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Abstract

Introduction: Paediatric central nervous system (CNS) infections are associated with high
mortality rates and neurological disability in survivors due to brain injury caused by cerebral
inflammation. Because the brain is difficult to study, the unique characteristics of the
neuroinflammatory response are poorly understood. A better understanding of the immune
response to these infections could lead to improved host-directed therapies. An important
method to study this is the analysis of infected ventricular cerebrospinal fluid (CSF), but there
is often a paucity of cells in CSF samples, especially in conditions like tuberculous meningitis
(TBM), and these undergo rapid immune cell death after sampling. Consequently, the cell
populations in CSF are not well described. Cryopreservation of CSF and flow cytometric
analysis have improved the ability to study immune cells in CSF; therefore, these techniques

were employed in this study.

Aims: This project aimed to 1) describe the cellular immunophenotype and inflammatory
mediators in CSF samples from patients with common CNS infections through flow cytometric
and Luminex® analysis respectively, and 2) explore changes in immune cells and analytes over

time.

Methods: CSF samples were prospectively collected during clinically indicated procedures, the
cell pellets and supernatant were cryopreserved. Flow cytometric analysis was performed
after two weeks of storage at -80°C. Different populations of major peripheral immune cells
(CD45*: lymphocytes, monocytes and granulocytes) and CNS-derived immune cells (microglia
(CD45TMEM119*) and astrocytes (CD45°ACSA*) were examined along with their respective
sub-groups. The sample supernatants were batch analysed for inflammatory biomarkers
including interleukin (IL)-1pB, IL-6, IL-8, IL-10, IL-1 receptor antagonist (IL-1Ra), tumour necrosis
factor (TNF)-a., interferon (IFN)-y, IFN-a., vascular endothelial growth factor (VEGF), monocyte
chemoattractant protein 1 (MCP-1), macrophage inflammatory proteins (MIP)-1la and
interferon-inducible protein 10 (IP-10) using Luminex® technology. Cell proportions and
concentrations (using Flow-Count Fluorospheres) and cytokine concentrations were described

in admission and serial samples.
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Results: This study recruited 30 children with CNS infections (including tuberculous and other
bacterial meningitis, shunt infections, and ventriculitis) in whom 61 samples were collected
(30 admission, 31 serial samples). Microglia (CD45 TMEM119*) were the most abundant cell
population on admission and over time. Lymphocytes (CD45*CD3* and CD45*CD3") were the
most abundant peripheral immune cell, population above granulocytes (CD45*) and
monocytes (CD45*CD14"). Cytokines with the highest concentration included IL-1Ra, MCP-1
and IP-10. MCP-1 remained elevated over time whereas overall cytokine concentrations were
highest on admission and decreased over time. Cytokine and cell data were influenced by the

aetiology of the CNS infection (70% of the cohort comprised patients with TBM).

Conclusions: Brain-resident immune cells are important contributors to the
neuroinflammatory response to CNS infection, particularly microglia, which are the most
abundant immune cell present in the ventricular CSF of these patients. The techniques used
in the study could be used at scale to characterise the unique characteristics of the
neuroinflammatory response in different CNS infections and inflammatory conditions, which
could lead to the development of novel immunomodulatory therapies. The role of microglia
in inflammation as well as neurodevelopment is important to consider when studying

children.
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Chapter 1 — Introduction to CNS Infections

The central nervous system (CNS) encompasses much of what aids and enables our
functioning as human beings. As such, infection and inflammation of the CNS are associated
with notable morbidity and mortality and may result in severe neurological sequelae'=3. Such
consequences are worse when children are affected because of the vulnerability of the
developing brain®. Considerable effort is therefore being put into the causes, diagnosis,

immunopathogenesis and treatment of these infections in the paediatric population.

CNS infections are responsible for a significant burden of disease globally, affecting millions of
children and adults, most commonly in low- and middle-income countries (LMICs)**>. The
distribution of community-acquired CNS infections throughout the world is non-
homogenous?, given the many factors that can affect the epidemiology of CNS infections: the
socio-economic characteristics of a population, the immune status of individuals, their

geographic location, and the presence of comorbidities, among others>®,

Poverty, inadequate access to healthcare, overcrowding, and insufficient water and sanitation
significantly increase the vulnerability of people in LMICs®. For patients in Sub-Saharan Africa,
these risk factors are common; therefore, it is unsurprising that this region has the world’s

highest incidence of tuberculosis-related CNS disease and bacterial meningitis®.

The range of causative pathogens is broad’, including bacteria, fungi, viruses and parasites®®.
Meningitis, ventriculitis and encephalitis are some of the most commonly presenting CNS
infections®, each accompanied and driven by inflammation in the brain. Bacterial and
tuberculous meningitis are the two most common serious paediatric CNS infections in our

environment and are therefore worth special attention.

Bacterial meningitis

Bacterial meningitis is the result of acute inflammation of the meninges — the protective
layers surrounding the brain, which include the pia, arachnoid and dura mater —and it is one
of the most common CNS infections®>®. Among CNS infections of bacterial origin, acute
bacterial meningitis is the most common manifestation!'. Neonates and infants are most at

risk due to their relatively immature immune system, with Agrawal et al. (2011) reporting that
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up to 75% of all bacterial meningitis cases occur in children below the age of 5 — mostly in

those under two months old*?.

The main bacteria responsible for such an infection are Haemophilus influenzae type B,
Streptococcus pneumoniae and Neisseria meningitidis®>*%*2. From colonization of bacteria in
the nasopharyngeal region, invasion of the blood stream occurs through the mucosal
membranes'®'4, Through hematogenous dissemination (bacteraemia), the pathogen is able
to reach and penetrate the blood-brain and/or blood-cerebrospinal fluid (CSF) barrier®>.
Another more direct route of entry into the CNS may be secondary to mastoiditis or sinusitis..
Extensive bacterial proliferation, inflammation, and influx of immune cells in the subarachnoid
space can thus occur'®'>. Some pathogens have specific characteristics that enhance their
pathogenicity: Streptococcus pneumoniae, for example, causes neuroimmune suppression

whereby host defences are inhibited and bacterial infection exacerbated®®.

Signs and symptoms of bacterial meningitis vary based on the age of the child'®!, Infants may
present with fever, irritability, vomiting or seizures, whereas clinical features of slightly older
children usually include fever, headache, vomiting, confusion, photophobia, or nausea, to
name a few!%! The gold standard diagnostic tool for bacterial meningitis is to perform a CSF
culture after performing a lumbar puncture, with other CSF parameters such as raised protein,
low glucose and polymorphonuclear pleocytosis being additional indicators of infection®*2.
Based on the causative organism, a prompt antimicrobial treatment regimen should be
implemented, with supportive and possibly adjunctive therapy, to try and eradicate this
severe infection. Short-term and long-term neurological sequelae are common given the
severity of bacterial meningitis and the nature of health care in LMICs!!. Limited resources,
delayed presentation to health facilities and inadequate access to care render patients
vulnerable to short-term (focal neurological deficit, hydrocephalus, subdural effusion) and
long-term (cognitive impairment, post-infectious epilepsy) complications?!. In infants, 20% of
surviving patients may develop serious long-term complications, with the mortality rate for

bacterial meningitis being highest in neonates — and generally higher in LMICs®.
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Tuberculous meningitis

Dissemination of the Mycobacterium tuberculosis pathogen from the lung to the brain leads
to the onset of tuberculous meningitis (TBM)~°. TBM is the most severe form of
tuberculosis (TB)?%2?, presenting in 1-5% of individuals who have TB2?32?4 Compared to other
forms of bacterial meningitis, it typically has longer symptom duration and more likely
presents with neurological compromise?’. Weight loss, failure to thrive, persistent cough, neck
stiffness and fever are common presenting symptoms'’2125, However, signs and symptoms of
this infection may be vague in children?®. The major risk factors for developing TBM are a
compromised immune system (such as poor nutrition and co-infection with HIV) and young
age (especially less than 5 years old)?>?’. Disease history and manifestation differs between
children and adults?. In children, severe morbidity and death occurs in 50% of those affected
by TBM?! and the significant correlation between poverty and the high incidence of TB means

that LMICs are most affected by this infection®8.

The disease is associated with inflammatory exudate that develops in the basal cisterns of the
brain, causing the disruption of CSF hydrodynamics — and therefore hydrocephalus (HCP) — to
develop in up to 90% of TBM patients?1?>3°, HCP is the accumulation of CSF in the brain, which
results in an abnormal enlargement of the ventricular system3733, This increased volume of
fluid within the brain results in an increase in intracranial pressure (ICP)?° and possible further
neurological deficit'8. The exudate also causes vasculitis of the basal vessels of the brain,

which commonly results in cerebral infarction3*.

In a similar manner to diagnosing bacterial meningitis, performing a CSF culture to isolate
acid-fast bacilli (AFB) is considered the gold standard for TBM diagnosis’?*. Identification of
AFB in CSF is a good indicator of TB in the CNS, and culturing of Mycobacterium tuberculosis
in CSF allows for drug sensitivity and resistance testing?. However both culture and
identification are difficult, Mycobacterium tuberculosis is known to be paucibacillary, which
may impact the results of CSF culture?*. To this end, performing a PCR (GeneXpert or
GeneXpert Ultra) test on CSF is often employed to increase the likelihood of making a
diagnosis, but it has reduced sensitivity in CSF and a poor negative predictive value®®. Given
the difficulties in a definitive diagnosis of TBM, the international TBM consortium developed

a research definition to aid int eh standardisation of TBM diagnosis across research studies.
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This consensus statement is routinely used to determine definitive, probable or possible TBM

and is based on a combination of patient history, CSF, radiological and clinical findings3®.

While the TBM CSF profile also shows decreased glucose and elevated protein values as is
seen in bacterial meningitis, it is typically associated with lymphocytosis in the CSF82%25 A
tuberculin skin test (TST) is also useful for disease diagnosis?*. Imaging of the brain is helpful
in making the diagnosis and monitoring the disease: there is a typical pattern of basal
meningeal enhancement, hydrocephalus, and infarcts?®>3°. The admission CSF, clinical and
radiological findings, a history of pulmonary TB and the results of diagnostics tests all form
part of an international consensus criteria for determining definite, probable or possible TBM
for research purposes®. In terms of treatment, the World Health Organisation (WHO) have
outlined a four-drug treatment regimen for TBM2°, with advised adjunctive corticosteroids?®.
The recommended drug regimen consists of Rifampicin, Isoniazid, Ethambutol and
Pyrazinamide, given orally for an intensive phase of all four drugs for the first two months,
followed by a continuation phase of only Rifampicin and Isoniazid for ten months3"38,
Prednisone is the recommended corticosteroid given daily for children with TBM32, There is
no standardisation of the duration of treatment in adults or children. In our local context in
children, a high intensity 6 month treatment regimen is standard of care. To treat acute HCP
and control elevated ICP, it may be necessary to perform neurosurgical interventions including
lumbar punctures and/or insertion of an external ventricular drain (EVD)?°, with potential

subsequent insertion of a ventricular shunt to manage residual HCP3°,

CSF shunt infections

Hydrocephalus is a common condition in Africa, usually caused by CNS infections, prematurity-
associated intracranial haemorrhage, spina bifida, head trauma, and brain tumours3®=%, It is
commonly treated by placement of ventriculoperitoneal CSF shunts*=*4. The main aim of
treatment for HCP is to successfully disseminate the built-up CSF to another area of the body
where it may be absorbed into the blood (in the case of a shunt) or removal of CSF from the
body (as with an EVD or lumbar puncture)*?=#*, Ventricular shunts have proven to be very
successful in this regard*?>=%* and these include ventriculoperitoneal, ventriculoatrial and

ventriculopleural shunts — first described and used in 1955, 1952 and 1954 respectively®. A
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common complication of the procedure, especially in the developing world context, is shunt

infection.

The literature shows considerable variation in reported failure rates of shunts, with a general
failure rate of 3-15% in the first six months following shunt placement?*¢%8, This infection is
more common in children than adults — and more so in younger versus older children*®>° —
with other relevant risk factors being previous shunt revision(s) and aetiology of HCP#>1, The
most common symptoms of a shunt infection include fever, vomiting and seizures, but there
are a wide range of other possible presentations®>%>3, A definite diagnosis of shunt infection
warrants a positive CSF culture®®, and coagulase-negative staphylococcus is the primary
causative bacteria in such cases, followed by Staphylococcus aureus and the less-virulent
Staphylococcus epidermis*’#°>>. Diagnosis is challenging due to low positive CSF culture
rates°®>8, with much variation between centres on the definition of shunt infection.
Prominent clinical trials, including Mallucci et al., have thus incorporated aspects from many

studies in conducting a suitable definition for shunt infection diagnosis>*.

Shunt infections are challenging to treat and eradicate due to the ability of the causative
bacteria to form a protective biofilm — an extracellular matrix structure surrounding the
bacteria®®. It enables the pathogen to resist being killed by immune cells and antibiotics®°.
Nonetheless, antibiotic therapy is administered in these cases, accompanied by removal of
the shunt®! and placement of an EVD®2. A new shunt will be placed when the CSF is sterile®?.
Given the nature of this infection and its potential to circumvent antibiotic therapy, it may

result in long-term morbidity and even death in paediatric patients?.

Ventriculitis

Ventriculitis refers to a low-grade infection of the ventricular ependyma, which has a more
gradual development compared to bacterial meningitis®%4. The most common precursors to
the onset of ventriculitis are: head trauma resulting in a posttraumatic CSF leak; a burst brain
abscess; progression of meningitis into the ventricles; or neurosurgical procedures®=’. The
different bacterial species causing this infection depends on the disease aetiology®>%, but
gram-negative meningitis followed by Staphylococcus species are the most common

infections associated with ventriculitis®#®> and ventriculomeningitis®’. Patients typically
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present with altered mental status, fever, headache and clinical features of meningitis such as
meningism, seizures, nuchal rigidity and photophobia®®>67.68 Declining glucose levels and
increasing protein in the CSF are common, similar to meningitis but with slower

progression®46>68,

Ventriculitis also occurs commonly in children, with prompt and effective diagnosis and
treatment having a large impact on the patient’s prognosis®®. Nosocomial ventriculitis
contributes to significant morbidity and mortality®’, with microbiological tests proving useful
with infection diagnosis®. Neuroimaging is also recommended given the typical ventriculitis
‘picture’ that such scans often depict, of ependymal enhancement and the presence of
inflammatory debris within the ventricles®®. Broad-spectrum antibiotics are typically given
initially, which may be altered to more targeted antimicrobial agents as more clinical
characteristics are revealed®”. However, a study by Ochoa et al. (2022) has demonstrated the
particular effectiveness of the neuroendoscopic lavage technique in ensuring CSF sterility in

ventriculitis patients®3,

Vulnerability in Children

Children under 14 years old — and especially children younger than 5 years old — are more
vulnerable to CNS infections, and demonstrate a higher incidence than adults*®°. The naive
nature of the peripheral immune system in children, which only reaches peak development
and functionality during adolescence*’?, is a major contributing factor. Not only are CNS
infections more common, but their sequelae may also be worse in children because the CNS
is still undergoing much development’®. Because neurodevelopment is especially sensitive to
environmental stimuli during the early postnatal stage, children are far more vulnerable to

significant, long-term neurological sequelae and mortality”®.

For all of these reasons, it is imperative that CNS infections in children are diagnosed promptly
to allow for early administration of targeted treatment and therefore improved prognosis!*!8,
However, many diagnostic methods currently used for CNS infections — such as microbiological
and biochemical analysis of CSF — are costly, time-consuming and insufficiently sensitive or
specific®’, Early symptoms of a CNS infection may also be nonspecific, with the aetiology

thereof being difficult to ascertain?*. Additionally, in LMICs, the number of neurosurgeons is
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disproportionate to the burden of disease and population sizes, and access to crucial medical
resources and treatments may be limited®. These factors compound to result in a significant
burden of disease in countries such as South Africa, with notable rates of severe morbidity

and mortality in children.

It is important to note that despite it being clear that injury to the brain is caused by the
ensuing cerebral inflammation, there is much about this inflammatory response that we do
not understand. Because of the compartmentalization of the brain, understanding the
systemic inflammatory response provides little additional insight into CNS pathophysiology.
This is important because adjuvant host-directed therapies may be able to ameliorate the
most harmful inflammatory effects. The next chapter summarizes our current understanding

of the immunopathogenesis of CNS infections.
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Chapter 2 — Immunopathogenesis of CNS Infections

2.1 Introduction to innate vs. adaptive immunity

The body faces numerous foreign microorganisms on a daily basis 72. We are able to survive
these encounters thanks to the body’s immune system, which is constantly mediating
potential immunological threats and invasions 7>73. Many factors influence the effectiveness
of the host’s immune response. One’s age — and thus the stage of immune development*70 —
the state/strength of one’s immune system and the pathogen load and virulence that the body

is encountering 72 are but a few.

The immune response can be sub-classified into two components: the innate immune system
and the adaptive immune system’374, The innate immune system is a characteristically non-
specific, rapid response to invading pathogens, and it is the host’s initial line of defence 737°.
Such a response depends on host cells recognizing molecular characteristics only associated
with microbial pathogens, known as pathogen-associated molecular patterns (PAMPs)737476,
PAMPs are recognised via germ-line encoded pattern recognition receptors (PRRs)*7476.77
found on key innate immune cells such as leukocytes and mononuclear phagocytes —including

monocytes circulating in the blood and macrophages resident to tissue’>.

