
injection at 2 h post-surgery and underwent MRI daily for up to 4 days following stroke
(A). MRI scans were analysed to determine oedema volume across 4 days (B) and
representative images are depicted (C). Dotted lines in MRI scans outline areas of
observable oedema. Data are presented as mean + SEM, where n=4, and

comparisons between groups performed using a student’s T-test.
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Figure 5.11 Treatment with a-GalCer could not reduce artificial infection at 7 h

following stroke.

Mice underwent either sham or stroke (60 min tMCAOQ) surgery and were treated with
either vehicle (veh, 0.5% DMSO and 0.5% Tween-20 in saline) or 2 ug of a-GalCer (in
0.5% DMSO and 0.5% Tween-20 in saline) at 2 h post-surgery, and then 1 x 10’ CFU
of E. coli via i.p. injection at 3 h post-surgery and euthanised at 7 h post-stroke (A).
Upon euthanisation, bacterial analysis of the spleen (B) and lung (C) was performed.
Data are presented as mean + SEM, where n>4 for sham and n>5 for stroke, n.s.
denotes no statistical significance, *p<0.05, Kruskal-Wallice with Dunn’s multiple

comparisons test for comparison between groups in bacteriological analyses.
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Chapter Six

General discussion
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For the past two decades, the focus of stroke research is no longer limited to the effect
of ischaemic injury on the brain but has expanded to the impact of such brain insult on extra-
cerebral cells and tissues. This shift in research efforts is attributed to the growing recognition
that patients with stroke develop fatal infections. This observation highlights a notion that the
interplay between the nervous system and immune system is disrupted following stroke and
renders the host at risk of infections. However, the mechanisms behind this remains unclear.

As such, this thesis attempts to address some of these outstanding questions.

Shedding light on the mechanisms to post-stroke infection

The complications that occur after stroke are conventionally associated with
neurological deficits and disability. In patients, and particularly those who experienced a
greater severity of stroke, neurological deficits may result in complications such as dysphagia
and aspiration, and patients may become bedridden [199, 200]. These complications increase
the likelihood of entry of bacteria from oral and gastric contents. As a result, the high incidence
of post-stroke pneumonia was commonly reported to be contributed by symptoms of dysphagia
and aspiration whilst the underlying biological mechanisms were largely overlooked. This led
to the speculation that the incidence of post-stroke pneumonia could be reduced by improving
oral hygiene or utilising nasogastric tubing (NGT) or mechanical ventilators in an attempt to
bypass the swallowing deficiencies in patients [164-166, 201]. However, such interventions
were proven ineffective [164] and dysphagia was found not to be an independent predictor for
respiratory infections in several studies [140, 202, 203]. Additionally, the use of NGT and
mechanical ventilators are even recognised as risk factors to infection during the acute phase
following stroke [204-207]. Moreover, some studies identified that aspiration and dysphagia

could not fully explain the high occurrence of post-stroke pneumonia, as approximately 50%
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of patients with stroke that develop pneumonia were not dysphagic [208], and only 17% of
patients with stroke that were dysphagic go on to develop pneumonia [202]. Furthermore,
performing dysphagia screen and keeping patients “nil by mouth” (reducing oral intake of
foods and medicine) does not prevent the occurrence of post-stroke pneumonia [203]. It is now
recognised that the contributing factors that lead to the development of post-stroke pneumonia
involve a multitude of mechanisms.

Evidence over the past two decades demonstrates that the increased susceptibility to
infection is a result of immune impairment induced by stroke. Characteristics of post-stroke
immune alterations are well documented in both clinical and experimental studies, including
reduced spleen cellularity, loss of circulating leukocytes, as well as changes to various immune
cells around different tissue compartments (as described in Chapter 1). These factors ultimately
contribute to an immunosuppressed phenotype where host immune defence is compromised
after stroke and becomes more prone to infections. While immunosuppression after stroke is
apparent, the mechanisms remain poorly understood. Therefore, this thesis explored and
expanded our understanding of the relationship between infarct volume and location on
immunity and lung infection, the contribution of the SNS on post-stroke immunosuppression,
and whether infection can be reduced by stimulating specific aspects of peripheral immunity.
The main findings of this thesis were: 1) increased infarct size promotes greater susceptibility
to infection; 2) location of cerebral infarction does not influence the susceptibility to infection;
3) the SNS may be a primary pathway to post-stroke infection but other pathways may have a
greater role in severe forms of stroke; and 4) activating iNKT cells using a-GalCer in a