Recognition of a pathogen initiates intracellular signalling pathways and activates mechanisms
of the innate response’’%, Activated PRRs subsequently trigger, among others, pathways
involving the formation of an inflammasome, a membrane attack complex’” or initiation of
the complement cascade’>’®. Crucially, PRRs also induce the release of inflammatory
mediators, known as cytokines and chemokines, from the cell’#7>7°, Such mediators enable
additional innate immune cells to be recruited to the site of infection”>’°. A cytokine milieu
involving interleukin (IL)-6, IL-13, tumour necrosis factor (TNF)-o. and IL-12, typically governs
the acute phase response to a pathogen, inducing both local and systemic effects — such as
cell trafficking”>’8. Chemokines are small polypeptide molecules also involved in the direction
of cell trafficking and recruitment, as well as lymphocyte development and the generation of

T-helper 1 (Tul), 2 (Tu2) and 17 (Tul7) cell responses 7>7880 Through the tight-knit
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interrelationship shared between cytokines and chemokines, the type and nature of immune

response elicited by an infectious challenge can be determined’>’8,

Of most importance in the innate response are lymphoid-derived natural killer (NK) cells as
well as polymorphonuclear and mononuclear leukocytes deriving from myeloid progenitors:
monocytes (forming macrophages and dendritic cells), neutrophils and mast cells*7>81, Table
2.1 provides an overview of cellular characteristics relating to these cells, and figure 2.1
demonstrates this lineage. While NK cells are classed as innate immune cells, figure 2.1 depicts
that they have lymphoid origins which are typical of adaptive immune cells, setting them
slightly apart from other innate cells’>. By utilising these cells together with activated
signalling pathways, cytokines and chemokines bring about local inflammation”® as well as
effector mechanisms such as opsonisation of the pathogen, phagocytosis, bacteriolysis and
the synthesis of antimicrobial peptides’*”>. The primary aim of these mechanisms, and of the
immune system as a whole, is to destroy the invading pathogen and prevent its

dissemination’2.

To this end, a crucial mechanism of the innate immune system is to activate and prime the
adaptive immune system’3’%7% Key adaptive immune cells originate from lymphoid
progenitors, including T cells (forming memory cells, cytotoxic T cells and helper T cells) and
B cells (forming plasma cells and memory B cells)8. Table 2.1 provides an overview of cellular
characteristics relating to these cells, and figure 2.1 demonstrates this lineage. In contrast to
effector cells of the innate immune system, which are pre-programmed for their specific
functions, cells involved in the adaptive response are naive, and require presentation of a
specific antigen to activate and specialize’#®?. Phagocytic cells of the innate response —
specifically dendritic cells and macrophages — can take up an antigen for a specific pathogen,
process it and present peptides of that antigen to naive adaptive immune cells®. Antigen
presentation is possible due to complexes on the surfaces of these cells known as major
histocompatibility complexes (MHCs)’#476, The interaction between innate and adaptive cells
occurs after the migration of phagocytic cells to the site of secondary lymphoid tissue

containing adaptive immune cells, namely lymph nodes”.
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Naive T cells and B cells have T- and B-cell receptors respectively that recognise a particular
cognate antigen’47281, During antigen presentation, PAMPs of the antigen’s corresponding
pathogen induce the release of co-stimulatory molecules from the antigen-presenting cell
(APC)7482, Therefore, binding of an antigen with its respective T-/B-cell receptor ultimately
activates the T-/B-cell and results in clonal expansion thereof 74781, To indirectly control
differentiation of these activated T-/B-cells, APCs release cytokines that further specify the
functional fate of the adaptive immune cells’®82, Ultimately, mature adaptive effector cells
with the identical receptor specificity as their naive precursor cells are created, and the
process of clonal selection prevents cells with self-receptors from joining the lymphocyte
repertoire’®’87° | In this way, the innate immune system ensures that a relevant and specific
adaptive immune response is launched based on the invading pathogen’®®. Thus, the innate
component of the immune system is effective in mediating the initial infection, whereas the
adaptive component is more capable of actually clearing the specific pathogen and infection

81 This can be pathogen-specific.

These signalling pathways and intercellular communication strategies reflect the true intricacy
and co-ordination required for an efficient and effective immune response. Although a child’s
immune system is able to respond dynamically to threat, it is still maturing®’°. From humble
beginnings with precursor cells in utero®3, the immune system develops throughout infancy
and childhood®*. The physical defence barriers of the body — namely the epithelial (skin) and
mucosal membranes — undergo age-related changes, with immune cell populations largely
being in a naive state and immune function believed to reach a peak from adolescence
onwards®. As described by Rook et al. (2015), many factors influence immune development
and ultimately immune function, such as microorganism exposure, maternal behaviour during
preghancy, perinatal stress and genetics 8. However, underpinning much of the age-specific
honing of the developing immune system is one’s exposure to environmental stimuli and

microorganisms®*84,

Microbial exposure contributes to the formation and biodiversity of the epithelial microbiotas
of the body®4. These microbiotas influence and drive development of the immune system,
which in turn impacts the development and functioning of the brain®. Fine-tuning of

immunoregulatory mechanisms by the immune system also occurs during infancy and
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childhood and is similarly influenced by microbial exposure®*. This suggests that children living
in LMICs might have an advantage regarding the dynamic nature of theirimmune systems due
to vast microbial exposure. However, this may be counter-balanced by the poverty,
malnutrition and burdened healthcare systems often seen in these countries®. Considering
these factors and the naive nature of a child’s immune system, children in LMICs — such as
those included in this study — are more likely to develop infections and those infections are
more likely to spread within the body*. Thus, infections of the CNS have a higher incidence in

such children compared to children in more developed countries and compared to adults*.
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Table 2.1: Summary of Peripheral Innate & Adaptive Immune Cell Characteristics

Cell type Origin Surface markers
= Subsets classified through
~10% of circulating differential expression of CD14 &
leukocytes®> CD16%787:
Derived from myeloid * Classical: CD14**CD16
Monocytes itors in b * Intermediate: CD14**CD16*
progenttors in bone * Non-classical: CD14*CD16**
marrow®®
Hematopoietic cells® — CD14is a PRR in innate immunity
& a co-receptor for several TLRs®®
= Identified through CD16 & CD11b
expression®’
Most abundant leukocyte i
. . = CD16 is a receptor for Igy;
of the innate immune ) ) )
) g9 involved in neutrophil
Neutrophils system . . g9
. transendothelial migration
Capable of phagocytosis & R
) = T CD11b expression indicates
degranulation o
activation by a
pathogen/infection®%°!
_ = Defined as CD56* 9>°3 and CD3"
Constitute between 5 and 9294
15% of peripheral
= Subsets of NK cells further
mononuclear cells*? o ) )
NK Cells L subdivided by relative expression
After activation: release
. of both CD56 & CD16°4%°
cytokines & demonstrate ]
9293 = CD56 functions as a pathogen
cytotoxicity®* o
recognition receptor®?
) = Expression of CD45RA identifies
Conventional cell subset®® . 9798
i . naive CD4* cells””
Cytokine-producing helper
97 98 = Tregs demonstrate
CD4* T Cells T lymphocytes®”

Regulatory T cells (Tregs)
are a subset®®

=

CD4*CD25*FoxP3* phenotype?®°°
CD4 regulates maturation &
function of CD4* subset!®
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Conventional cell subset®® ) ) )
) = Differential expression of CD27,
Cytotoxic effector T
9798 C28 & CD45RA based on
lymphocytes®” ] o . o1
i differentiation & maturation?
CD8* T Cells Capable of suppressing ) ) o
) T = CD8 is a glycoprotein facilitating
viral replication ) .
. - cellular adhesion; also functions
Cytotoxicity enables killing onalli tor102
as a cosignalling receptor
of target cells0? 8 8 P
Possess cytolytic &
cytotoxic functions!03:104
] = Mostly lack CD4 & CD8 surface
When stimulated: secrete 108
. markers
cytokines & 5 . )
i = receptors can recognise
y6 T Cells proliferate103104 4 P & _
. . pathogens & damaged cells in
Exact function remains ) )
104 absence of antigen presentation
unknown*°%;
. or MHC complexest®
unconventional T-cell
subset!®
) = Co-expression of CD161 & Va7.2
Abundant in blood and 105.107
) ) markers*°>
tissues — esp. the livert?’, ) ]
] ) = CD161 is a C-type lectin capable
& lamina propria of . .
MAIT Cells . . 108 of acting as a costimulatory
intestinal mucosa ) ] ]
) receptor in TCR stimulation®®
Unconventional T-cell ) ] 107
105 = Va7.2—aninvariant TCR
subset Doubl ive (CD4CD8
. . = Double negative ‘CD&
Anti-bacterial defence® g. ( )
phenotype in blood!%®
Develop from
hematopoietic stem cells
in bone marrow?%%?
Crucial in humoral = Virtually all B-cell lineages are
p—_ immunity1° CD19* 1
ells . . ) .
Differentiate into plasma = CD19 mediates intercellular
& memory cells — capable signal transduction!!!
of antibody production &
antigen presentation
respectively!?

Abbreviations: CD: cluster of differentiation marker (CD* — expressed; CD~ — not expressed; for the

case of CD* and CD** in monocyte classification, CD* indicates a level =10-fold above the isotype

control & CD** indicates a level =100-fold above the isotype control'?); MAIT cells: mucosal-

associated invariant T cells; MHC: major histocompatibility complex; NK cells: natural killer cells; PRR:

pattern recognition receptors; TLR: toll-like receptor
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Figure 2.1. Peripheral immune cell lineages considered in this study. The lymphoid lineage includes B cells, Natural Killer cells
and T cells — which in turn give rise to memory T cells, T-helper cells and cytotoxic T cells. The myeloid lineage ultimately
includes neutrophils and monocytes. Created with BioRender.com
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2.2 Immunity within the CNS in steady state conditions

Historically, the CNS was seen to be isolated from the systemic immune system and thought
to lack an immune response’®14, This notion has since been revised, with further studies
revealing robust immune response generation in the CNS 1>, However, it has been considered
an immune-privileged site because of its unique separation from the periphery by the blood-
brain barrier (BBB), the minimal presence of APCs in uninflamed brain parenchyma and the
brain’s seeming lack of lymphatics!'3114116 The BBB is vital in maintaining the integrity of the
CNS, and consists of specialised endothelial cells joined together by adherens and tight
junctions®®, It is maintained by perivascular cells and astrocytic foot processes'*>!'’. This
barrier’s selective permeability allows for strict control of molecular exchange between
circulating blood and the CNS parenchyma, and is considered the first barrier of defence for
the CNS618 Together with the blood—CSF barrier, the BBB therefore protects the CNS
parenchyma, ventricular system and meninges surrounding the brain from blood-borne

pathogens!!3,

In essence, the CNS has been regarded as immune privileged due to the exclusive guarding by
its innate immune responses and specific adaptive responses. However, this can be said for
any organ in the body!!®. Incorporation of the blood—CSF barrier, the concept of a
neurovascular unit (NVU), and the discovery of the glymphatic-like system in the brain has
since allowed the concept of CNS immune privilege to evolve!'3!1> Under steady-state
conditions, while the vascular endothelium of the BBB exerts tight control over cell trafficking,
there are immune cells patrolling the CNS at potential sites of pathogen invasion!'411>, This
includes within CSF, at the choroid plexus, perivascular spaces, meninges and, ultimately, the
brain parenchymat'41>, Such immune surveillance of the CNS is conducted by microglia (the
brain’s unique, tissue resident macrophage), as well as peripheral leukocytes — meningeal
dendritic cells and perivascular macrophages 15119120 While peripheral leukocytes originate
from the bone marrow and circulate in the blood, microglia remain in the CNS and are not

bone-marrow derived!?.

Microglia are the primary component of the brain’s innate immune system®8, and are
paramount to immune surveillance and homeostasis within the CNS 1*°. These cells constitute

up to 20% of the brain’s cellular component!!®, and are derived during early embryonic
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development from myeloid progenitors — similar to macrophages!'#1*8, As such, they serve as
the initial cellular defence against invading pathogens in the brain parenchyma, and constantly
sample the CNS extracellular space!®. Astrocytes, a second type of resident CNS immune cell,
have a more supportive role — providing structural support to neurons while contributing to

their metabolism and synaptic plasticity!?!

. However, these cells are believed to crucially
contribute to the integrity of the BBB!?!, and therefore also contribute to homeostasis within
the CNS. Table 2.2 characterises these cells and their identifying surface markers, and figure
2.2 depicts these cells. Upon encountering a pathogen, both microglia and astrocytes become
activated, and contribute to the innate immune response®?2. This process is discussed in detail

later.

In conjunction with microglial and astrocytic activity, migration into the CNS of peripheral
leukocytes — including T cells, macrophages, and dendritic cells (DCs) — allows for further
surveillance under healthy conditions!'#119123 While their entry is tightly regulated by the
BBB!', access is mostly gained through the epithelial lining of the choroid plexus constituting
the blood—CSF barrier, through the Virchow—Robin spaces and/or the postcapillary venules
entering brain parenchyma'!®. Macrophages and DCs patrol the parenchyma and are
stationed at common sites of pathogen entry!!®, In the event of pathogen confrontation, these
cells present the corresponding antigen to the surveillant T cells, thereby activating
them8119 Studies have shown that the majority of the peripheral immune cells found in the

CSF of healthy individuals are CD4* T cells, although some groups have disputed this!1411°,

Initial uncertainty regarding the immune properties of the CNS may have stemmed from the
immunosuppressive nature of CNS cellular components, yielding the CNS immunologically
quiescent!®®, Studies have reported that neuronal electrical activity can suppress the
expression of MHC in microglia and astrocytes, which will affect the antigen-presenting
capacity of these cells'*®. Neuronal neurotrophins, including nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF) and neurotrophin-3 (NT3), were shown to dampen MHC
1 expression on microglia in brain slices, which would specifically affect interaction with CD8*

T cells1®o,
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Resting microglia thus demonstrate a down-regulated immunophenotype®?*. Microglia and
astrocytes themselves have been shown to release immunosuppressive mediators, with
microglial IL-10 demonstrating autoregulatory dampening properties and astrocytic tumour
growth factor (TGF)-f downregulating pro-inflammatory molecule release!!®. Upon activation
by a pathogen, the immunophenotype of these cells changes from a quiescent to an activated
state, with an efficient immune response being launched’®. Considering its immune
surveillance, the activation events triggering immune responses and its endogenous

immunosuppressive mechanisms, CNS inflammation is under firm control.
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Table 2.2: Cellular & surface characteristics of CNS-resident immune cells

Cell type Origin/role Surface characteristics
Predominant glial cell type ACSA serves as a determining,
(=~ 50%)1%° general marker for
Maintain brain tissue astrocytes!?®
homeostasis, vital in GFAP is an intermediate
neuronal development!2>126 filament in most CNS

Astrocytes Astrogliosis — activation of astrocytes!?>127
astrocytes in response to GFAP provides mechanical
infection?’ support to astrocytes & the
Cytotoxic or cytoprotective BBB%»
functions depending on Marker of reactive astrocytes
activation phenotype!?® (T GFAP levels)'?’
Mesenchymal origin?®
Resident macrophages of the .
CNS129.130 TMEM119 is regarded as a

. standard marker specifically
~ 10% of brain cell ] 130
i for microglia

population?3° o

Microglia , i Under healthy conditions,
Considered the primary

) ) express CD11b'%°
resident immune cells of the )
CNS129.131 HLA-DR is expressed by
. . activated microgliat?®

Principal source of cytokines
in the brain!3!

Abbreviations: ACSA: astrocyte cell surface antigen; CD: cluster of differentiation marker; CNS:

central nervous system; GFAP: glial fibrillary acidic protein; HLA-DR: human leukocyte antigen-

DR isotype; TMEM119: transmembrane protein 119
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Activated microglia Reactive astrocyte

Figure 2.2. Brain-derived immune cells. The major brain-derived immune cells include microglia and astrocytes. Upon
encountering and recognising a pathogen, both of these cell types become activated and participate in the immune response.
Created with BioRender.com
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2.3 Neuro-inflammatory response to pathogenic insult

For a pathogen to reach the CNS, ingestion/inhalation/inoculation of the microorganism first
occurs, most commonly through the lungs, skin, or gut?3, followed by pathogenic replication
and dissemination into blood circulation®3. Entry into the CNS is only achieved via crossing of

the unique BBB that shields the CNS from the periphery*®.

Should the pathogenic load be significant enough, breaching of the BBB may occur. As outlined
by Lampron et al., paracellular (between) and transcellular (through) transport mechanisms
are commonly used by pathogens to cross the BBB’s endothelium and enter the CNS!®,
Furthermore, weakening of tight junctions between endothelial cells by pathogens can impact
the physical integrity of the BBB!'6, CNS-resident innate immune cells — namely microglia and
astrocytes — detect pathogen-specific PAMPs via their PRRs — typically Toll-like receptors
(TLRs)15.

Microglia are vital innate responders to pathogens, while also shaping and protecting the
environment of the developing brain by promoting angiogenesis, partaking in synaptic
remodelling and influencing blood vessel patterning?°. Given their derivation from myeloid
precursor cells, microglia are phagocytic cells?!. Similar to peripheral innate immune cells of
this nature, microglia possess surface TLRs, enabling them to recognise a pathogen,
endocytose and process its corresponding antigen, and present this to antigen-specific T
lymphocytest'?120, Under these inflammatory conditions, microglia are activated!® with an
upregulation of MHC-Il complexes on the microglial surface'?°. Antigen presentation is thus
enhanced, specifically to CD4* T cells'?®. Morphological changes accompany microglial
activation, shifting from a quiescent or ramified shape to an amoeboid shape’®. Such
activation results in one of two microglial phenotypes: M1, which is characteristically pro-
inflammatory and neurotoxic, or M2, which is contrastingly neuroprotective and anti-
inflammatory8>18. Microglia are therefore crucial in initiating the adaptive arm of the CNS

immune response and mediating neuroinflammationt®°,

Another type of resident glial cell demonstrating involvement in the neuroinflammatory
response are astrocytes'??, Astrocytes have been implicated in immune defence!?!, expressing

TLRs and therefore recognising, responding to and being activated by pathogens!!®!?2 |n
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contrast to microglia, astrocytes do not express MHC-II under physiological conditions, but
instead are induced to express this complex under inflammatory conditions!?%122, However,

both cell types are capable of acting as APCs under such conditions'%.

Both microglia and astrocytes release pro-inflammatory cytokines in response to their
activation'®1?2 including IL-1, IL-6, IL-12 and TNF-a '>1%6 Furthermore, the release of
chemokines, free radicals and reactive oxygen species is also stimulated!!>!%¢, Due to these
inflammatory mediators, specific local immune pathways are induced, with recruitment of
both innate and adaptive peripheral immune cells to the CNS''>116, Recruited innate cells
assist microglia and astrocytes by employing innate mechanisms of pathogen clearance — such
as phagocytosis and degranulation?>. Monocytes and neutrophils are among the initial innate

cells recruited, followed by 6 T cells and NK cells*?°,

In contrast, adaptive naive T cells recognise their corresponding antigen by encountering CNS-

120 — and recruited innate cells'32. As in the rest of the body,

resident APCs — primarily microglia
this activates the T cells, resulting in clonal expansion, differentiation and cytokine release®32,
Ultimately, a T-cell mediated immune response is launched!!®>, with the specificity of that
response depending on the cytokine milieu released??. CNS infections of a bacterial, fungal,
viral or protozoan nature have demonstrated immune responses mediated primarily by helper
CD4* T cells and cytotoxic CD8* T cells, both capable of interferon (IFN)-y release!!3. Because

of its induction of MHC-Il expression on astrocytes!?°

, its promotion of macrophage activation,
and its production of reactive oxygen intermediates, IFN-y is regarded as a key cytokine in CNS
inflammation®'3. CD4* T cells release cytokines capable of coordinating the adaptive immune
response, whereas CD8* T cells conduct targeted cell killing®®. Recruited B cells are capable of
becoming APCs, as well as producing corresponding antibodies'?C. Thus, in conjunction with

the innate response, the adaptive immune response will enhance pathogen clearance and

resolution of neuroinflammation altogether.

While an immune response is warranted to fight a CNS infection and resolve
neuroinflammation, excessive immune mechanisms can cause local cell damage within the
brain8>13, Neuronal damage or death due to inflammatory processes may result in post-

113

infectious neurological sequelae'!s, which impact morbidity and mortality following CNS
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infection. The CNS possesses immunoregulatory mechanisms aimed to limit
immunopathology, including anti-inflammatory cytokines (e.g. IL-10 from T cells and IL-27
from microglia/macrophages), inhibitory receptors on T cells and the suppressive actions of
Treg cells!3, However, an exacerbated immune response may result in oedema,

demyelination of neurons and ultimately reduced neuron functioning®.

Inflammatory conditions induce the release of matrix metalloproteinases (MMPs) from all
resident CNS cells’®3. MMPs break down BBB basement membrane constituents,
compromising the BBB’s physical integrity'33. Oedema may result from a compromised BBB,
since more permeability allows entry of more plasma proteins — and therefore more water —
into the brain'34. This brain swelling will contribute to raised intracranial pressure?%!34,
Impaired neuronal function and neuro-signalling may result due to excessive neuro-
excitotoxicity!®. Excess glutamate release secondary to inflammatory-induced ischaemic
injury enables this neuro-excitotoxicity to develop3*'36137  Pproteinaceous inflammatory
exudate, which collects in the cisterns of the brain, impairs CSF flow dynamics and raises
intracranial pressure (ICP)2%%3* — particularly in TBM®3, This exudate can also cause

vasculitis?0.

In the highly vulnerable environment of a child’s developing brain, such neurological damage
is potentially devastating’®. Thus, post-infection long-term functioning in children may be
more influenced by immunopathological consequences of neuroinflammation than in adults,
with a greater impact on morbidity and mortality’®. For this reason, a more comprehensive
understanding of the immune response to brain infections, prompt diagnosis and targeted
treatment of CNS infections is especially relevant in children. Early intervention and
prevention of excessive neuroinflammation may help ameliorate the detrimental effects
mentioned above, resulting in better outcomes. However, fundamental data on the
inflammatory response at the site of disease is still lacking, particularly in the context of the
developing brain. This project aims to contribute important pilot data to enhance our
understanding and the identification in the future of potential novel avenues for

immunomodulation and improved outcomes.
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Figure 2.3. Response of the brain to pathogenic insult. Resident brain cells recognise the pathogen and initiate the immune response in the
brain through release of pro-inflammatory cytokines. An increase in blood-brain barrier (BBB) permeability accompanied by the influx of
immune cells into the brain. Created with BioRender.com
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2.4 Markers of brain inflammation

Swift diagnosis of CNS disease is notoriously difficult, as is tracking disease progression and
determining disease severity3®'3%, Radiological scans and clinical findings are typically utilised
to quantify severity of disease!®?, but there has been increasing interest and research into the
role of cytokines and chemokines as CSF biomarkers, serving as an additional diagnostic
tool'38140 These products can be measured as biomarkers/indicators of brain injury and

inflammation3%, and could potentially help monitor drug efficacy during treatment4Z,

Prominent immune-mediated inflammatory biomarkers include IL-18, IL-6, IL-8, IL-10, IL-1
receptor antagonist (IL-1Ra), IL-12p40, TNF-a, IFN-y, IFN-a, vascular endothelial growth factor
(VEGF), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory proteins 1
and 2 (MIP-1 and MIP-2) and interferon-inducible protein 10 (IP-10)3%140142 Hallmark

features of these biomarkers are provided in Table 2.3 below.
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Table 2.3: Biomarker characteristics and functions during neuroinflammation

= Pro-inflammatory!4%42 — one of the most powerful'*

= Useful for tracking infection progression4°

= In a study Lopez-Cortés et al., was most reliable marker — good sensitivity
144

IL-1
b & specificity in differentiating bacterial vs. aseptic pleocytosis

= Protective in viral, bacterial & fungal infections'#
= Released by macrophages & activated monocytes!#>146

= Natural anti-inflammatory cytokine!%’

= Inhibits IL-1 — increased vulnerability to infection4?

IL-1Ra = However, also mediates inflammation & may limit extent of disease*®

= Upregulated during infection & inflammation#’

= Secreted by neutrophils, monocytes & macrophages*”:14°

= Pro- or anti-inflammatory cytokine depending on progression of

inflammation1>911

= Role in both innate & adaptive response’®?

IL-6
= T levels in non-bacterial inflammation & nosocomial infection!3

= Levels correlated with CSF leukocyte cell counts®®3

154 155

= Released by astrocytes'>*, monocytes & alveolar macrophages

= Pro-inflammatory chemokine*°

IL-8 = Chemoattractant & activator of neutrophils!>®

= Produced/released by microglia'*® & astrocytes!>”1>8

= Anti-inflammatory, immunosuppressive cytokine®®?
IL-10 = Limits astrocytic & microglial immune responses!>®
= Released by regulatory T cells160-162

= Pleotropic pro-inflammatory cytokine'®?
= Synthesized by microglia, astrocytes & neurons'®*
TNF-ou = Role in leukocyte migration into the brain & glial activation'®3
= Released by macrophages'®®, monocytes, activated T cells'®®,

astrocytes!®’

= Pro-inflammatory cytokine!®

= Induces MHC-II expression on astrocytes!?°
IFN-y = Promotes macrophage activation & production of reactive oxygen
intermediates!3

= Released by NK cells, DCs, activated T cells (mainly CD4*) & B cells6%170
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IFN-a

= Released by glial cells & neurons!’?, as well as by monocytes,
macrophages, NK cells, DCs & T cells'’?
= Major actions include proapoptotic, antiviral & antiproliferative!’?
= T levels in inflammation leads to cognitive dysfunction through |
dendritic arborization'’3
= Upregulates inflammatory cytokines e.g. IL-1, -6 & TNF-a'”3

MCP-1

= Synthesized by monocytes, microglia & astrocytes’417>
= Direct innate & adaptive cell trafficking into CNS — such as monocytes,
memory T cells & DCs 174175
= Elevates reactive oxygen species (ROS) generation'’*
= Potentially compromises integrity & permeability of BBB — promotes
ECM protein degradation, induces pericyte injury, induced chemotaxis in
monocytes & microglia, binds to neurons and inhibits GABA-mediated
responses!’®

MIP

= Pro-inflammatory chemokine”’
= Involved in neutrophil recruitment to the CNS*””
= T cell and macrophage activation & proliferation
= Released by T & B cells, neutrophils, NK cells, monocytes, macrophages
& DCs'’®

IP-10

= Significant levels found in CSF in neuroinflammatory conditions'”®
= Attracts T cells, NK cells & monocytes to CNS*&°
= Released by leukocytes, monocytes, neutrophils, eosinophils, epithelial &
endothelial cells*®1182 and astrocytes!®?

VEGF

= Regulates brain vascularization during CNS development; indirect role in
neuronal cell proliferation!8
= Both beneficial & pathological roles during neuroinflammation &
injury!®
= T levels during acute inflammation contributes to BBB breakdown?184-186
= Released by platelets & leukocytes!®’

Abbreviations: BBB: blood brain barrier; CNS: central nervous system; CSF: cerebrospinal fluid;

DCs: dendritic cells; IFN: interferon; IL: interleukin; IL-1Ra: interleukin-1 receptor antagonist;

IP-10: interferon-inducible protein 10; MCP-1: monocyte chemoattractant protein-1; MHC-II:

major histocompatibility complex Il; MIP: macrophage inflammatory protein; NK cells: natural

killer cells; ROS: reactive oxygen species; TNF: tumour necrosis factor; VEGF: vascular

endothelial growth factor
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Chapter 3 — Analytical Techniques: Flow Cytometry

3.1 What is flow cytometry?

Flow cytometry is a powerful and efficient technique for cell analysis within body fluid
samples'® 18 |t allows for the quantification of optical and fluorescent properties of single
cells suspended in a fluid stream as they pass through a light source (e.g. a laser)*¥1% and is
used to distinguish different cell types, to sort cells and to perform absolute cell counts®%1°1,
Flow cytometry is based on the principle of light scatter and fluorescence emission when a
laser beam strikes a passing cell*®, which will be expanded upon below. This technique has
applications in many disciplines, such as immunology, virology, cancer biology and molecular

biology!.

In the context of infectious disease, flow cytometry has demonstrated effectiveness in

studying the immune response and in immunophenotyping!®

, and can be used to diagnose
and monitor the progression of disease’®. According to McKinnon (2019),
immunophenotyping is the most common application of flow cytometry®, which is the
purpose of the technique for this project. Initially developed for the analysis of blood
specimens, flow cytometry has been adapted to incorporate analysis of other body fluids!®?,
such as CSF. Though much technological advancement has been made within the last two
decades, flow cytometers possess three primary components: fluidic, optic and electronic

systems 188190,

Fluidics

The purpose of the fluidics system is to direct the cells through the cytometer system to the
laser intercept (i.e. interrogation point) for analysis®1%0, Cells need to pass the laser in single
file to ensure uniform, reproducible cell illumination, which is achieved by injecting the cells
from the sample tube into a pressurised stream of sheath fluid**%1%3, A central sample stream
forms within the sheath fluid stream due to differences in pressure between these two
streams!®193, Sample pressure should always be greater than sheath fluid pressure'®®. This
concept, known as hydrodynamic focusing, is what ensures that the cells pass the laser beam
one by one'®1%0 Rate of cell injection into the laser beam may be altered faster or slower
based on the experiment’s analytical needs!®. Slower injection rate allows for increased

uniformity and thus increased accuracy of cellular illumination?®°,
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Optics

The optics system is comprised of excitation and collection opticsi®®18, The excitation
component includes the lasers that emit light!®818° whereas the collection component
contains photodiodes and photomultiplier tubes (PMTs)8. Specific cell characteristics can be
deduced through the cells’ light-scattering capabilities and their fluorescence emission — if
they are fluorescently tagged'®. As the cells pass the laser, they scatter light that is collected
parallel to the laser beam axis (forward scatter (FSC)) — and at a 90° angle (perpendicular) to
the laser beam axis (side scatter (SSC))®>191, Emission of fluorescence is also collected

perpendicular to the laser beam?°%1°1,

Cell size, granularity, shape, and internal characteristics affect the light scattering of cells®?,
with FSC demonstrating proportionality to cell size and SSC demonstrating proportionality to
a cell’s internal complexity and granularity®%1, FSC is collected by FSC photodiodes!®,
whereas SSC and fluorescence are collected and directed to PMTs by dichroic mirrors and
filters88190 These mirrors and filters ensure that different wavelengths of collected light are

directed to the correct optical detectors'®.

Electronics

PMTs and photodiodes generate electrical signals that are relative to the magnitude of
scattered laser light and fluorescence that they detect!81%°, The electronic system of the flow
cytometer is responsible for conversion of these signals into digital signals capable of being
deciphered by a computer®8, This is possible through amplification of the electric signal by an
amplifier, creating an analog signal*®. Analog to digital converters subsequently convert the
signal into a digital one'®. The computer will then process these digital signals into digital
data, which can be represented/displayed via histograms or dot plots'®. To differentiate cell

population subsets, gating techniques are used*®.
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3.2 Research thus far in CSF using flow cytometry

The efficacy of flow cytometry has been demonstrated in research concerning the immune
system, making it a common analytical technique in clinical laboratories®. Work has
expanded from analysis of blood specimens to other biofluids, including CSF. Van Acker et al.
(2001) compared flow cytometric CSF analysis with the ‘gold standard’ microbiological and
biochemical analyses'®*. They concluded that there was a reliable correlation between flow
cytometric and gold-standard analyses in terms of CSF leukocyte and erythrocyte counts,
although not for bacterial counts®*. Twenty years later, another group, Dossou et al. (2022),
compared the performance of more advanced flow cytometers with the gold standard in
analysing biological fluids, including CSF*°>. Both CSF cell counts and bacterial counts showed
an adequate correlation with gold-standard results'®>. These results point to the reliability and
relevance of flow cytometry in clinical research. Upstream use of flow cytometry to

microbiological analyses has been suggested to accelerate and enhance infection diagnosis*°.

In addition to these studies, a significant amount of work has assessed the capabilities of flow
cytometry in detecting lymphoma and haematological malignancies, given the potential
involvement of the CNS in these conditions. In 1998, Finn et al. examined the use of flow
cytometry in detecting malignant lymphoma in CSF compared to conventional
cytomorphological assessment!®®. Flow cytometry demonstrated sensitivity and effectiveness
in detecting lymphoid clones within CSF samples and was suggested as an adjunctive
analytical technique. Using CSF samples from patients with lymphoma or leukaemia with
evidence of neurologic involvement, Roma et al. (2002) determined that flow cytometry could
detect abnormal cell populations that weren’t detected by conventional morphology alone!®’.
Alvarez et al. (2012) depicted similar results in CSF from patients with diffuse large B-cell
lymphoma?®®, Further, Niickel et al. (2006) found a 20% increase in detection rate of
haematological malignancies involving CSF, when combining flow cytometry with
conventional cytology®®. Thus, this group also suggested flow cytometry as an additional

diagnostic technique to cytology in such patients.

In conjunction with these studies, the use of flow cytometry for immunophenotyping
purposes has gained more interest. Han et al. (2014) analysed paediatric and adult CSF

samples from patients with a spectrum of neuroimmunological diseases?®°. By performing
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flow cytometric immunophenotyping of these CSF samples, 14 different subsets of immune
cells were isolated. Distinctions between intrathecal (CNS) versus systemic immunity were
further described. CSF immunophenotyping depicts processes only relating to intrathecal
immunity. This study thus proved that flow cytometric CSF analysis can be used to guide and
monitor immunomodulatory treatment in patients with a neuroimmunological disease by

monitoring biomarkers in the intrathecal environment?®,
CNS infections have not been exclusively analysed, and very rarely has this been done on

ventricular CSF and in children. Table 3.1 below outlines data obtained from a selection of

flow cytometry immunological studies, some of which are mentioned above.

46



Table 3.1: Summary of data from flow cytometry studies in CSF

Method
Correlate FCM cell counts with
Fuchs-Rosenthal counting
chamber, microbiology &
biochemical data
174 lumbar & 82 ventricular
fresh CSF samples submitted
to their laboratory (from
Paediatrics,
Haematology/Oncology,
Emergency/ ICU, Neurology &
Neurosurgery)

Results

1. Good agreement between FCM &
microbiology (counting chamber)
for erythrocyte (r=0.919) &
leukocyte (r = 0.886) counts

2. Bacterial count less reliable
(various sources of interference
e.g. blood or cell debris in CSF)

Study Conclusions

= Flow cytometer Sysmex UF-100
offers quick & reliable erythrocyte
& leukocyte counts

= FCM analysis is a useful additional
tool for CSF examination
(particularly in emergency setting)

Compare FCM analysis to ‘gold
standard’ microbiological cell
counting, Gram stain & culture

526 biological fluid samples
submitted to their laboratory
(of those, 125 = fresh
ventricular CSF samples, mean
age 58.91 years)

1. Sysmex UF4000 performed
equivalently in CSF to standard
methods for RBC (p = 0.9616) &

leukocyte (r? = 0.91; P-value <
0.0001) counts

2. Cut-off point with max. sensitivity
& negative predictability for
bacteria detection in CSF is 17.2
bacteria/ulL

= Detection of bacteria in biological
fluids with flow cytometer UF4000
prior to cytological/microbiological
analysis could accelerate &
improve diagnosis of infection
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e Comparison of FCM to
conventional morphologic
evaluation — testing detection
of clonal lymphoid populations

e 36 fresh CSF samples from

malignant lymphoma patients

1. FCM analysis was successful in 27
CSF samples — lymphoma detected
in 10 samples

2. FCM had sensitivity of 86% &
specificity of 83%, positive
predictive value of 67%

= FCM is feasible detection method
for malignant lymphoma in CSF

= FCM could be used as an adjunct
to conventional morphologic
evaluation —rather than as a
substitute

Immunophenotyping by FCM
compared with morphologic
examination

53 fresh CSF samples from
patients, ranging 6-76 years,
with malignant lymphoma or
leukaemia involving the CNS

1. Lymphoma/leukaemia detected in
21 samples: 12 by both techniques
and 9 by FCM immunophenotyping

alone

= Cytologic examination of cell
morphology in conjunction with
FCM = 75% T in detection rate in

CSF vs. if utilise cytology alone

= FCMis a useful adjunct to
cytologic examination

FCM analysis compared with
conventional cytology

114 fresh lumbar CSF samples
(prepared with Transfix®) from
DLBCL patients at diagnosis or
relapse, overall range 18-82
years

1. 14 samples were deemed positive

for DLBCL through FCM analysis

2. 1sample was deemed positive for

DLBCL through cytology analysis

= FCM yields significantly more
positive results than conventional
cytology

= FCM therefore more sensitive in
detecting DLBCL, but failed to be
predictive of relapse
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e Assessment of using
conventional cytology vs. FCM
for detecting CSF involvement

in haematological
malignancies

e Fresh CSF samples from 45
patients with haematological
malignancies

1. CSFinvolvement detected in 18
patients: 12 by both FCM &
cytology; 3 by each technique on
its own

2. Increase in detection by 20% to
600%

= When coupled with conventional
cytology, FCM improves detection

of CSF involvement in patients
with haematological malignancies

e FCM immunophenotyping
of CSF & blood leukocytes —
can reveal differences in
inflammatory response &
disease pathogenesis?

e 221 fresh CSF samples
including pediatric & adult
patients presenting to NIH
with neuroimmunological
disease —» MS, OIND, NIND

subgroups

1. Significant difference in proportion
& activation of blood vs. CSF
immune cells

2. Observed prominent overlap of
blood & CSF markers for different
diagnostic subgroups

3. Poor yet statistically significant
correlation of haemocytometer
CSF counts between NIH
laboratory & Han et al. laboratory
(r=0.4636; P-value < 0.001)

= CSFimmune cells represent a
mixture of cells, some of which
have been activated intrathecally
and exit the CNS once they are no
longer needed

= ldentified disease-specific
immunophenotypes have
potential to guide disease
diagnosis, monitoring & provision
of targeted immunomodulatory
treatment

Abbreviations: CSF: cerebrospinal fluid; DLBCL: diffuse large B-cell ymphoma; FCM: flow cytometry; MS: multiple sclerosis; NIND: non-inflammatory neurologic
disease; NIH: national institute of health; OIND: other inflammatory neurologic disease; r: Pearson correlation coefficient; r?: coefficient of determination; p:

Spearman correlation coefficient; P-value: probability value
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3.3 Importance of flow cytometric work in CNS infections

As described above, flow cytometry has proven to be a sensitive tool to detect immune cells
within CSF. Inflammation and infection in the CNS involves recruitment of peripheral immune
cells, which can be detected in CSF samples from patients with infections. However, there is
sometimes a paucity of cells in CSF samples, compounded by the rapid death of immune cells
after CSF sampling38. In this regard, flow cytometry has advantageous characteristics
including rapidity and the capability to evaluate multiple cell surface markers
simultaneously'®%1%_  Such evaluation of cell surface markers allows for -effective
immunophenotyping of different cell subsets in CSF samples. As demonstrated by Han et al.
(2014), gating out of different cell subsets — and thus depicting an immunophenotype — is
possible through flow cytometric CSF analysis?®. This group highlighted the importance of
improving the knowledge of the CNS immune response, considering the poor correlation

between systemic and intrathecal biomarkers2®.