therapeutic manner can reduce post-stroke infection.
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Complexity of mechanisms behind post-stroke infection and

immunosuppression

Stroke severity is well recognised as a major determinant of post-stroke infection,
whereby we and others found that greater stroke severity comes an increased risk of acquiring
pneumonia [117, 127, 143, 209-211]. A recent systematic review and meta-analysis
demonstrated that approximately 1 in 10 patients with stroke will develop pneumonia during
hospital care [204]. While it was shown that a severe stroke (as defined by National Institutes
of Health Stroke Scale [NIHSS]>14) increases the risk of developing pneumonia to almost
40% [212], the reason for this association remains unclear. There is a plethora of studies that
suggest the increased frequency of pneumonia following severe stroke is due to a higher
occurrence of dysphagia and aspiration of oral, pharyngeal or gastric contents directly into the
lungs [213-217]. As discussed above, these factors do contribute but do not fully explain the
high incidence of pneumonia after severe stroke. It is conceivable that the severity of stroke
dictates the extent of immunosuppression. Previous findings demonstrate that increased stroke
severity exacerbate parameters that indicate suppressed immune function in humans, such as
monocytic expression of human leukocyte antigen-DR (HLA-DR) and lipopolysaccharide-
induced TNF-a production [143, 210], increased plasma IL-10 [109], and decreased plasma
IgM and 1gG concentration[127, 218]. Data from this thesis are consistent with findings that
show the loss of circulating lymphocytes after stroke occurs in a severity dependent manner
[117, 139, 210, 219]. However, these data do not explain why the lung is a specific site for
infection. Therefore, we examined the immune cell composition of the lung following various
ischemic stroke models in mice in Chapter 3, as well as cytokine immune environment in
Chapter 5. Our data demonstrates that there is a reduction of lymphocyte-neutrophil ratio

(caused by the loss of lymphocytes) in the lungs that occurs with increased cerebral infarct
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volume. Specifically, mice that underwent the most severe form of ischemic stroke (and highest
infarct volume) showed the greatest reduction of lymphocyte-neutrophil ratio in the lung at 24
h after stroke onset. In addition, we showed in Chapter 5 that the post-stroke lung had 3-fold
greater amount of the immunosuppressive cytokine, IL-10, strongly suggesting that the overall
lung immune defence is compromised after stroke.

The underlying mechanisms of how cerebral infarct size influences systemic immunity
is unclear. A leading hypothesis is that activation of the SNS and excess catecholamines release
control the degree of immunosuppression after stroke. While we know that catecholamines
(namely NA) are elevated after stroke [120, 122], few studies stratify stroke severity with
catecholamine levels and therefore it is unclear whether greater stroke severity is related to
increased catecholamine output. Using baroreflex sensitivity index (a measurement to assess
the relationship between changes in arterial blood pressure and heart rate) as a surrogate
indicator for ANS activity, one study found that patients with greater stroke severity had lower
baroreflex sensitivity and were at higher risk of developing post-stroke infection. This study
suggests that increased stroke severity impairs ANS activity, and therefore implies an alteration
of SNS function [220]. In support of this, increased infarct size has been previously associated
with ANS alterations in a small cohort of patients with stroke as characterised by cardiac
arrhythmias and increased blood pressure [221]. Assessing the relationship between stroke
severity and catecholamine levels may allow for further insight into the role of the SNS in the
susceptibility to infection after stroke. Revealing this causal relationship potentially creates an
opportunity to use NA levels as a biomarker to identify patients at risk of post-stroke infection
or develop agents to block or inhibit sympathetic signalling to reduce infection after stroke.

In our mouse model of ischemic stroke with various severities, we assessed plasma
catecholamine levels within the first 3 h following stroke onset (Chapter 4). The

catecholamines involved in the generation and metabolism of NA were measured in an attempt
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to capture increases in sympathetic activity immediately after stroke. Only at 3 h following
severe stroke was there a significant elevation in plasma NA and DA and therefore our data
suggests that the levels of circulating catecholamines are influenced by stroke severity. This
coincided with a 92% infection rate in mice that underwent a severe stroke (Chapter 3). As
such, there may be potential in using cerebral infarct size and plasma catecholamine levels
together as a predictive marker to post-stroke infection and allow clinicians to stratify and
manage patients differently. However, we did not measure plasma catecholamine levels beyond
the 3 h post-stroke timepoint and therefore further studies exploring the dynamics of plasma
catecholamine release may shed further light on the involvement of SNS dysfunction and post-
stroke immunosuppression.