Better understanding the CNS immune response could have major implications for CNS
disease diagnosis, monitoring and treatment, given the significance of early intervention and
treatment in improving prognosis of CNS infections. Pragmatically though, the work is
challenging, in part because it depends on patient presentation, and is thus subject to

unpredictable timing and the nature of CSF samples.

This study had a novel opportunity and approach to this work with the new cryopreservation
method devised and characterised in previous work from the group?®!. The demonstration of
this method’s efficacy when working with CSF has enhanced this study and immune cell and
inflammatory biomarker results thereof. Neutrophils are more sensitive to cryopreservation,
however, they are a minor cell population in paediatric TBM, and are detectable using the

cryopreservation technique.

Additional research of value for this study from this unit is the documented variation in lumbar
CSF versus ventricular CSF through biomarker!3813° and transcriptomic work?®, at least in TBM.
In particular, ventricular CSF appears to demonstrate a stronger signal of the cerebral

response compared to lumbar CSF. This groundwork has guided and validated the particular
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use of ventricular CSF for the purposes of this study. Additionally, the study benefited from
being able to analyse more than one sample over time for most patients (71%). A single CSF
sample or time point is insufficient to monitor the course of disease, and to investigate more
deeply into why some patients may respond poorly to treatment. To our knowledge there are
no data on the ventricular CSF immunophenotypes of specific CNS infections — such as those
included in this study. The novelty of this study included looking at brain-derived cells, and a
very large range of peripheral immune cells, and therefore this project aimed to generate pilot
data on CNS infection immunophenotypes. This work is facilitated by the ability to conduct
research on cryopreserved CSF, using a method established within our group. This adds to the
currently available data by expanding the type and frequency of samples from the site of

disease that can be analysed.
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Chapter 4 — Aims & objectives

The primary aim of this research project was to describe the immune cell profile of ventricular
CSF, and to examine biomarkers of inflammation in children with common CNS infections at

our institution.

Obijectives:

1. To describe subsets of peripheral and brain-derived immune cell populations in
ventricular CSF using flow cytometry.
2. To describe downstream cytokines and chemokines (inflammatory mediators) in

ventricular CSF using a Luminex® assay.

The secondary aims of this project were:

1. To describe the change in immune cell and inflammatory mediator concentrations
over time in a sub-group of patients.

2. To explore the association between immune cells and inflammatory mediators.

52



Chapter 5 — Methods

5.1 Patient recruitment

Patients who were admitted to the neurosurgical ward at Red Cross War Memorial Children’s
Hospital (RCWMCH) for suspected meningitis, ventriculitis or shunt infection and who met the
inclusion criteria for this study were identified by the student and supervisor. This was done
with the input of collaborators from the clinical team. Informed consent was obtained from
the patient’s parents/guardians upon admission to RCWMCH. This was conducted in their
language of choice — English, Afrikaans or Xhosa — with consent forms being made available
in all three languages. Any concerns or questions from the parents either during the consent
discussion or throughout the duration of the study were addressed by the principal

investigator/supervisor.

Inclusion criteria: TBM inclusion criteria was based on an international uniform case definition
for definite (CSF culture or GeneXpert confirmed) and probable TBM, which combined
admission signs and symptoms, including symptoms potentially relating to pulmonary TB,
findings on CSF cytology and chemistry, and imaging findings3®. Patients with other CNS
infections were included in this project if they had a reported ventricular CSF cell count of
greater than 5 lymphocytes and/or polymorphonuclear leukocytes and were being treated at
RCWMCH based on clinical suspicion of an infectious cause including meningitis, shunt

infection or ventriculitis.
Exclusion criteria: Patients who were admitted to RCWMCH for a focal CNS infection (e.g. brain

abscess), or who have an abdominal pseudocyst associated with their shunt, were not

included in this study.

5.2 Study cohort & Sample collection

Ventricular CSF was collected during clinically indicated neurosurgical procedures. Such
neurosurgical procedures typically included the insertion of an external ventricular drain
(EVD), performance of a column test to assess the communicating nature of hydrocephalus—
specifically in patients with TBM?° — an EVD tap and/or the insertion of a ventriculoperitoneal

shunt. These procedures were performed for clinical purposes only, and study samples were
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collected from remnant CSF. Samples were prospectively collected at RCWMCH between July
2022 and November 2023. Given the absence of a flow cytometer on site at the hospital, it
was necessary to cryopreserve all samples for batched analysis. Patients were treated as per

standard of care as described in the literature review.

5.3 Sample processing

Collected CSF samples were subjected to a cryopreservation protocol developed in this
research unit?®l, Immediately after collection, the CSF was centrifuged at 300 x g for 5 minutes
with the break off. The supernatant was aspirated, and the remaining cell pellet
cryopreserved. The cell pellet was resuspended in 500ul of cold Roswell Park Memorial
Institute (RPMI) medium (Cytiva, HyClone™, Utah), followed by dropwise administration of
500ul of cryo-solution — consisting of 7% dimethyl sulfoxide (DMSO) (Tocris Bioscience™,
United Kingdom) and 93% heat-inactivated foetal bovine serum (FBS) (Thermo Fisher
Scientific™, United States of America). The cell suspension was subsequently transferred to a
cryovial and stored in a Mr Frosty™ container in a -80°C freezer for 2 weeks. Three 100uL
aliquots of the CSF supernatant were stored in a -80°C freezer, and were batch analysed for
biomarkers of neuroinflammation using Luminex® technology (R&D Systems™, United States
of America). An overview of sample processing is shown in figure 5.1, and Luminex® analysis

is described in section 5.4.3.

Within 2 weeks of cryopreservation (our previous work demonstrated a decline in cell number
after longer duration of cryopreservation)?%?, the cells were partially thawed in a 37°C water
bath through gentle agitation of the cryovial until an ice block remained. Thereafter, 1mL of
warmed RPMI was added to the partially thawed cells, and the cell suspension was transferred
to a 15mL Falcon tube containing 1ml of warmed RPMI. The cryovial was washed with a
further 1mL of warmed RPMI, which was also added to the Falcon tube. The sample was
centrifuged at 4°C (300 x g for 5 minutes) with the break turned off, and supernatant aspirated
off. The remaining cell pellet was then resuspended in an antibody cocktail (50uL) and
incubated for 30 minutes, covered in foil, in a 5°C fridge. The breakdown of this antibody
cocktail is provided in Appendix A. Following incubation, a wash step took place involving

administration of 300uL of flow staining buffer (R&D Systems™) to the cell suspension and

54



centrifuging at 300 x g for 5 minutes. Supernatant was then aspirated off, the cells were fixed
with the addition of 500uL of transcription factor (TF) fix/perm buffer, covered in foil and
incubated for 20 minutes in a 5°C fridge. The cells were washed with 300 ul of TF perm/wash
buffer and centrifuged at 510 x g for 5 minutes. The supernatant was aspirated off and the cell
pellet was resuspended in 50uL of TF perm/wash buffer. The cells were then stained for
intracellular markers, GFAP and FoxP3. A volume of 1.25ul of each antibody was added to the
suspension and incubated for 30 minutes, covered in foil, in a 4°C fridge. After incubation, a
wash step was performed by adding 300uL of TF perm/wash buffer to the sample, which was
then centrifuged (510 x g for 5 minutes) once more. After this, any remaining TF perm/wash
buffer was aspirated off. The cell pellet was then resuspended in 50uL of flow staining buffer,
and the cell suspension transferred to a microtiter tube. This tube was then placed within a
5mL flow tube, at which point the sample was ready for flow cytometric analysis. Cells were

acquired and analysed on a BD FACSymphony™ A5 Cell Analyzer.
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Figure 5.1. Overview of sample processing for a ventricular CSF sample. Once centrifuged, the CSF cell pellet was cryopreserved
for 2 weeks at -80°C, followed by staining with fluorescent antibodies and analysis on the flow cytometer. The supernatant of the
sample was stored in aliquots at -80°C, and batch analysed using Luminex® technology. Created with BioRender.com
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5.4 Sample analysis

5.4.1 Flow cytometry

As alluded to in section 5.3 above, cells from CSF samples were stained with a 21-colour
antibody panel. Table 5.1 describes these markers, their conjugated fluorochromes and their
respective detection by the flow cytometer’s lasers. Supplementary table A.2 provides a
detailed account of the antibodies used. Samples were acquired on a BD FACSymphony™ A5
Cell Analyzer, and populations of interest were identified and gated using fluorescence-minus-
one controls. The BD FACSymphony™ A5 Cell Analyzer used in this study had five lasers,
namely Red, Ultra-Violet (UV), Violet, Blue and Yellow-Green, with a 30-colour configuration.
This study could therefore use a 21-colour antibody panel. Major cell types relevant to the
infections in this study were identified through distinct cluster of differentiation (CD) lineage

markers (Table 2.1 & 2.2). Their respective immunophenotypes are defined in table 5.2.

Prior to commencement of patient recruitment and sample collection, the application setup
on the flow cytometer specific to this study was optimized and standardized using ventricular
CSF. This entailed determining optimal titres for each antibody of the 21-marker antibody
panel (given in supplementary table A.1), to ensure that fluorescent intensity values acquired
for all subsequent samples in this study were consistent. Moreover, Sphero™ Rainbow
Calibration Particles (catalogue no. 559123) were run under optimized instrument settings to
establish a set of target values. These application settings were then appropriately named and

saved on the cytometer’s computer for future use with the study samples.
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Table 5.1: Overview of specificity & detection of fluorochrome-conjugated antibodies

Specificity Marker Fluorochrome Filter Laser
Early differentiation CD45 BUV395 379/28
Live/dead Viability uVviD 450/50
T-helper cells CDh4 BUV563 580/20
Cytotoxic T cells CD8 BUV615 610/20
NK cells CD56 BUV661 670/20
Monocytes & neutrophils CD11b BUV737 735/30
yo T cells y6TCR Bv421 450/50 V 405nm
B cells CD19 BV480 525/50 V 405nm
Monocytes CD14 BV605 610/20 V 405nm
Naive T cells CD45RA BV650 670/30 V 405nm
MAIT cells Va7.2 BV711 710/40 V 405nm
Activation HLA-DR BV786 780/60 V 405nm
Microglia TMEM119 AF488 530/30
Treg cells CD25 BB700 710/50
Astrocyte activation GFAP PE 586/15 YG 561nm
Central memory T cells CD27 PE-CF594 610/20 YG 561nm
MAIT cells CD161 PE-Cy5 710/50 YG 561nm
Monocytes, neutrophils & CD16 PE-Cy7 780/60 YG 561nm
NK cells
Astrocytes ACSA APC 670/30
Treg cells FoxP3 R718 730/45
T cells CD3 APC-H7 780/60

Abbreviations: ACSA: astrocyte cell surface antigen; AF: Alexa Fluor®; APC: allophycocyanin; APC-H7:

allophycocyanin hillite 7; BB: brilliant blue; BUV: brilliant ultraviolet; BV: brilliant violet; CD: cluster of
differentiation; CD45RA: CD45 receptor antagonist; FoxP3: forkhead box P3 or scurfin; GFAP: glial
fibrillary acidic protein; HLA-DR: human leukocyte antigen-DR isotype; MAIT cell: mucosal-associated

invariant T cell; NK cell: natural killer cell; PE: phycoerythrin; PE-CF: phycoerythrin & cyanine-based

fluorescent dye; PE-Cy5: phycoerythrin & cyanine dye Cy5 complex; PE-Cy7: phycoerythrin & cyanine

dye Cy7 complex; TCR: T-cell receptor; TMEM119: transmembrane protein 119; Treg: T regulatory cells;

UVID: ultraviolet-induced detection. An extra 10% of volume for each antibody was added when

making the antibody cocktail, to account for any pipetting errors.
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Because CSF samples were cryopreserved for 2 weeks and then analysed, flow cytometric
analysis was ongoing throughout this study. At the beginning of each session at the flow
cytometer, the cytometer’s performance was assessed through running Cytometer Setup (CS)
and Tracking (T) beads (lot no. 31881/28853) — which are performed daily. The optimized
application settings were then applied to the experiment, after which the Rainbow Calibration
Particles were acquired. Mean Fluorescence Intensity (MFI) ranges of 10% above and below
the Rainbow target values from the previous flow cytometry session were calculated, and
voltages adjusted if necessary to ensure that the bead peaks were within this range. A total of
10 000 events of Rainbow beads were then recorded. This was done to account for any day-
to-day variations within the cytometer — including changes to laser alignment and instrument
maintenance. After Rainbow bead peaks were recorded, single stained BD™ Compensation
beads (catalogue no. BD/552843) were run and recorded for 10000 events each. A

compensation matrix could then be calculated and was applied to the experiment.

In a sub-group of samples, prior to acquiring the sample, 100uL of Beckman Coulter Flow-
Count Fluorospheres (lot no. 7548273) were added to the sample to enable determination of
absolute cell counts. The reverse pipetting technique was used for this, to ensure maximum
accuracy. The sample was then gently vortexed, before running on the flow cytometer. If
necessary, slight adjustments were made to forward scatter and/or side scatter, before
recording the events. The entire cell suspension of the sample was then acquired. Once all
samples were acquired, flow cytometry standard (FCS) files for the experiment were exported
to Datshare until needed for further analysis. The Flow-Count Fluorospheres were only run in

a sub-group of patients due to unavailability of stock at the start of the project.

After samples were run, exported flow cytometry standard (FCS) files were analysed using
FlowlJo software (version 10.9.0), a program designed to enable the analysis of flow cytometric
data. Cell populations were gated in FlowJo according to the gating strategy depicted in figure
5.2. Data on cells included cell proportions, and for the sub-group of samples which included

Flow-Count Fluorospheres absolute cell numbers were also calculable.
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Table 5.2: Defined surface phenotypes of relevant immune cell populations

Cell populations

Leukocytes

Surface phenotype

e Neutrophils CD11b*CD16*
Lymphocytes CD45*
o Tcells cD3
= Y4 Tcells CD3* ySTCR?
= MAIT cells CD3*Va7.2*CD161*
= Non-MAIT cells
o T-helper cells CD3*CD4*
o Cytotoxic T cells CD3*CD8*
o Tregulatory cells (Tregs) CD25*FoxP3*
o Non-Tregs CD25* FoxP3-
= Naive CD45RA*CD27*

= (Central memory

CD45RA CD27*

= Effector memory

CDA45RA CD27

= Exhausted CD45RA* CD27"
=  Terminal CD45RA* CD27-
e Bcells CD3 CD19*

= Activated B cells

CD19* HLA-DR*

NK cells CD16*CD56*
Monocytes CD45*

e (lassical CD14*CD16
e Non-classical CD14*CD16?

CNS-resident cells

e Microglia

CD45 TMEM119*

= Activated microglia

CD45 HLA-DR*

= CDA45" microglia

CD45* TMEM119* HLA-DR*/"

e Astrocytes

CD45 ACSA?