An alternative method we utilised to demonstrate a role for SNS dysfunction in
mediating post-stroke immunosuppression involved inducing stroke localising to the insular
cortex. The insular cortex has traditionally been implicated in the regulation of the SNS [222].
Cerebral infarctions involving the insular cortex have been associated with SNS dysfunction
as measured by changes in heart rate variability parameters and cardiac outcomes [223-227].
Whether infarction of the insular cortex alters catecholamine release is less clear as some
studies show increase with normetanephrine levels (NA metabolite) with insular cortex
involvement [146, 228], while others showed no changes to circulating NA [145]. Furthermore,
the suggestion of insular cortex involvement on post-stroke immunosuppression and infection
are controversial. The discrepancy in the literature may be due to the differential roles of the
right insular cortex versus the left insular cortex, where electric stimulation of the right insular
cortex increases heart rate and diastolic blood pressure, whilst stimulation of the left insular
cortex lowers heart rate in rodents [222]. Alternatively, the inconsistencies in findings can be
explained by the fact that stroke with infarct involving the insular cortex in humans are usually

larger infarcts [229]. This suggests that infarct size rather than location is more important in
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SNS dysfunction and a better predictor of post-stroke infection. Findings from Chapter 3 of
this thesis support this notion as infarction of the insular cortex did not increase the frequency
of infection. Moreover, infarction of other brain regions was not associated with post-stroke
infection in our retrospective analysis in both experimental and clinical stroke.

A leading hypothesis in which SNS dysfunction induces immunosuppression is by
activation of B-adrenergic receptors by NA. Our results show that blocking [B-adrenergic
receptors (using PPL) could not reduce infection following severe experimental stroke, while
others have shown PPL is effective in reducing infection following less severe models of stroke
[72, 125, 139]. Furthermore, we show that pharmacologically blocking Adrb2 was effective in
reducing infection following moderate stroke compared to severe stroke (Chapter 4).
Therefore, our study also suggests mechanisms independent of P2-adrenergic-receptor-
mediated suppression of immunity are at play in severe forms of stroke. One possible
mechanism not assessed in this thesis is the HPA axis. Markers of HPA axis activity include
elevations in cortisol, but these were not assessed in our studies. Increased serum cortisol has
been frequently reported in patients with stroke during the acute phase and has also been
associated with greater stroke severity and larger infarctions [230]. Regarding the role of
cortisol in post-stroke immunosuppression, increased serum cortisol has recently been
correlated with lymphopenia in a small cohort of patients [231]. Similar findings were echoed
in experimental stroke where glucocorticoid receptor blockade prevented the loss of circulating
lymphocytes [125, 139]. Interestingly, elevation in serum cortisol was only detected following
extensive infarction in this study [139] and supports our hypothesis that other mechanisms
contribute to the susceptibility to infection following severe stroke.

Along with dysregulated SNS and HPA axis activity after stroke, other factors that
contribute to post-stroke immunosuppression and infection have been described throughout

this thesis. These include immune exhaustion after stroke [152] and the breakdown of gut
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barriers allowing for the dissemination of gut microbes into the periphery [153]. However, it
is clear from this thesis that activation of these mechanisms may be dependent on stroke
severity. For example, in Chapter 3, immunosuppression in mice that underwent mild-moderate
stroke recovered from immunosuppression (as evidenced by recovered spleen size, circulating
leukocyte counts and absence of bacteria in lung tissue) by 2 days after stroke, while mice that
underwent severe stroke had persistent characteristics of immunosuppression even at 4 days
after stroke. Therefore, it is unsurprising that “one-size-fits-all” treatments in clinical trials
(such as in trials of antibiotic prophylaxis and B-blocker treatment) have found little success as
they do not consider the possible alternative or additional pathways involved in varying degrees

of stroke severity.

Strategies to reduce infection in patients with stroke

Currently, antibiotics following the diagnosis of infection are the gold standard
treatment for post-stoke infection. However, not all classes of antibiotics are effective at
reducing post-stroke infection in a therapeutic manner [156] and treatment at this stage may be
too late as existing infection decreases the rate of recovery, worsens functional outcome,
increases the likelihood of recurring stroke and extends hospital stay for the patient [232].
Additionally, there is an alarming rise of antibiotic-resistant strains of bacteria that discourages
the widespread use of antibiotics [233]. At present, there are no new or emerging therapies that
can effectively reduce post-stroke infection. Targeting mechanisms that initiate immune
suppression hold strong promise as novel avenues of treatment. Additionally, identifying
biomarkers that indicate reduce immunity after stroke may allow for early intervention in
patients at high risk of developing to infections. Measuring parameters of dysphagia and

aspiration may be an option, however as abovementioned, the validity of this is questionable
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as this does not fully explain the frequency of post-stroke infection. Furthermore, there are
difficulties in diagnosing aspiration as a large portion of patients with stroke experience silent
aspiration [215]. As such, studies have combined other biomarkers to generate a post-stroke
pneumonia prediction model, including NIHSS, dysphagia, heart rate, circulating leukocyte
count, and HLA-DR expression on leukocytes [212, 234, 235]. Patients with an NIHSS score
>14 at admission, pulse rate >111 at admission and lower circulating leukocyte counts had a
40% chance of acquiring pneumonia after stroke [212]. However, while early detection of
patient at high risk of developing infection will allow for early interventions, some data
suggests that early treatment with antibiotics is still ineffective. In the STRAWINSKI clinical
trial, procalcitonin (PCT; an early marker of bacterial infections) was used to predict the
occurrence of post-stroke infection in patients [236]. Significantly elevated PCT was detected
in patients with stroke-associated pneumonia and sepsis. However, using antibiotic prophylaxis
in patients with elevated PCT could not reduce the occurrence of post-stroke pneumonia [236].
This study and many other clinical trials put it beyond doubt that PAT is ineffective in reducing
post-stroke pneumonia and emphasises the urgent need for alternative therapeutics to prevent
post-stroke infection [160, 161, 163, 236-238].

Given that a multitude of pathways may be responsible for post-stroke infection, the
search for new effective therapeutics will prove difficult. Care must be taken to ensure that
enhancing antibacterial immunity after stroke does not exacerbate the local brain inflammatory
response to increase brain injury. For example, systemic inflammation is known to occur within
the first few hours after stroke and this is followed by systemic immunosuppression [239, 240].
As such, patients may benefit in receiving therapeutics that regulate systemic inflammation at
early timepoints (within 12 h post-stroke) to prevent further exacerbation of brain infarct, while
immunostimulatory compounds could be administered at timepoints where infection is most

common (at 1-3 days following stroke in humans). Therefore, there is a risk of further
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increasing systemic inflammation and cerebral infarct volume if immunomodulatory therapies
are administered too early. In our study, o-GalCer treatment at 2 h post-stroke did not
exacerbate brain infarction and did confer protection against the development of post-stroke
lung infection following a model of moderate stroke. To the best of our knowledge, a-GalCer
is currently the only experimental therapeutic compound that is effective in reducing post-
stroke infection. In this thesis we tested two other analogues of a-GalCer but conclude that the
parent molecule remains better at inhibiting lung infection after stroke. However, it is important
to keep in mind that we have only tested a-GalCer in the transient MCAQO model of ischemia
and reperfusion stroke injury in mice. Given that the majority of patient do not receive
thrombolytic therapy after stroke, it is critical that a-GalCer be tested in a model of stroke
without reperfusion, such as pMCAO. Furthermore, to potentially translate our experimental
research findings to clinical settings, we would also need to test a-GalCer on other models of
stroke, as well as on other non-primate species. Nevertheless, the findings of our study indicate
that a-GalCer, through specific activation of INKT cells, is a promising immunomodulating
therapy that can reduce the development of infection after stroke and ultimately improve stroke

patient outcomes.

Limitations and future directions

There are some limitations to the studies performed in the thesis that should be
considered. Our analysis of post-stroke immunosuppression has been limited to macroscopic
changes to major immune organs and the presence of immune cells in peripheral sites such as
the blood, lung, liver and spleen. Functional analyses of immune cells were not investigated in
this thesis but are of importance. For example, the expression of HLA-DR by monocytes from

patients is associated with the severity of stroke and is a predictive marker to infection [143,
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210, 241]. Neutrophils isolated from post-stroke animals have shown decreased ability for
migration towards potent chemoattractants and bacterial ligands [36]. In this thesis, while
infection was prominent after experimental stroke, no changes to the frequency of myeloid cell
populations in the lung of post-stroke mice were observed. This may suggest functional
impairments in these cells that hinder bacterial clearance in the lung. Further studies are
required to determine functional changes of myeloid cell populations that impede the clearance
of bacteria in the lung after stroke.