= Reactive astrocytes

ACSA* GFAP*

Abbreviations: ACSA: astrocyte cell surface antigen; CD: cluster of differentiation; CD45RA: CD45
receptor antagonist; GFAP: glial fibrillary acidic protein; HLA-DR: human leukocyte antigen-DR isotype;
MAIT cell: mucosal-associated invariant T cell; NK cell: natural killer cell; TMEM119: transmembrane
protein 119
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5.4.2 Gating of immune cell populations in FlowJo

Figure 5.2 below depicts the gating strategy used on all sample files once exported to FlowJo.
To begin with, the ‘time’ gate was used to select for uniform fluorescence (Fig. 5.2A), with
forward-scatter area (FSC-A) and forward-scatter height (FSC-H) used to identify single cells
(Fig. 5.2B). Viable cells were selected for using dye exclusion (Fig. 5.2C), from which leukocytes
(granulocytes, monocytes & lymphocytes) were identified through CD45* expression vs.
CD45- populations (Fig. 5.2D). Microglia were gated from the CD45 TMEM119* population
(Fig. 5.2F.1), with astrocytes (CD45°ACSA*) and reactive astrocytes (ACSA*GFAP*) (Fig. 5.2G)
being identified from non-microglial cells (Fig. 5.2F.2). From the monocytic population in Fig.
5.2D, CD45*CD14* and CD45*CD14 populations were identified and gated (Fig. 5.2E). The
CD45*CD14* cell group gave rise to non-classical (CD14* CD16*) and classical (CD14* CD16’)
monocytes (Fig. 5.21), whereas the CD45*CD14 group gave rise to CD45*TMEM119* microglia
(Fig. 5.2J). The granulocytic population in Fig. 5.2D enabled the sub-group of neutrophils
(CD16*CD11b*) to be identified (Fig. 5.2H); we did not stain to identify the remaining
granulocyte populations. From the lymphocytic population in Fig. 5.2D, the CD3* and CD3"
populations were elucidated (Fig. 5.2K). Y&~ T cells identified from the CD3* population (Fig.
5.2L) enabled further identification of non-MAIT (CD3* Va7.2" CD1617), MAIT (CD3* Va7.2*
CD161%), CD161* Va7.2" cells and Va7.2* CD161 cells (Fig. 5.2M). From the non-MAIT
population, helper T cells (CD3*CD4*) and cytotoxic T cells (CD3*CD8*) were ultimately
identified and gated (Fig. 5.2N). Regulatory T cells (Tregs) (CD25* FoxP3*) and non-Tregs (CD25*
FoxP3") were yielded from both CD4*and CD8* populations (Fig. 5.20 & Fig. 5.2P, respectively).
CD4* and CD8* non-Treg populations resulted in the following sub-groups of cells in Fig. 5.2U
& Fig. 5.2T, respectively: exhausted T cells (CD45RA** CD27), effector memory T cells (CD45RA"
CD27°), central memory T cells (CD45RA" CD27*), naive T cells (CD45RA* CD27*) and terminal
T cells (CD45RA* CD27°). From the CD3- population, sub-populations of B cells (CD3  CD19%)
and non-B cells (CD3" CD19°) were elucidated (fig. 5.2R). From the B cells, activated B cells
(CD19* HLA-DR*) were identified (fig. 5.2Q), and from the non-B cells, NK cells (CD16* CD56*)
were identified (fig. 5.2S). For samples containing Beckman Coulter Flow-Count Fluorospheres

(lot no. 7548273), figure 5.3 demonstrates the plot in which these beads were gated.

61



Figure 5.2. (below). Gating strategy for elucidation of immune cell populations in FlowJo
based on cell surface markers.
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Figure 5.3. Scatter plot depicting gating of Flow-Count Fluorospheres in FlowlJo.
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5.4.3 Luminex® assay

Functional analyses were performed on the supernatant (50ul) of the samples. We used
Luminex® technology to multiplex inflammatory analytes including interleukin (IL)-1f3, IL-6, IL-
8, IL-10, interleukin 1 Receptor antagonist (IL-1Ra), interleukin-12p40 (IL-12p40), tumour
necrosis factor-a (TNF-a), interferon-y (IFN-y), IFN-a, vascular endothelial growth factor
(VEGF), monocyte chemoattractant protein 1 (MCP-1), macrophage inflammatory protein 1 &

2 (MIP-1 & MIP-2) and interferon-inducible protein 10 (IP-10).

The principle of this assay involves the addition of samples to a microparticle cocktail — with
the fluorophore-embedded microparticles being pre-coated with analyte-specific antibodies.
The antibodies subsequently bind to their respective antigens of the analytes of interest. With
the further addition of analyte-specific biotinylated antibodies, an ‘antigen-antibody
sandwich’ is created. Lastly, streptavidin-phycoerythrin conjugate (Streptavidin-PE) is added
which binds to the biotinylated antibodies. The fluorescent microparticles are then read and
detected on a flow-based Luminex® instrument containing two lasers, Red and Green. The
first laser (Red) excites the fluorophore within each microparticle, and identifies the analyte
being detected through identifying the microparticle region. The second laser (Green)
guantifies the amount of analyte bound to the microparticle by exciting PE and determining

the size of the subsequent signal detected.

To perform this analysis, an R&D systems™ (Bio-Techne® brand) human premixed multi-
analyte kit was used (lot number L153814). On the day of analysis, supernatant samples were
thawed and prepared prior to commencement of the assay run. A supernatant volume of 30uL
of CSF with a 1in 2 dilution was used as per manufacturer instructions. All necessary reagents
were also prepared prior to commencement of the assay run. These included the Wash Buffer,
Standards, diluted Microparticle Cocktail, diluted Biotin-Antibody Cocktail, and Streptavidin-
PE. This sample and reagent preparation is fully outlined in the supplementary methods

section.

The plates used were 96-well plates. Standards were run in duplicate. After 50ul of sample

was added to each remaining well, 50uL of the diluted Microparticle Cocktail was then added
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to each well, followed by a 2-hour incubation period at room temperature on a shaker at 800
rpm. An automatic wash step was then performed, involving 3 cycles of removing the liquid
from each well, addition of 100uL of wash buffer and then removal of the liquid again.
Subsequently, 50uL of the diluted Biotin-Antibody Cocktail was added to each well. The plate
was then covered in foil and underwent a 1-hour incubation period at room temperature on
a shaker at 800 rpm. The wash step was then repeated. Following this, 50uL of the diluted
Streptavidin-PE was added to each well, followed by a 30-minute incubation period at room
temperature on a shaker at 800 rpm. The wash step was then repeated for the final time.
Finally, 100uL of wash buffer was then added to each well, with a 2-minute incubation of the
plate at room temperature on a shaker at 800 rpm. The plate was then read using a Luminex®
Bio-Plex 200 analyser. Concentrations below the lower limit of detection (LLOD) were assigned

a value of 0.01.

5.5 Statistical analysis

Statistical analyses were performed using IBM® SPSS Statistics (version 28.0.1.1). Given that
the aim of this project was to collect pilot data, we did not perform a formal power calculation.
Tests of normality were performed on all datasets to determine the nature of the data’s

distribution. Statistical significance was set at p < 0.05.

To describe the profile of immune cells and inflammatory mediators

Descriptive statistics included measures of central tendency (median, interquartile range and
minimum to maximum range), and frequencies. To ascertain which is the most abundant cell
type the Independent-Samples Median test was employed to both cell proportion and
concentration datasets to compare the major cell populations — namely lymphocytes,
monocytes, neutrophils, microglia, and astrocytes. This was performed on admission samples.
Given that most patients in this cohort had TBM, the Mann-Whitney test was used to compare
CSF cell proportions, absolute counts, and inflammatory mediator concentrations to establish
whether their profiles were being driven by one prominent CNS infection phenotype. This

analysis was performed on admission samples.
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To describe the temporal profile of cells and cytokines the first 8 days — taken as the first week
— following a patient’s admission to RCWMCH were split up into four 48-hour epochs (day 1-
2, 3-4, 5-6 and 7-8). Descriptive statistics were calculated for these time epochs as most
samples fell within this time frame, and for the few samples taken thereafter. To explore
whether the changes observed over time were significantly different the Wilcoxon Signed
Ranks Test was used to compare CSF cell proportions, absolute cell concentrations, and
inflammatory mediators between the first and fourth 48-hour epochs —i.e. days 1-2 and days

7-8, respectively.

To explore the association between CSF cells and inflammatory mediators
A Spearman’s correlation test was performed between 1) CSF cell proportions and CSF
inflammatory markers, and between 2) absolute CSF cell concentrations and CSF

inflammatory markers. Correlations were performed in admission and week 1 samples.

5.6 Ethics statement

This study received scientific approval from the Department of Surgery Research Committee
(DRCREF 2023/015), ethics approval from the UCT Faculty of Health Sciences Human Research
Ethics Committee (HREC REF 114/2023). Hospital approval was also received. As previously
mentioned, informed consent was obtained from parents/legal guardians for all patients
recruited for this study. For children over the age of 8 years who had a Glasgow Coma Scale

(GCS) score of 15 (i.e. fully conscious), assent was requested
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Chapter 6 — Results

6.1 Patient cohort

There were 30 patients, median age 2.6 (IQR: 1.3 — 3.9) years enrolled in this study. Two
patients were treated for clinically suspected ventriculitis (6.7%), two patients treated for
clinically suspected bacterial meningitis (6.7%), five patients treated for clinically suspected
shunt infection (16.6%) and twenty one patients treated for TBM (70% of the total, of whom
81% had definite TBM).

A total of 61 ventricular CSF samples were collected and analysed; 30 (49%) were admission
samples. Serial samples were obtained for 22 patients (71%). There were 31 serial samples —
of which 68% were from week 1. The median time since admission for receiving a serial
sample was 2.5 days. As part of clinical routine patient CSF samples are sent to the National
Health Laboratory Service for cell counts, which include concentrations of granulocytes and
lymphocytes only. Patients were prescribed appropriate antimicrobial treatment from
admission at the discretion of the neurosurgical team. Demographic and clinical
characteristics of the patient cohort are outlined in table 6.1. The median duration of hospital
stay was 49 days, and the mortality rate was 23% (n=7/30). The majority of these patients had

TBM and were in-hospital deaths (57%), with a median of 19 days post admission.
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Table 6.1: Patient cohort demographic & clinical characteristics

Variable Value
Patients 30
Age (years) 2.6 (1.3-3.9)®
Sex (female) 15 (50)
Immunisations UTD 17 (61)°
Clinical characteristics (on admission)
o HIV status (negative) 30 (100)
o GCS 12 (8-13)¢
o Focal neurology 17 (57)¢
o Diagnosis
= TBM 21 (70)
= Other bacterial CNS infections 9 (30)
o Admission CSF characteristics
= Lymphocytes (cells/uL) 25 (13-46)
*  PMNs (cells/uL) 5(0-11)
= Glucose (mmol/L) 3(1.8-3.6)
*  Protein (g/L) 0.68 (0.36-2.8)f
Mortality (deaths) 7 (23)

Values represented as number (percent) or as median (IQR — interquartile range).
GCS: Glasgow Coma Scale; PMNs: polymorphonucleocytes; UTD: up to date
aMinimum — maximum ranges: age (0.06-11.75), GCS (3-15)

bData missing in 2 patients

¢GCS not noted in 2 patients

dFocal neurology included pupil reactivity, paresis, cranial nerve palsies and aphasia
eNormal range is 60-80% of plasma glucose in samples taken 15 minutes apart
fNormal range is 0.15-0.40 g/L
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6.2 Flow Cytometry

6.2.1 Cell proportions

Admission

Measures of central tendency for proportions of main cell populations of interest — namely
lymphocytes (CD45*), monocytes (CD457), granulocytes (CD45*), CD45" TMEM119* microglia
and astrocytes (CD45TMEM119°) — in admission samples are reported in Table 6.2. Overall,
76.2% of cells were viable and CD45" cells accounted for the largest proportion of cells
(81.2%). Of these, microglia (CD45" TMEM119*) were the most predominant (median 48.4%).

Astrocytes (CD45-ACSA*) accounted for a small proportion of the CD45" TMEM119™ cells
(5.7%). CD45 microglia were significantly higher than monocytes (p < 0.001), lymphocytes (p
= 0.01) and granulocytes (p < 0.001). Amongst the CD45* cells lymphocytes accounted for a
significantly higher proportion than monocytes (p = 0.002) and granulocytes (p < 0.001).
Graphical representation of these cell populations and their relevant sub-groups is depicted
in figure 6.1. Descriptive statistics are shown in tables 6.2-6.4. Figures including outliers can

be found in Appendix B.

Table 6.2: Descriptive statistics for cell proportions upon admission: Major cell populations

Cell type Monocytes
(CD45*CD14Y)

Admission n =30 n=30 n =30 n =30 n =30 n =30 n =30
Median 1.19 33.85 7.33 1.63 48.40 5.70 0.37
Min 0 4 0 0 2 0 0
Max 58 99 47 22 99 29 5
p25 0.41 20.40 1.52 0.56 7.74 2.15 0.10
p75 3.16 76.75 15.75 5.27 62.93 9.56 0.91

Values represent proportion (%), n represents number of samples.
CD: cluster of differentiation marker; max: maximum; min: minimum; p: percentile
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Parent cell group Non-MAIT cells
Sub-group CD4* cells (CD3*CD4*) CD8"* cells (CD3*CD8*)
Admission n=30 n=30
Median 51.90 32.55
Min 0
Max 67
IQR 44.18-57.18 24.35-37.20
Sub-group Treg cells Non-Treg cells Treg cells Non-Treg cells
(CD4*CD25*FoxP3*) (CD4*CD25*FoxP3") (CD8*CD25*FoxP3*) (CD8*CD25*FoxP3")
Admission n=30 n=30 n=30 n=30
Median 5.72 90.50 0 86
Min 0 0 0 0
Max 27 100 9 100
IQR 2.37-11.10 82.75-94.25 0-0.21 60.75-97
, L . S ‘
" Central Effector . . : " Central Effector . . '
Naive T Exhauste | Terminal Naive T Exhausted Terminal T
memory T memory memory T | memory T
cells d T cells T cells cells T cells cells
Sub-group cells T cells cells cells
. B (CD45RA* (CD45R_A++ (CD45R»A+ e . (CD45RA* (CD45R_A++ (CD45 F?A*
CD27) CD27) CD27)) CD27%) CD27) CD27Y)
CD27) CD27) CD27%) CD27)
Admission n =30 n =30 n=30 n =30 n=30 n =30 n=30 n=30 n=30 n =30
Median 49 14.5 19.5 0 1.5 19.5 1 55.5 3 2.5
Min 0 0 0 0 0 0 0 0 0
Max 100 75 70 17 50 74 25 100 32 75
IQR 23.75-57.25 6-26.25 8-36.75 0-0.25 1-5.25 12-26.5 0-8.25 34.5-66.5 0-9.75 0-8.25

Values represent proportion (%), n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range; max: maximum; min: minimum; Treg: regulatory T cells
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Table 6.4: Descriptive statistics for cell proportions upon admission: Monocytic sub-groups

Parent cell group

Monocytes (CD45%)

Sub-group CD14* cells CD14" cells
Admission n=30 n=30
Median 22.85 65.90
Min 1 20
Max 76 93
IQR 12.14-40.80 46.68-79.30
Sub-group Non-classical monocytes Classical monocytes CD45* microglia (TMEM119%)
(CD14*CD16%) (CD14*CD16")
Admission n=30 n=30 n=30
Median 68.05 22.05 41.80
Min 11 2 1
Max 99 84 90
IQR 37.58-85.13 12.23-61.95 16.42-73.90

Values represent proportion (%), n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range; max: maximum; min: minimum
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Figure 6.1 (below). Box plot of admission cell proportions for major peripheral and brain-

derived immune cell populations. Cell proportions of A: all major CD45* (granulocytes,
lymphocytes, and monocytes) & CD45 cell populations, B: peripheral leukocyte populations
only, C: lymphocytic (CD3* & CD3') and monocytic (CD14* & CD14") sub-groups, D: brain-

derived CD45" microglia (CD45 TMEM119*) and non-microglia cell populations only, E:
astrocytes (CD45°ACSA*) and F: reactive astrocytes (ACSA*GFAP*).

75



Cell proportion (%)

C 1

Cell proportion (%)

25

20

15

10

00

80

60

40

20

A 100!

80
g
s |
L 60 g2
g |
a 16
e |
a 40/
]
19 2 36
| o? .11
20/ 8.
34
2y
o
ol —_ ;
Granulocytes Lymphocytes Monocytes CD45- cells
Cell type
D 100
‘36
80
3 g
=
L 60
t
o
Q.
2
3 t_:l. 40
I}
V)
17
o
20
Granulocytes Lymphocytes Monocytes CDA45- Microglia (CD45-TMEM119+)
Cell type
E 20 F 2.0
~15 =15
g g
5 H
£ £
] S 10
%10 ?
s s
3 3
v v .
—-
39 0 0
Astrocytes
CD3+ CD3- CD14+ CD14- Cell type
Cell type 76

.

Non-Microglia (CD45-TMEM119-)
Cell type

/

_

Reactive astrocytes
Cell type



Temporal profile

Table 6.5 includes descriptive statistics over day 1-8 time epochs for the proportions of the
main cell populations. Table 6.6 and table 6.7 include lymphocytic and monocytic sub-groups
respectively. There was a marked decrease in the number of patient samples from day 3
onwards. Temporal profile analysis is based on samples available for the cohort overall at each
time point, not necessarily for individual patients at each time point. Comparisons between
days 1-2 and days 7-8 showed a significant decrease in the proportions of monocytes (1.63-
0.22%; p = 0.028), CD14* cells (22.85-12.75%; p = 0.046), astrocytes (5.70-0.22%; p = 0.028),
and reactive astrocytes (0.37-0.06%; p = 0.028), but a significant increase in CD45 cells (p =
0.046). However, the change in CD45- microglia was not significant. Figure 6.2 demonstrates

these changes over time — figures with outliers can be found in Appendix B.
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Table 6.5: Descriptive statistics for cell proportions per 48-hour epoch: Major cell populations

el Monocytes
(CD45*CD14+)
Days 1-2 n=30 n=30 n=30 n=30 n=30 n=30 n=30
Median 1.19 33.85 7.33 1.63 48.40 5.70 0.37
Min 0 4 0 0 2 0 0
Max 58 99 47 22 99 29 5
IQR 0.41-3.16 | 20.40-76.75 1.52-15.75 0.56-5.27 7.74-62.93 2.15-9.56 0.10-0.91
Days 3-4 n=9 n=9 n=9 n=9 n=9 n=9 n=9
Median 1.18 27.20 14.70 1.25 18.30* 0.33 0.15
Min 0 9 1 0 2 0 0
Max 5 79 39 8 84 11 3
IQR 0.58-2.78 | 20.25-70.90 5.06-25.20 0.63-4.65 14.40-64.65 | 0.11-4.30 0.01-1.30
Days 5-6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median 0.36 18.30 11.64 0.74 62.60 0.43 0.08
Min 0 3 4 0 22 0 0
Max 4 49 47 6 80 7 0
IQR 0.15-1.64 10.67-27.70 5.13-27.15 0.30-2.30 37.10-77.88 | 0.27-3.07 0.01-0.22
Days 7-8 n=6 n=6 n=6 n=6 n=6 n==6 n=6
Median 0.39 20.55 1.32 0.22 58.45 0.22 0.06
Min 0 1 0 0 7 0 0
Max 1 31 31 1 87 2 1
IQR 0.18-0.81 12.10-26.25 0.51-9.55 0.08-0.86 35.24-81.55 | 0.01-0.89 0.01-0.34

Values represent proportion (%), n represents number of samples. CD: cluster of differentiation marker; max: maximum; min: minimum; p: percentile.