As previously mentioned, we did not measure parameters of other mechanisms to post-
stroke infection and immunosuppression, including markers of HPA axis activity, gut barrier
breakdown, or immune exhaustion. Additionally, the relationship between the changes of these
peripheral biological systems have not been connected to changes that occur in the brain
following stroke. Given the complexity of stroke progression and the various biological
changes that occur after onset, working towards establishing an accurate timeline of
mechanistic events are required for identification of potential interventions and treatment
windows. However, due to the time constraints of a PhD candidature, these investigations are
beyond the scope of this project. Future studies may need to study these mechanisms in unison
and profile the dynamics of these systems throughout the acute phase after stroke.

The intraluminal MCAO model is a well-established, clinically relevant and most
frequently used model of stroke. It closely resembles the manifestations of human stroke as
most occlusions occur within the territory of the MCA [242]. However, MCAO in rodents often
induce larger infarcts compared to humans. Infarction of the hypothalamus region that is seen
following severe stroke (>120 min of occlusion) in rodents is uncommon in humans [242-244].
This suggests the need to validate experimental findings by performing alternative models of
stroke, as well as inducing stroke in non-human primates. Another model of ischemic stroke is

the photothrombotic (PT) model that involves systemic injection of a photosensitive dye (i.e.
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Rose Bengal) and subsequent illumination through the intact skill to activate platelets for
aggregation and occlude a specific cerebrovascular region of the brain [245, 246]. This model
has advantages of being highly reproducible and enables control of infarct localisation,
although it is unknown whether injection of photosensitive dyes can influence systemic
immunity [242]. Alternatively, craniectomy models of ischemic stroke require direct occlusion
of cerebral blood vessels via cauterisation or clamping to cause focal ischemic injury [247,
248]. However, this model involves partial craniectomy that exposes the brain to the external
environment and impacts on intracranial pressure [242]. Furthermore, little is known of
whether these models produce similar systemic immune changes as seen in the clinical settings.

Other limitations of our studies are related to experimental design. Firstly, MCAO was
performed on healthy mice in our studies. However, in humans, patients with stroke usually
experience other comorbidities, including diabetes, smoking and other heart diseases [249].
Therefore, the MCAO model used in this thesis does not perfectly model human disease as the
effects of other comorbidities were not studied. Secondly, our experiments were performed on
young mice and therefore the effects of stroke and aging on immunity and infection were not
assessed. This is of critical importance as stroke most frequently occurs in the aged population
and advanced age is linked to worsened stroke severity and increased risk to infection [154,
250]. Future studies will be required to investigate the mechanisms to post-stroke infection in
an aged population. Thirdly, we chose to exclude female mice from our study due to the
neuroprotective role of oestrogen [251, 252]. However, stroke is a sexually dimorphic disease
[253] and therefore future studies that explore mechanisms of post-stroke infections will be
required in both female and males. Lastly, infection of the lung was determined by culturing
lung homogenate on bacterial plates. This method of quantification cannot detect the presence
of all bacteria, especially those that require specific growth factors. We attempted to overcome

this by performing 16S gPCR (bacterial specific ribosomal RNA) to quantify the presence of
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all bacteria, however these reflected the results found with bacterial culturing (Chapter 3) and
thus we did not further pursue this in the latter thesis chapters. Furthermore, we cannot exclude
the possibility that viruses are the causative pathogen in post-stroke that infection. This may be
of particular interest as many clinical studies were unable to determine the causative bacteria
that contributes to pneumonia in their patient cohorts [166, 184], potentially suggesting the
involvement of unculturable microbes, including viruses. Previous work from our lab used high
throughput 16S rRNA gene amplicon sequencing identify the genera of bacteria that infiltrated
the lung following stroke in mice [153]. Use of tools to analyse genomic sequencing may be
required to quantify and identify microbes that cause post-stroke pneumonia in humans.
However, collection of tissues for such analysis in patients with stroke may be limited to blood,
urine and sputum and therefore may not be fully indicative of the causative microbial
population(s) in post-stroke pneumonia.

As the mechanisms to post-stroke infection involve the SNS, the impact of the MCAO
surgery on SNS activity should be noted. The intraluminal MCAO model that was used in this
thesis is performed by temporarily occluding the common carotid artery, inserting a filament
into the common carotid artery and proceeding it up the internal carotid artery to occlude blood
flow into the middle cerebral artery. The baroreceptor in the carotid artery senses low blood
pressure and induces an increase in blood pressure by activating the SNS. As such, the
temporary occlusion of common carotid artery may activate baroreceptors to increase blood
pressure. Subsequently, this increase in blood pressure activates depressor receptors in the aorta
and sequesters sympathetic activity [254, 255]. This may explain the absence of sympathetic
activity within the first 3 h following stroke in our study. We attempted to control for such
surgery stress by comparing all findings from post-stroke mice with sham-operated mice, and
not naive mice. Future studies may require using other stroke models, such as the

photothrombotic stroke model, especially when exploring SNS changes after stroke.
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The findings of this thesis may also be applied in other fields independent to stroke that
involve sterile cerebral injury. Patients that experience severe traumatic brain injury (TBI) are
more likely to acquire pneumonia [256-258]. Similar to stroke, this susceptibility to pneumonia
following TBI has been attributed to suppression in peripheral immunity [259-261],
impairments in intestinal permeability [262], and SNS dysfunction [263-265]. Therefore, the
manifestations of TBI-induced infection may share similar aetiologies to stroke. Our findings
such as reduced pulmonary lymphocyte-neutrophil ratio with increasing cerebral injury,
involvement of additional pathways following severe cerebral injury, and the use of a-GalCer

and iNKT cell activation as therapeutic avenues, may also be applicable to post-TBI infection.

Concluding remarks

This thesis describes the effect of various severities of ischemic stroke, as well as the
contribution of SNS activation on post-stroke immunity and infection. Our findings
demonstrate that size of cerebral infarction, but not infarct location, increases the risk of post-
stroke lung infection. Higher post-stroke infection with more severe strokes also coincides with
impaired lung immunity as characterised by decreased lymphocyte-neutrophil ratio and
increased IL-10. Mice that underwent severe stroke had significantly increased levels of
circulating NA at 3 h post-stroke, suggesting sympathetic activation mediates post-stroke
infection. However, pharmacological inhibition of Adrb2 could reduce post-stroke infection in
mild-moderate forms of stroke but proved insufficient in more severe stroke. This data suggests
that other mechanisms that are independent to SNS dysfunction may come into play to induce
infection following a severe stroke. As an alternative treatment method, we investigated
whether stimulating an antibacterial immunity following stroke could prevent the development

of lung infection. We show that specifically activating the iNKT cell with a-GalCer was
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extremely effective in reducing post-stroke infection while not exacerbating brain infarction.
Overall, targeting the iNKT cell is a viable method to reduce this major complication that
plagues patients with stroke.

In addition, we also highlight the major obstacles obstructing the translation and
discovery of new therapeutics to post-stroke infection. We identify that the diversity and
complexity of mechanisms that contribute to post-stroke infection ebb and flow over the acute
phase following the onset of stroke, thus creating challenges in developing targeted
therapeutics. A schematic of the hypothesised changes to these mechanisms is proposed in
Figure 6.1. Determining the optimal point in time for drug administration will dictate the

success of therapeutics in reducing infection after stroke.
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Figure 6.1 Hypothesised temporal profile of mechanisms to post-stroke infection.

The mechanisms of post-stroke infection are diverse, complex, and peak at varying times
during the acute phase after stroke. Following the onset of stroke, systemic inflammation
increases and peaks at approximately 4 h following stroke and gradually declines by 24 h and
stays low until 72 h (light blue). In contrast, systemic anti-inflammation decreases, is at its
lowest by 4 h following stroke. Anti-inflammation then peaks at 24 h and remains high by 72 h
post-stroke (dark blue). This may be induced by activation of the SNS (green) and HPA axis
(orange) that gradually increases over 72 h following stroke. Finally, gut barrier dysfunction
peaks at 3 h following stroke, allowing for dissemination of intestinal microbes into the
periphery, and may remain partially compromised (yellow). These mechanisms ultimately

contribute to the susceptibility to post-stroke infection.
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Appendix 1 - Animal monitoring sheet