*The decrease in CD45-microglia seen on days 3-4 is attributable to 9 patients, for whom their admission median proportion was 11.5%.
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Central Effector . . Central Effector .
Naive T Exhauste | Terminal T . Exhauste | Terminal T
memory T memory T memory T | memory T | NaiveT cells
Sub- cells d T cells cells d T cells cells
cells cells cells cells (CD45RA*
group R R (CD45RA* (CD45RAH (CD45RA* R T CD27%) (CD45RAH (CD45RA*
( ( CD27") CD27) CD27) ( ( CD27Y) CD27)
CD27%) CD27) CD27%) CD27Y)
Days 1-2 n=30 n=30 n=30 n=30 n=30 n=30 n=30 n=30 n=30 n=30
Median
( ) 49 (0-100) 14.5(0-75) | 19.5(0-70) 0(0-17) 1.5 (0-50) 19.5 (0-74) 1 (0-25) 55.5 (0-100) 3(0-32) 2.5 (0-75)
range
IQi 23.75-57.25 6-26.25 8-36.75 0-0.25 1-5.25 12-26.5 0-8.25 34.5-66.5 0-9.75 0-8.25

Values represent proportion (%), n represents number of samples.

CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Central Effector . X Central Effector . .
Naive T Exhausted | Terminal Naive T Exhausted Terminal T
memory memory T memory T | memory T
Sub- - T cells T cells T cells . T cells T cells cells
group cojesRZ- c;iszA- (CD45RA* | (CD45RA** | (CD45RA* c;issRA- CSZSZA_ (CD45RA* | (CD45RA* (CD45RA*
( ( CD27%) CD27) CD27) ( ( CD27%) CD27Y) CD27)
CD27%) CD27) CD27%) CD27)
Days 3-4 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9
Median
(range) 38 (8-68) 32 (3-58) 19 (8-46) 0(0-1) 5(2-19) 16 (0-33) 5(1-64) 57 (0-75) 5 (0-14) 10 (0-27)
IQgR 24-49 15.50-42.50 | 12-28.50 0-0 3.50-12 13.50-26 2-16 39-68 0.50-7 2.50-15.50

Values represent proportion (%), n represents number of samples.

CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Table 6.6¢: Descriptive statistics for cell proportions of lymphocytic sub-groups: days 5-6

Parent cell group Lymphocytes (CD45%)
Sub-group CD3* cells CD3 cells
Days 5-6 n=6 n=6
Median (range)* 87.90 (80-94) 11.20 (6-16)
IQR 80.88-93.32 6.35-13.20
Y6 * cells Y4 " cells B cells Non-B cells
Sub-group : . .
(CD3*yS TCRY) (CD3* 8 TCR)) (CD3°CD19*) (cD3°CD19)
Median (range) 1.05 (0-3) 98 (94-99) 50.30 (27-87) 49.50 (13-73)
IQR 0.58-2.25 94.75-99 38.35-80.20 19.33-61.63
| I
, o ‘ ! '
| - |
Sub-group (?DA.;,IT/C(;HZS CD161* cells Va7.2* cells NTC‘D“;CIT;:HS Activated B cells NK cells
i Va7.2* + + + + NVa7.2 + _ + + +
CD161%) (CD3*CD161%) (CD3*Va7.2%) CD161) (CD19*HLA-DR*) (CD16*CD56%)
Median
(range) 0.78 (0-4) 4.50 (4-12) 20.50 (4-27) 67.50 (56-88) 99.50 (91-100) 77.70 (61-88)
IQi 0.47-2.13 4-7.50 4-24 60.50-88 94.58-100 69.80-83.90
\
[ \ A \
Sub-group " cD4* cells (CD3*CD4*) CD8"* cells (CD3*CD8*) '
Days 5-6 n=6 n=6
Median (range) 57.85 (25-91) 25.25 (8-45)
IQR 33.50-82.25 15.37-42.20
Sub-grou Treg cells Non-Treg cells Treg cells Non-Treg cells
g P (CD4*CD25*FoxP3*) (CD4*CD25*FoxP3") (CD8*CD25*FoxP3*) (CD8*CD25*FoxP3")
Median (range) 8.09 (2-26) 81.50 (68-88) 0.40 (0-1) 89.50 (1-97)
IQR 4.78-20.02 77-88 0.05-0.96 59.50-97
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Central

Effector

Central

Effector

T I Naive T Exhauste | Terminal e | s Naive T Exhausted Terminal T
Sub- ¥ L ¥ M cells dTcells | Teells ¥ g ¥ i cells T cells cells
group CSZSZA_ c;iszA- (CD45RA* | (CD45RA* | (CD45RA* c;issRA- CSZSZA_ (CD45RA* | (CD45RA* (CD45RA*
( ( CD27%) CD27Y) CD27) ( ( CD27%) CD27Y) CD27)
CD27%) CD27) CD27%) CD27)
Days 5-6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median 27 (17-79) 41.50 (17-
(range) 45 (32-62) 32 (18-45) 14 (1-24) 0 (0-0) 2 (1-5) 19,25 6.50 (0-36) 66) 0.50 (0-11) 4 (1-11)
8 37.25-55.25 24.75-42.75 7.75-18.75 0-0 1-2.75 ) 0.75-28.50 0-3.50 1-6.50
IQR 57.25 18.50-63

Values represent proportion (%), n represents number of samples.

CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Table 6.6d: Descriptive statistics for cell proportions of lymphocytic sub-groups: days 7-8

Parent cell group Lymphocytes (CD45%)
Sub-group CD3* cells CD3 cells
Days 7-8 n=6 n=6
Median (range)* 85.50 (0-97) 11.59 (2-97)
IQR 0-96.18 3.41-87.80
Y6 * cells Y4 " cells B cells Non-B cells
Sub-group : : :
(CD3*yS TCRY) (CD3* 8 TCR)) (CD3°CD19*) (cD3°CD19)
Median (range) 0.64 (0-2) 96.50 (0-99) 48.90 (0-83) 50.65 (17-92)
IQR 0-1.59 0-98.25 6.16-67.33 32.67-79.97
1 4’/
[ A | - :
Sub-group (?DI;II/C(;": CD161* cells Va7.2* cells N?E;’;"CIT;:HS Activated B cells NK cells
i NVa7.2 +, + + + NVa7.2 + - + i +
D161 (CD3*CD161") (CD3*Va7.2%) (D161} (CD19*HLA-DR¥) (CD16*CD56")
Median 2 (0-17)
0.27 (0-34) 13 (0-43) 38 (0-81) 99.30 (56-100) 44.65 (0-66)
(range) 0-7.25
0-11.51 0-22 0-75.75 82.68-100 11.93-55.15
IQR N\
Y|
[ \
Sub-group " cD4* cells (cD3*CD4Y) CD8* cells (CD3*CD8") |
Days 7-8 n=6 n=6
Median (range) 42.10 (0-85) 6.29 (0-49)
IQR 0-72.08 0-42.83
Sub-grou Treg cells Non-Treg cells Treg cells Non-Treg cells
group (CD4*CD25*FoxP3*) (CD4*CD25*FoxP3") (CD8*CD25*FoxP3*) (CD8*CD25*FoxP37)
Median (range) 2.89 (0-11) 71.50 (0-92) 0 (0-0) 46.50 (0-90)
IQR 0-6.69 0-91.25 0-0 0-77.25
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Central Effector . X Central Effector . 5
Naive T Exhausted | Terminal T Naive T Exhausted Terminal T
memory memory memory T | memory T
Sub- cells T cells cells cells T cells cells
T cells T cells cells cells
group R R (CD45RA* (CD45RAH (CD45RA* R T (CD45RA* (CD45RA (CD45RA*
( ( CD27%) CD27Y) CD27Y) ( ( CD27%) CD27Y) CD27Y)
CD27+) CD27) CD27%) CD27Y)
Days 7-8 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median
(range) 28 (0-37) | 15(0-65) | 6.50 (0-55) 0 (0-1) 0 (0-6) 17 (0-71) 6 (0-36) 15 (0-82) 0(0-3) 0.50 (0-7)
IQgR 0-32.50 0-47.75 0-37.75 0-0.25 0-3.75 0-38 0-19.50 0-61 0-0.75 0-4

Values represent proportion (%), n represents number of samples.

CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Table 6.7a: Descriptive statistics for cell proportions of monocytic sub-groups: days 1-2 & 3-4

Parent cell group

Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Days 1-2 n =30 n=30
Median (range)* 22.85 (1-76) 65.90 (20-93)
IQR 12.14-40.80 46.68-79.30

Non-classical monocytes Classical monocytes . .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16%) (CD14*CD16Y)
Days 1-2 n =30 n =30 n =30
Median (range) 68.05 (11-99) 22.05 (2-84) 41.80 (1-90)
IQR 37.58-85.13 12.23-61.95 16.42-73.90
Parent cell group Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Days 3-4 n=9 n=9
Median (range) 18.60 (2-53) 65.80 (35-97)

IQR 5.60-44.65 52.20-84.05
Non-classical monocytes Classical monocytes . .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16%) (CD14*CD16Y)
Days 3-4 n=9 n=9 n=9
Median (range) 55.10 (26-94) 42.90 (4-71) 51.40 (11-91)
IQR 35.30-91.65 6.65-62.60 39-69.70

Values represent proportion (%), n represents number of samples.
CD: cluster of differentiation marker; /IQR: inter-quartile range

*min-max range
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Table 6.7b: Descriptive statistics for cell proportions of monocytic sub-groups: days 5-6 & 7-8

Parent cell group

Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Days 5-6 n=6 n=6
Median (range)* 14.80 (0-71) 80 (26-94)
IQR 4.06-33.20 58.68-86.68
Non-classical monocytes Classical monocytes . .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16%) (CD14*CD16Y)
Days 5-6 n=6 n=6 n=6

Median (range)

47.35 (15-86)

44.85 (12-78)

60.55 (22-70)

IQR 24.25-76.05 20-71.95 39.38-65.50
Parent cell group Monocytes (CD45%)

Sub-group CD14" cells CD14 cells
Days 7-8 n=6 n=6
Median (range) 12.75 (3-20) 81.85 (55-97)

IQR 3.30-18.20 67.85-94.13
Non-classical monocytes Classical monocytes . .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16%) (CD14*CD16Y)
Days 7-8 n=6 n=6 n=6
Median (range) 63.95 (0-84) 31.55 (10-100) 43.40 (16-61)
IQR 15-82.98 12-85 29.75-60.80

Values represent proportion (%), n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range

*min-max range
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Figure 6.2. Significant changes in cell proportion over the first week of hospital admission. Changes in cell proportions over four 48-hour
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epochs for A: monocytes (CD45%), B: CD14*, C: astrocytes (CD45"ACSA*)and D: CD45 cells.
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6.2.2 Absolute cell concentrations

Admission

Absolute counts/concentrations were available in 23 of the 30 patients. Descriptive statistics

for main cell populations — lymphocytes, monocytes, granulocytes, CD45" microglia and

astrocytes and their sub-groups — are shown in table 6.8a, 6.9 and 6.10, with CD45™ microglia

having the highest concentration (median of 129.85 cells/uL). These microglia were

significantly more abundant than granulocytes (p < 0.001), monocytes (p < 0.001) and

astrocytes (p < 0.001). Lymphocyte concentrations were significantly higher than granulocytes

(p<0.001), monocytes (p < 0.001) and astrocytes (p <0.001). as depicted in Figure 6.3 — figure

with outliers included in Appendix B. Cell concentrations from our National Health Laboratory

Services (NHLS) were not significantly different from the cell concentrations derived from the

flow cytometry. NHLS concentrations are shown in Table 6.8b.

Table 6.8a: Descriptive statistics for absolute cell concentrations upon admission: Major cell

populations (flow cytometry data)

Cell type Monocytes
(CD45+*CD14")
Admission n=23 n=23 n=23 n=23 n=23 n=23 n=23
Median 3.97 1.45 34.04 5.71 129.85 9.43 0.56
Min 0 0 0 1 2 0 0
Max 115 62 1305 932 17024 123 19
p25 2.15 0.19 13.10 2.92 45.34 4.26 0.09
p75 16.97 15.33 75.75 21.85 1025.84 34.14 1.31

Values represent absolute cell concentration (cells/uL), n represents number of samples.
CD: cluster of differentiation marker; max: maximum; min: minimum; p: percentile
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Table 6.8b: Descriptive statistics for absolute cell concentrations upon admission: Major cell

populations (NHLS counts)

Admission n=23 n=23
Median 3 28
Min 0 2
Max 250 239
IQR 0-11 13-75

Values represent absolute cell concentration (cells/uL), n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range; max: maximum; min: minimum
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Sub-group CDA4* cells (CD3*CD4) CD8* cells (CD3*CD8*)
Admission n=23 n=23
Median 10.96 (0-367) 6.66 (0-107)
IQR 1.89-21.48 1.25-14.40
Sub-grou Treg cells Non-Treg cells Treg cells Non-Treg cells
group (CD4*CD25*FoxP3*) (CD4*CD25*FoxP3") (CD8*CD25*FoxP3*) (CD8*CD25*FoxP37)
Median 0.51 (0-43) 9.88 (0-310) 0.01(0-0) 4.44 (0-64)
IQR 0.19-1.04 1.66-19.92 0-0.03 1.15-12.45
— f—
[ 1 [ \
' central Effector . J I central Effector . . !
. Exhauste | Terminal T Naive T Exhauste Terminal T
memory T | memory T | Naive T cells memory T | memory T
Sl e cells cells (CD4SRA* d T cells cells cells cells cells d T cells cells
VR O D274 (CD45RA* (CD45RA* VR R (CD45RA* (CD45RAH (CD45RA*
( ( CD27) CD27) ( ( CD27) CD27) cD27)
CD27%) CD27Y) CD27%) CD27Y)
Admission n=23 n=23 n=23 n=23 n=23 n=23 n=23 n=23 n=23 n=23
Median 5.57 (0-68) | 2.36 (0-10) | 1.06 (0-218) 0 (0-0) 0.16 (0-8) 1.30 (0-9) 0.05(0-1) | 2.53(0-60) | 0.02(0-2) 0.05 (0-2)

IQR 0.39-9.76 0.10-3.80 0.3-4.03 0-0.01 0.01-0.32 0.25-2.86 0-0.35 0.58-7.7 0-0.15 0-0.24

Values represent absolute cell concentrations (cells/uL); n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell

*min-max range
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Table 6.7: Descriptive statistics for absolute cell concentrations upon admission: Monocytic sub-groups

Parent cell group

Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Admission n=23 n=23
Median 1.60 3.48
Min 0 0
Max 74 847
IQR 0.74-4.88 1.34-16.84
S Non-classical monocytes Classical monocytes CDA5* microglia (TMEM119°)
(CD14*CD16%) (CD14*CD16")
Admission n=23 n=23 n=23
Median 0.94 0.37 1.62
Min 0 0 0
Max 36 31 127
IQR 0.20-3.33 0.17-1.04 0.74-5.57

Values represent absolute cell concentrations (cells/uL); n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range; max: maximum; min: minimum
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Figure 6.3. Box plots for admission absolute cell concentrations for major peripheral and brain-
derived immune cell populations. Absolute cell concentrations for A: all major cell populations,
B: populations excluding CD45 microglia and C: relevant lymphocytic (CD45*) sub-groups.
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Temporal profile

Measures of central tendency for concentrations of the major cell populations were compared
between days 1-2 and days 7-8. The increase in lymphocyte concentration at days 5-6 was
driven by patients 18 and 24, and at days 7-8 by patient 38. Microglial increase at days 5-6
was driven by patients 11, 18 and 24, and at days 7-8 by patients 18, 37 and 38. Non-MAIT
cells (p = 0.043 — although this was not significant for the CD4 and CD8 sub-groups), yé T cells
(p = 0.043) and non-classical monocytes (p = 0.046) demonstrated significant decreases in
concentration, as seen in figure 6.4. Figures with outliers are included in Appendix B.
Descriptive statistics for the major cell populations and their sub-groups over the first 8 days
of hospital stay are included in tables 6.11, 6.12 and 6.13, respectively. To ascertain whether
the high proportion of microglia may have been due to tissue fragments released during the
insertion of the EVD, we compared the median microglial counts between days 1-2 and 3-4.