ANIMAL MONITORING SHEET

Project # Mouse Strain
Investigator Mouse number

CLINICAL DATE
OBSERVATION
Hours/Day after MCAO

Activity

Alertness

Body weight

(g and score)

Breathing

Coat

Movement
MCAO-related symptoms
(For signs 1, also record #
per minute)

Laser Doppler microtip
insertion-related
symptoms

Comments

INITIALS: - rr r r rrFrFrrerpr bl

Signature of Chief Investigator Date

Page | 190



Appendix 2 - Clinical signs severity scoring chart

CLINICAL SIGNS SEVERITY SCORE

SIGNS 0 1 2 3
Activity normal isolated, huddled/inactive moribund
abnormal OR overactive OR fitting
posture
Alertness normal dull or little response to unconscious
depressed handling
Body weight normal reduced growth | chronic weight loss acute weight loss>10%
(record weight weight and rate >15% OR failure to grow | chronic weight loss 15% OR
and score) growth rate failure to grow
Breathing normal rapid, shallow rapid, abdominal laboured, irregular, skin blue
breathing
Coat normal coat rough unkempt; wounds, hair bleeding or infected wounds,
thinning or severe hairloss or self
mutilation
Movement normal slight incoordinated OR staggering OR limb dragging
incoordination walking on tiptoe OR OR paralysis
OR abnormal reluctance to move
gait
MCAO-related normal circling towards | animal spinning on its crouched on all fours and
symptoms spontaneous | the right spinal axis unresponsive to external
movements | (#/min) (#/min) stimuli
Laser Doppler normal Sutured removed by
microtip mouse with the skull
insertion-related exposed or inflammation
(wound redness or
symptoms discharge) sighted

SPECIAL HUSBANDRY REQUIREMENTS*#

[ Mice are required to be housed individually post surgery.

EUTHANASIA/HUMANE EXPERIMENTAL ENDPOINT CRITERIA**

numbers)

(continue to have reduced weight
or no decrease in circling revolution

CLINICAL SIGN ACTION
2 or 3 in one or more categories | Humanely killed
Stage 1 and do not improve Humanely killed

** as approved by the AEC, relevant to each specific situation

SCIENTIFIC MEASURES (ie data or tissues to be collected as part of the experimental use)
(eg animals that are killed should be weighed and have their bodies placed in labelled bags and refrigerated)

Reference: Morton, D.B. (1997) A scheme for the recognition and assessment of adverse effects in animals. In: Developments in
animal and veterinary sciences, 27. Animal Alternatives, Welfare and Ethics. pp 235-240. Eds van Zutphen, L.F.M. and Balls, M.

Elsevier Science B.V.
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Appendix 3 - Antibodies used for flow cytometry

Myeloid cell stain

Target Fluorophore | Clone Stock conc Working Company
(mg/ml) dilution

CD45 PE 30-F11 0.2 1in 300 eBioscience

CD11b FITC M1/70 0.5 | 1in 300 BioLegend

Ly6C APC Cy7 AL-21 0.2 | 1in 300 BD
Pharmingen

Ly6G BV510 1A8 0.2 | 1in 300 BioLegend

F4/80 PE-Cy7 BM8 0.2 | 1in 300 eBioscience

7AAD BioLegend

Fc receptor = 2.4G2 0.5 1in 100 BD

block Biosciences

Lymphoid cell stain
Ab Fluorophore | Clone Stock conc Working Company
(mg/ml) dilution

CD45 PE 30-F11 0.2 | 1in 300 eBioscience

CD3e APC 145-2C11 0.2 | 1in 300 BD
Biosciences

CcD4 PE-Cy7 RM4-5 0.2 | 1in 300 eBioscience

CD8a FITC 53-67 0.5 | 1in 300 BD
Biosciences
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iNKT cell stain

Ab

Fluorophore | Clone

Stock conc

Working

dilution

Company

TCR-B H57-597 1in 300 BD Pharmingen

CD69

IL-10

FITC

PerCP-Cy5.5

H1.2F3

JES5-16e3

0.5

0.2

1in 300

1in 300

BD Pharmingen

eBiosciences

Page | 193



Appendix 4 - Flow cytometry gating strategies
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3.

iNKT cell stain
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