There was no significant difference (p = 0.666).
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Table 6.8: Descriptive statistics for absolute cell concentrations per 48-hour epoch:

Major cell populations

Cell type Monocytes
(CD45*CD14+)
Days 1-2 n=23 n=23 n=23 n=23 n=23 n=23 n=23
Median 3.97 1.45 34.04 5.71 129.85 9.43 0.56
Min 0 0 0 1 2 0 0
Max 115 62 1305 932 17024 123 19
IQR 2.15-16.97 | 0.19-15.33 | 13.10-75.75 2.92-21.85 45.34-1025.84 4.26-34.14 0.09-1.31
Days 3-4 n=7 n=7 n=7 n=7 n=7 n=7 n=7
Median 2.53 1.29 32.53 6.80 94.80 0.46 0.05
Min 1 0 7 0 5 0 0
Max 49 13 1371 186 3131 42 14
IQR 0.91-18.25 0.14-3.41 7.56-344.93 | 0.88-115.27 7.33-2151.36 0.06-5.10 0-0.93
Days 5-6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median 3.42 0.67 67.89 5.06 783.65 2.13 0.12
Min 0 0 26 0 10 0 0
Max 20 4 601 46 1967 9 1
IQR 1.36-10.87 0.18-2.86 | 31.67-479.13 | 1.94-28.08 96.30-1268.23 0.47-4.74 0.02-0.41
Days 7-8 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median 3.59 0.54 73.29 4.29 1235.62 0.90 0.13
Min 1 0 0 0 33 0 0
Max 81 20 1748 24 3096 80 5
IQR 1.75-25.12 0.10-5.99 1.08-594.66 1.14-12.87 137.26-2729.41 0.01-21.12 0.01-4.02

Values represent absolute cell concentration (cells/uL), n represents number of samples.

CD: cluster of differentiation marker; max: maximum; min: minimum; p: percentile
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Table 6.12a: Descriptive statistics for absolute cell concentrations of lymphocytic subgroups: Days 1-2

Lymphocytes (CD45%)

Parent cell group
Sub-group CD3* cells CD3" cells
Days 1-2 n=23 n=23
Median (range)* 28.24 (0-1189) 4.43 (0-71)
IQR 11.23-65.62 1.87-10.85
Y6 * cells Y0 ~cells B cells Non-B cells
Sub-group
(CD3* ¥4 TCR*) (CD3* ¥4 TCRY) (CD3-CD19%) (CD3-CD19)
Median (range) 0.50 (0-44) 27.32 (0-1101) 1.20 (0-23) 2.41 (0-94)
IGR 0.14-1.45 11.23-64.21 0.66-2.62 0.80-7.25
| ]
-—
, | \ v v
f I
S (?;3':/“;"25 CD161* cells Va7.2* cells N?ED';ACIT;:HS Activated B cells NK cells
i Va7.2 + + + + Va7.2 + _ + + +
CD161) (CD3*CD161") (CD3*Va7.2%) (D161} (CD19*HLA-DR¥) (CD16*CD56")
Median
( ) 0.32 (0-44) 1.63 (0-81) 2.04 (0-246) 21.46 (0-604) 1.18 (0-23) 1.74 (0-43)
range
IQgR 0.08-0.82 0.47-7.43 1.05-4.92 3.90-44.37 0.65-2.60 0.49-3.88
[ \ A \
Sub-group ' CD4* cells (CD3*CD4+) CD8* cells (CD3*CD8")
Days 1-2 n=23
Median (range) 10.96 (0-367) 6.66 (0-107)
IQR 1.89-21.48 1.25-14.40
Sub-grou Treg cells Non-Treg cells Treg cells Non-Treg cells
e s (CD4*CD25*FoxP3*) (CD4*CD25*FoxP3") (CD8*CD25*FoxP3*) (CD8*CD25*FoxP3)
Median (range) 0.51 (0-43) 9.88 (0-310) 0.01(0-0) 4.44 (0-64)
IQR 0.19-1.04 1.66-19.92 0-0.03 1.15-12.45
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Central Effector . Central Effector . .
. Exhausted | Terminal T Naive T Exhauste Terminal T
memory T | memory T | Naive T cells memory T | memory T
Sub- X T cells cells cells d T cells cells
cells cells (CD45RA cells cells
group B s D274 (CD45RAH (CD45RA* R YRR (CD45RA* (CD45RA* (CD45RA*
( ( CD27) CD27) ( ( CD27%) CD27) CD27)
CD27%) CD27Y) CD27%) CD27Y)
Days 1-2 n=30 n=30 n=30 n=30 n=30 n=30 n=30 n=30 n=30 n=30
Median
( ) 5.57 (0-68) | 2.36(0-10) | 1.06 (0-218) 0 (0-0) 0.16 (0-8) 1.30(0-9) 0.05(0-1) | 2.53(0-60) | 0.02 (0-2) 0.05 (0-2)
range
IQgR 0.39-9.76 0.10-3.80 0.3-4.03 0-0.01 0.01-0.32 0.25-2.86 0-0.35 0.58-7.7 0-0.15 0-0.24

Values represent absolute concentrations (cells/uL); n represents number of samples.

CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Table 6.12b: Descriptive statistics for absolute cell concentrations of lymphocytic subgroups: Days 3-4

Parent cell group

Lymphocytes (CD45%)

Sub-group CD3* cells CD3 cells
Days 3-4 n=7
Median (range)* 27.67 (6-1176) 4,38 (1-123)
IQR 6.26-310.68 1.18-31.89
Y6 * cells Y94 " cells B cells Non-B cells
Sub-group
(CD3* y6 TCRY) (CD3* ¥4 TCRY) (CD3-CD19%) (CD3-CD19)
Median (range) 1.05 (0-2) 25.72 (6-1172) 2.14 (0-84) 2.23 (0-38)
IQR 0.20-2.40 5.91-300.84 0.52-19.96 0.95-11.86
I |
[ v
I I
Sub-group (?DA_?,IT/C?I; CD161* cells Va7.2* cells N‘?;;“;CIT;:HS Activated B cells NK cells
i Va7.2* + + + + Va7.2 + _ + + +
CD161°) (CD3*CD161%) (CD3*Va7.2%) CD161] (CD19*HLA-DR¥) (CD16*CD56%)
Median
( \ 0.18 (0-512) 0.58 (0-31) 0.94 (0-377) 23.02 (4-174) 2.14 (0-82) 1.79 (0-20)
range
IQi 0.03-41.81 0.49-29.40 0.25-32.06 4.75-147.13 0.51-19.60 0.65-6.97
Sub-group [ cDa* cells (CD3*CD4*) CD8"* cells (CD3*CD8*) |
Days 3-4 n=7
Median (range) 10.31 (2-88) 5.91 (1-60)
IQR 2.04-71.26 1.93-36.62
Sub-grou Treg cells Non-Treg cells Treg cells Non-Treg cells
& s (CD4*CD25*FoxP3*) (CD4*CD25*FoxP3°) (CD8*CD25*FoxP3*) (CD8*CD25*FoxP3°)
Median (range) 0.50 (0-6) 8.94 (1-81) 0 (0-0) 5 (0-46)
IQR 0.13-3.90 1.90-43.77 0-0.02 0.29-34.58
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Central

Effector

Central

Effector

Naive T Exhausted | Terminal Naive T Exhausted Terminal T
memory T | memory T memory T | memory
Sub- . . cells T cells T cells . i cells T cells cells
group C;(ZS:A_ C;is‘;A_ (CD45RA* (CD45RA** | (CD45RA* c;issRA- CDTSRSA_ (CD45RA* (CD45RA* (CD45RA*
( ( CD27%) CD27) CD27) ( ( CD27%) CD27Y) CD27)
CD27%) CD27Y) CD27%) CD27Y)
Days 3-4 n=7 n=7 n=7 n=7 n=7 n=7 n=7 n=7 n=7 n=7
Median 5(0-29) 1.13 (0-40) | 2.97 (0-10) 0 (0-0) 0.18 (0-3) 1.60 (0-13) | 0.09 (0-7) | 0.85(0-28) 0.06 (0-2) 0.03 (0-5)
IQR 0.92-15.37 | 0.42-14.01 0.36-6.69 0-0.01 0.06-2.99 0.05-5 0.01-2.25 | 0.04-13.04 0-0.08 0.01-3

Values represent absolute cell concentrations (cells/uL); n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Table 6.12c: Descriptive statistics for absolute cell concentrations of lymphocytic subgroups: Days 5-6

Parent cell group Lymphocytes (CD45%)
Sub-group CD3* cells CD3 cells
Days 5-6 n=6 n=6
Median (range)* 59.87 (24-479) 5.93 (2-96)
IQR 28.10-409.63 3.47-57.75
Y6 * cells Y94 " cells B cells Non-B cells
Sub-group
(CD3* y6 TCRY) (CD3* ¥4 TCRY) (CD3-CD19%) (CD3-CD19)
Median (range) 0.77 (1-2) 58.57 (23-475) 3.54 (2-96) 2.93 (1-33)
IQR 0.56-2.22 26.61-406.04 3.47-57.75 0.96-17.55
J— l
[ ) \ 4
Sub-group (?erlcj"; CD161* cells Va7.2* cells N‘?;;“;CIT;:HS Activated B cells NK cells
i Va7.2* + + + + Va7.2 + _ + + +
CD161°) (CD3*CD161%) (CD3*Va7.2%) CD161] (CD19*HLA-DR¥) (CD16*CD56%)
Median 3.40 (1-83)
0.46 (0-19) 3.63 (1-25) 11.51 (2-97) 44.65 (15-339 2.52 (1-24)
(range) 1.68-29.84
0.23-6.04 1.85-17.76 3.98-37.09 15.58-306.99 0.77-11.70
IQR N
[ A \
Sub-group I cDa* cells (CD3*CD4*) CDS8"* cells (CD3+CD8+)l
Days 5-6 n=6 n=6
Median (range) 32.92 (7-124) 8.41 (1-151)
IQR 12.55-85.46 5.05-105.92
Sub-grou Treg cells Non-Treg cells Treg cells Non-Treg cells
= 2 (CD4*CD25*FoxP3*) (CD4*CD25*FoxP3") (CD8*CD25*FoxP3*) (CD8*CD25*FoxP3")
Median (range) 3.9 (0-9) 24.53 (6-102) 0.06 (0-0) 6.44 (1-133)
IQR 1.03-8.08 10.98-69.07 0.03-0.16 1.22-39.21
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Central Effector . . Central Effector . .
I I Naive T Exhausted | Terminal N Naive T Exhauste Terminal T
Sub- ¥ g ¥ L cells T cells T cells ¥ L/ ¥ g cells d T cells cells
group C;(ZS:A_ c;iszA- (CD45RA* (CD45RA** | (CD45RA* CSZSZA_ C;(ZS:A_ (CD45RA* | (CD45RA* (CD45RA*
( ( CD27") CD27) CD27) ( ( CD27%) CD27) CD27)
CD27%) CD27) CD27%) CD27Y)
Days 5-6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median
(range) 10.54 (2-64) | 9.26(2-26) | 3.75(1-17) 0.01 (0-0) | 0.37(0-1) 1.42 (0-39) 1.16 (0-8) 1.33 (0-83) | 0.07 (0-0) 0.26 (0-1)
IQgR 5.52-35.57 3.06-20.60 1.35-7.83 0-0.01 0.24-0.65 0.76-12.66 0.01-3.58 0.57-24.56 0-0.18 0.10-0.60

Values represent absolute cell concentrations (cells/uL); n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Table 6.12d: Descriptive statistics for absolute cell concentrations of lymphocytic subgroups: Days 7-8

Parent cell group Lymphocytes (CD45%)
Sub-group CD3* cells CD3 cells
Days 7-8 n=6 n=6
Median (range)* 28.19 (0-202) 6.32 (0-23)
IQR 0-139.81 0.92-18.23
Y6 * cells Y94 " cells B cells Non-B cells
Sub-group
(CD3* y6 TCRY) (CD3* ¥4 TCRY) (CD3-CD19%) (CD3-CD19)
Median (range) 0.30 (0-3) 59.65 (0-1491) 0.99 (0-13) 2.90 (0-13)
IQR 0-1.49 0-520.76 0.03-6.93 0.84-10.25
—
f i M =
Sub-group (?DA_?,IT/C?I; CD161* cells Va7.2* cells N‘?;;“;CIT;:HS Activated B cells NK cells
i Va7.2* + + + + Va7.2 + _ + + +
CD161°) (CD3*CD161%) (CD3*Va7.2%) CD161] (CD19*HLA-DR¥) (CD16*CD56%)
Median
( \ 0.14 (0-40) 1.08 (0-246) 14.88 (0-163) 8.57 (0-160) 0.98 (0-13) 0.98 (0-5)
range
& 0-11.63 0-63.92 0-78.43 0-64.80 0.03-6.91 0-2.59
IQR N
\A
[ \
Sub-group ' cD4* cells (CD3*CD4Y) CD8* cells (CD3*CD8") '
Days 7-8 n=6 n=6
Median (range) 6.94 (0-84) 0.49 (0-65)
IQR 0-37.74 0-19.03
Sub-erou Treg cells Non-Treg cells Treg cells Non-Treg cells
¢ o (CD4*CD25*FoxP3*) (CD4*CD25*FoxP3°) (CD8*CD25*FoxP3*) (CD8*CD25*FoxP3°)
Median (range) 0.06 (0-4) 3.83 (0-74) 0 (0-0) 0.29 (0-71)
IQR 0-1.94 0-33.69 0-0 0-61.71
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Central Effector . Central Effector . .
. Exhauste | Terminal T Naive T Exhauste Terminal T
memory T memory T | Naive T cells memory T | memory T
Sub- d T cells cells cells d T cells cells
cells cells (CD45RA* cells cells
group CoasRA CoasRA 027) (CD45RA** | (CD45RA* CDASRA COASRA (CD45RA* | (CD45RA* (CD45RA*
( ( CD27Y) CD27) ( ( CD27%) CD27) CD27)
CD27%) CD27Y) CD27%) CD27Y)
Days 7-8 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median
(range) 1.19(0-171) | 2.44(0-31) | 0.10(0-315) 0(0-6) | 0.01(0-36) 0.09 (0-12) 0 (0-7) 0.08 (0-58) | 0(0-2) 0.01 (0-4)
IQgR 0-63.21 0-21.50 0-96.26 0-1.61 0-1.61 0-10.42 0-1.84 0-38 0-0.9 0-1.55

Values represent absolute cell concentrations (cells/uL); n represents number of samples.

CD: cluster of differentiation marker; IQR: inter-quartile range; MAIT: mucosal-associated T cell; NK: natural killer; Treg: regulatory T cell
*min-max range
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Table 6.13a: Descriptive statistics for absolute cell concentrations of monocytic sub-groups: Days 1-2 & 3-4

Parent cell group

Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Days 1-2 n =30 n=30
Median (range)* 1.60 (0-74) 3.48 (0-847)
IQR 0.74-4.88 1.34-16.84
Non-classical monocytes Classical monocytes . .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16*) (CD14*CD16")
Days 1-2 n =30 n =30 n =30

Median (range) 0.94 (0-36) 0.37 (0-31) 1.62 (0-127)

IQR 0.20-3.33 0.17-1.04 0.74-5.57
Parent cell group Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Days 3-4 n=7 n=7
Median (range) 0.84 (0-4) 5.48 (0-180)

IQR 0.39-2.46 0.68-59.01
Non-classical monocytes Classical monocytes ) .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16%) (CD14*CD16")
Days 3-4 n=7 n=7 n=7
Median (range) 0.35(0-2) 0.17 (0-2) 0.57 (0-165)
IQR 0.21-1.31 0.07-0.56 0.44-43.52

Values represent absolute cell concentrations (cells/uL); n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range

*min-max range
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Table 6.13b: Descriptive statistics for absolute cell concentrations of monocytic sub-groups: Days 5-6 & 7-8

Parent cell group

Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Days 5-6 n=6 n=6
Median (range)* 0.30(0-5) 2.29 (1-32)

IQR 0.17-4.68 1.78-20.55
Non-classical monocytes Classical monocytes ) .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16*) (CD14*CD16")
Days 5-6 n=6 n=6 n=6
Median (range) 0.14 (0-5) 0.19 (0-3) 1.40 (1-10)
IQR 0.07-2.06 0.04-1.26 0.99-7.80
Parent cell group Monocytes (CD45%)

Sub-group CD14* cells CD14 cells
Days 7-8 n=6 n=6
Median (range) 0.44 (0-2) 3.12 (0-23)

IQR 0.03-1 0.20-11.12
Non-classical monocytes Classical monocytes . .
Sub-group CD45* microglia (TMEM119%)
(CD14*CD16") (CD14*CD16")
Days 7-8 n=6 n=6 n=6
Median (range) 0.23 (0-1) 0.08 (0-0) 1.07 (0-4)
IQR 0.01-0.81 0.02-0.26 0.12-3.66

Values represent absolute cell concentrations (cells/uL); n represents number of samples.
CD: cluster of differentiation marker; IQR: inter-quartile range

*min-max range
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Figure 6.4. Box plots of significant changes in absolute
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classical monocytes (CD14*CD16*) over four 48-hour
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6.3 Luminex® Assay

Admission

The standard curves of the Luminex plates had median R? value of 0.878. Table 6.14

includes the lower limit of detection (LLOD) for all analytes for the two plates run, and the
percentage of samples below this limit. Plate 2 included n=40 samples, whereas Plate 1
included n=24 samples (based on available wells as samples were run concurrently with other

research samples), this may have contributed to the differential % of samples below the LLOD

for MIP-1a and IL-1.

Descriptive statistics for all twelve analytes in admission CSF are given in table 6.15. Overall
the distribution of the cytokine concentrations was significantly different (p = 0.000), with IL-

1Ra having the highest concentration (median conc. 4781.77pg/mL), followed by IP-10

(median 2279.50pg/mL) and MCP-1 (median 1604.76pg/mL) - Figure 6.5.

Table 6.9: Lower limit of detection (LLOD) for inflammatory analytes between the two

Luminex® plates run

LLOD % samples LLOD % samples
<LLOD <LLOD

MCP-1 463.68 0 210.03 0
IL-8 12.11 0 12.12 0
IP-10 9.38 0 13.3 0

MIP-1a 105.07 80 103.88 29.2
IL-1RA 208.29 231.75 0
IFN-y 0.18 5 6.12 0
IL-6 2.45 0 3.8 0

IL-1B 0.24 60 0.79 29.2
TNF-a 1.18 0 2.6 4.2
IL-10 5.18 0 5.06 0
IFN-a 0.91 0 4.12 0
VEGF 5.74 0 6.45 0

Abbreviations:

interferon-inducible protein 10; LLOD: lower limit of detection; MCP-1: monocyte chemoattractant
protein-1; MIP: macrophage inflammatory protein; TNF: tumour necrosis factor; VEGF: vascular
endothelial growth factor

IFN: interferon; IL: interleukin; IL-1Ra: interleukin-1 receptor antagonist; /P-10:
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Table 6.10: Descriptive statistics for admission inflammatory biomarkers

Marker MCP-1 IL-8 IP-10 IL-1Ra IFN-y IL-6 TNF-a IL-10 IFN-a | VEGF IL-18 MIP-1a

Admission n =30 n =30 n =30 n =30 n =30 n =30 n =30 n=30 | n=30 | n=30 | n=30 n =30

Median 1604.76 | 277.16 | 2279.50 | 4781.77 167.33 284.04 28.73 21.11 3.17 118.45 0.52 0.01

Min 210.03 12.11 9.38 208.29 0.01 19.91 0.01 5.06 0.91 6.45 0.01 0.01
Max 6534.69 | 3328.24 | 3983.50 | 42313.60 | 1195.20 | 6835.00 | 235.19 | 513.81 | 24.78 | 472.65 | 286.80 | 746.71
p25 807.24 106.44 | 1213.57 | 1729.86 47.50 78.61 7.64 9.09 1.66 61.89 0.01 0.01
p75 2279.59 | 642.87 | 3056.54 | 23089.74 | 289.40 | 2217.21 53.83 334.71 | 11.03 | 168.19 | 32.46 246.72

Values reported as concentration (pg/mL).
Abbreviations: IFN: interferon; IL: interleukin; IL-1Ra: interleukin-1 receptor antagonist; /P-10: interferon-inducible protein 10; max: maximum;
MCP-1: monocyte chemoattractant protein-1; min: minimum; MIP-1a: macrophage inflammatory protein; p: percentile; TNF: tumour necrosis

factor; VEGF: vascular endothelial growth factor
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Figure 6.5. Box plots of overall admission concentrations for all 12 inflammatory analytes.

Temporal profile

Between days 1-2 and days 7-8, there were statistically significant decreases in IFN-y (p =
0.046), IP-10 (p = 0.046), IFN-a (p = 0.043) and IL-10 (p = 0.028). Overall, analytes decreased
in concentration between days 1-2 and days 7-8. Descriptive statistics for this first week are
included in table 6.16, and a graphical demonstration of the significant changes over the time

period is shown in figure 6.6.
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Table 6.11: Descriptive statistics for inflammatory biomarkers: 48-hour epochs

Marker MCP-1 IL-8 1P-10 IL-1Ra IFN-y IL-6 TNF-a IL-10 IFN-a¢ | VEGF
Days 1-2 n=30 n=30 n=30 n=30 n=30 n=30 n =30 n=30 | n=30 | n=30
Median 1604.76 277.16 2279.50 4781.77 167.33 284.04 28.73 21.11 3.17 118.45
Min 210.03 12.11 9.38 208.29 0.01 19.91 0.01 5.06 0.91 6.45
Max 6534.69 3328.24 3983.50 42313.60 1195.20 6835.00 235.19 513.81 24.78 472.65
p25 807.24 106.44 1213.57 1729.86 47.50 78.61 7.64 9.09 1.66 61.89
p75 2279.59 642.87 3056.54 23089.74 289.40 2217.21 53.83 334.71 11.03 168.19
Days 3-4 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9 n=9
Median 1622.44 342.92 2128.51 3632.93 126.82 285.68 15.70 11.48 3.17 84.90
Min 458.85 80.06 593.11 1377.87 36.06 76.43 3.86 8.45 0.91 68.98
Max 3895.78 1056.14 4260.74 15588.92 403.70 892.44 87.83 385.61 9.67 153.91
p25 546.68 170.02 1512.55 1957.10 66.35 101.54 11.34 9.22 2.04 69.43
p75 2843.34 775.54 2843.01 11503.82 190.49 574.22 65.22 259.92 8.35 144.47
Days 5-6 n=6 n=6 n=6 n==6 n=6 n==6 n==6 n=6 n=6 n=6
Median 1604.40 189.30 1176.30 1334.07 46.96 86.83 12.28 12.86 2.04 56.27
Min 418.16 57.92 511.06 337.92 12.36 4.25 2.48 5.18 0.91 26.71
Max 2475.63 566.75 2353.85 7850.54 112.93 354.87 46.24 252.81 6.53 193.68
p25 1145.34 92,92 601.62 767.28 24.83 44.00 3.65 6.84 1.47 31.91
p75 2131.12 439.79 2247.54 4052.44 81.58 194.86 33.29 221.93 6.07 116.22
Days 7-8 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Median 1258.50 130.96 896.69 1371.92 28.98 63.81 10.28 6.31 1.66 110.62
Min 996.26 21.22 51.98 288.73 0.18 2.45 1.61 5.18 0.91 5.74
Max 1520.30 1259.92 2122.97 7198.81 205.33 1021.13 18.16 263.79 7.15 155.36
p25 1045.15 61.23 140.60 579.99 5.72 4.66 2.26 6.03 0.91 41.94
p75 1406.65 482.94 2050.01 7190.63 85.71 512.05 15.21 129.81 3.03 126.90

Values reported as concentration (pg/mL). IFN: interferon; IL: interleukin; IL-1Ra: interleukin-1 receptor antagonist; IP-10: interferon-inducible protein 10;
max: maximum; MCP-1: monocyte chemoattractant protein-1; min: minimum; p: percentile; TNF: tumour necrosis factor; VEGF: vascular endothelial growth
factor. Values below the LLOD for the respective analytes were given a value of 0.01; MIP-1a & IL-1f8 excluded because values mostly <LLOD.
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Figure 6.6. Significant changes in analyte concentration over the first week of hospital admission.
concentration of A: IP-10, B: IFN-«, C: IFN-y and D: IL-10 over four 48-hour epochs.
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6.4 Correlations

6.4.1 Cell proportions

Correlations between immune cell proportions and inflammatory cytokines on admission

and days 7-8 are shown in table 6.17.
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Table 6.12: Correlation coefficients for significant correlations between immune cell proportions and inflammatory cytokines: Admission (A) &

Days 7-8 (B)

Admission n=30 n =30 n =30 n=30 | n=30 n =30 n =30 n=30 | n=30 | n=30
Cell type
Lymphocytes
Granulocytes
Neutrophils
Monocytes
CDh14*
NC
monocytes
C monocytes
NK cells
Non-B cells
Gd T cells
CD4* T cells
CD4 Tregs
CD8* T cells

Reactive
astrocytes

. Moderate positive correlation Moderate negative correlation

-0.443

. Strong positive correlation

C: classical; CD: cluster of differentiation marker; IFN: interferon; IL: interleukin; /L-1Ra: interleukin-1 receptor antagonist; /P-10: interferon-inducible protein
10; MCP-1: monocyte chemoattractant protein-1; NC: non-classical; NK: natural killer; TNF: tumour necrosis factor; VEGF: vascular endothelial growth factor.

Values represent correlation coefficients; n represents number of samples.
Weak correlation = 0.1 — 3.9; moderate correlation = 0.4 — 0.59; strong correlation = 0.6 — 1202,
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Days 7-8 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n==6
Cell type
Granulocytes

Neutrophils
Monocytes
NK cells
Gd T cells
CD4* T cells

MAIT cells

Astrocytes

Reactive

;D45+. -0.829
microglia
CD45
microglia

. Strong positive correlation Strong negative correlation

CD: cluster of differentiation marker; IFN: interferon; IL: interleukin; IL-1Ra: interleukin-1 receptor antagonist; IP-10: interferon-inducible protein 10; MAIT:
mucosal-associated invariant T cells; MCP-1: monocyte chemoattractant protein-1; NK: natural killer; TNF: tumour necrosis factor; VEGF: vascular endothelial

growth factor.

Values represent correlation coefficients; n represents number of samples.
Weak correlation = 0.1 —3.9; moderate correlation = 0.4 — 0.59; strong correlation = 0.6 — 1.
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6.4.2 Absolute cell concentrations

As with cell proportions, correlations between cell concentrations and inflammatory analytes
were assessed in admission samples and samples during days 7-8. The number of significant
correlations demonstrated by most cells once again decreased over time, with an increase in

the strength of significant correlations. Table 6.18 depict these changes.
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Table 6.13 Correlation coefficients between absolute immune cell concentrations and inflammatory cytokines: Admission (A) & Days 7-8 (B)

A Analyte MCP-1 IL-8 IP-10 IL-1Ra | IFN-y IL-6 TNF-a IL-10 IFN-a | VEGF
Admission n=23 n=23 n=23 n=23 | n=23 n=23 n=23 n=23 n=23 | n=23
Cell type
Lymphocytes
CD3*
CD3-
Granulocytes
Neutrophils -0.502
Monocytes -0.485
CD14* -0.559
CD14- -0.453
NC monocytes -0.466
C monocytes
NK cells
Non-B cells
Gd T cells
CD8* T cells
CD4* T cells
CD4 Tregs
MAIT cells
Non-MAIT cells
CDA45* microglia -0.416

. Moderate positive correlation Moderate negative correlation . Strong positive correlation

C: classical; CD: cluster of differentiation marker; IFN: interferon; IL: interleukin; /L-1Ra: interleukin-1 receptor antagonist; IP-10: interferon-inducible protein
10; MCP-1: monocyte chemoattractant protein-1; MAIT: mucosal-associated invariant T cells; NC: non-classical; NK: natural killer, TNF: tumour necrosis factor;
VEGF: vascular endothelial growth factor. Values represent correlation coefficients; n represents number of samples. Weak correlation = 0.1 — 3.9; moderate
correlation = 0.4 —0.59; strong correlation = 0.6 — 1.
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B Analyte MCP-1 IL-8 IP-10 IL-1Ra IFN-y IL-6 TNF-a IL-10 IFN-a | VEGF
Days 7-8 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6 n=6
Cell type
Lymphocytes
CD3+
Granulocytes
Neutrophils
CD14*
CD14-
NC monocytes
C monocytes
NK cells
B cells
Activated B cells
Gd T cells
CD4* T cells
CD4 Tregs
MAIT cells
Non-MAIT cells
Reactive Astrocytes
Astrocytes
CD45* microglia

Moderate positive correlation Moderate negative correlation . Strong positive correlation

C: classical; CD: cluster of differentiation marker; IFN: interferon; IL: interleukin; IL-1Ra: interleukin-1 receptor antagonist; IP-10: interferon-inducible protein
10; MCP-1: monocyte chemoattractant protein-1; MAIT: mucosal-associated invariant T cells; NC: non-classical; NK: natural killer; TNF: tumour necrosis
factor; VEGF: vascular endothelial growth factor. Values represent correlation coefficients; n represents number of samples. Weak correlation = 0.1 —3.9;
moderate correlation = 0.4 — 0.59; strong correlation = 0.6 — 1.
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6.5 TBM vs. Other Infections

6.5.1 Cell proportions & concentrations

In comparison to patients with non-TB brain infections, on admission TBM patients had
significantly higher proportions of CD4* regulatory T cells (p = 0.001), CD8* regulatory T cells
(p = 0.013), astrocytes (p = 0.002) and reactive astrocytes (p = 0.004), shown in figure 6.7.
Patients with non-TB brain infections had significantly higher concentrations of granulocytes
(p = 0.011), neutrophils (p = 0.008) and CD14* cells (p = 0.038) — figure 6.8. Graphs including
outliers can be found in Appendix B. There were no significant difference in cell proportions or

counts over time.

6.5.2 Luminex® analysis

Admission

TBM patients had higher concentrations of MCP-1 (p = 0.007) and IFN-y (p = 0.003) on
admission, are graphically represented in figure 6.8D. This was consistent at days 7-8 (p = 0.009
and p = 0.002 respectively). However, concentrations of MIP-1a (p = 0.029) and VEGF (p =

0.043) were significantly higher in other infections samples.
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Figure 6.7. Box plots of significant differences in admission cell proportions between TBM and other brain infections. A: Cell proportions of CD4*
regulatory T cells (CD3*CD4*). B: Cell proportions of CD8* regulatory T cells (CD3*CD8*). C: Cell proportions of astrocytes (CD45'ACSA*). D: Cell
proportions of reactive astrocytes (ACSA*GFAP*).
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Chapter 7 — Discussion

7.1. Brain-resident immune cells

This is the first study, to our knowledge, to examine brain resident cells, particularly microglia
using the highly-specific marker TMEM119, together with an extensive panel of peripheral

immune cells using flow cytometry in antemortem ventricular CSF in paediatric patients with
CNS infections. CD45 microglia accounted for the highest cell proportion and concentration in

ventricular CSF of the major cell populations — lymphocytes, granulocytes, monocytes and
astrocytes. This was a noteworthy result given that leukocytes routinely serve as markers of
inflammation in CNS infections and are the only cell types reported by clinical laboratories,
although microglia are known as the primary CNS-resident innate immune cells?%32%4, These
results imply that brain-resident immune cells likely play the largest role in the immune
response to CNS infection, but that their contribution to the pathophysiology of CNS infections
may be under-appreciated relative to the peripheral immune response. Clinical decision-
making and interventional research studies concerning disease progression and resolution do
not currently consider these cell types and rely on what we have arguably shown to be the
minority of immune cells involved (as demonstrated by their decreased presence in the CSF)

in CNS infection.

The presence of microglia in the CSF is not commonly considered, and therefore observing
them as the majority cell population present raises important questions about their activity,
movement and function. The persistence of the high microglial concentrations even after the
admission sample argues against the possibility that the insertion of the ventricular catheter
was the source of the microglial population. As alluded to in Chapter 2, the CNS is commonly
deemed more immunologically quiescent than peripheral organs, due to strict control of
peripheral immune cell influx by a tight BBB, low numbers of surveilling peripheral immune
cells and the absence of a typical lymphatic system'?°. The data from this study, along with
recent studies that the brain possesses a glymphatic system?%®, add to the growing
understanding that this organ may not be as immunologically quiescent as was originally

thought.
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Microglia may take on neuroprotective (restorative) or neuropathophysiological roles during
infection?96297 As with peripheral innate immune cells, resting microglia are activated through
recognition of pathogenic or pro-inflammatory stimuli such as lipopolysaccharide, myeline
debris or certain cytokines?0329820% Similar to peripheral macrophages, microglia are capable
of proliferation, phagocytosis, antigen presentation, chemotaxis and cytokine release?%,
Reactive microglia are believed to contribute to the pathophysiology of neuroinflammation

and thus brain infections?%

, as their phagocytic activity is significantly increased in this
activated state?®. Their release of pro-inflammatory mediators such as TNF-a and IL-6 induces
astrogliosis, increases the permeability of brain endothelium and contributes to breakdown of
the BBB2%4219, Recruitment by activated microglia of peripheral leukocytes and activation of
adaptive immune cells through antigen presentation further solidifies their role as primary
innate immune cells of the brain?%, But this may also contribute to pathophysiology in the
brain, as increased BBB permeability, leakage and leukocyte recruitment may contribute to

downstream injury mechanisms like raised intracranial pressure and cytotoxic oedema, which

could lead to brain damage and neuronal cell death?%,

In the same vein, activated microglia may also take on a more anti-inflammatory and
neuroprotective (M2) phenotype?%4. In this case, microglia demonstrate an immunoregulatory
role through phagocytosis of cellular debris, release of anti-inflammatory mediators and
release of neuroprotective factors?°4208299 Taken together, it is evident that microglia are an
important innate cell group in the initiation and possibly resolution of brain inflammation and
infection. This is likely to manifest in their high initial and sustained concentrations in the

admission and serial samples respectively of this patient cohort.

It is also important to consider that this was a population of young patients still undergoing
brain development. Microglia demonstrate a crucial role in neurodevelopment through
synaptic pruning and maturation of neural circuitry’%2%, Entering the brain during early
developmental stages, microglia serve as constant surveyors of the brain parenchyma and are
rapid first responders in the case of injury and important contributors to maintaining
homeostasis across the lifespan?%6, 206207 |t js therefore paramount to holistically consider their

role in both the healthy and diseased CNS, particularly in the context of the developing brain.
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We found an unexpected microglial cell population that express CD45 (CD45*TMEM119%),
resembling both brain specific microglia as well as peripheral monocytes. Recent research has
examined the origins of microglia from macrophage (myeloid) precursors, particularly from
bone-marrow-derived monocytes, and their migration into the CNS?%’. In vitro murine
experiments have demonstrated that in the case of bacterial CNS infection, such as meningitis
caused by Streptococcus pneumoniae, monocytes in the bloodstream can engraft into the
brain, differentiate into microglia and contribute to the neuroinflammatory response
(including post-infectious tissue damage and pathology)?!!. These newly formed microglia
were particularly dominant after the acute phase of the infection had passed, and appeared
to be incorporated into the circulating microglial popultion?!!. Evolution of these cells into
neurons or astrocytes does not occur, as shown in these murine experiments by staining with
a microglia-specific fluorescent marker (Iba-1) and a macrophage-specific fluorescent marker
(F4/80)%*. Research using animal models depleted in microglia also demonstrate that
microglia can be replenished through the infiltration of peripherally derived bone-marrow cells
which become “microglial-like” in their morphology and dynamics2%. Interestingly they appear
to maintain a distinct genetic profile, and ongoing research in our group aims to conduct single
cell RNA-sequencing on this cell population to further characterise them. While a very
intriguing population, the absolute concentration of these cells was small, and thus caution in

overinterpreting the data is warranted.

We demonstrated that the predominance of microglial cells does not appear to be reflective
of surveillance alone, as both microglial and peripheral immune cell proportions decreased
over time. This suggests that the high proportions of microglia seen in samples (particularly at
early time points) reflect an active immune response. Given the relatively small numbers of
samples after admission, conclusions about the temporal profile of these cells is tenuous, as
the collection and timing of serial samples may have been biased by clinical imperatives.
However, the progression or resolution of an immune response is clinically determined by the
change in immune cell counts in serial samples, and therefore examining resident and
peripheral immune cells in these samples was relevant. It is noteworthy that overall there was
an increase in microglial proportions and absolute concentrations over time. Although this was
not significant, this was different from the temporal patterns of other important immune cells,

such as lymphocytes, which decreased in proportion over time, and while their absolute
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concentration increased (again not significant), their rate of increase was not as great that of

microglia.

Astrocytes, the other CNS-resident immune cell population, constituted a very small
proportion and concentration of cells in comparison. This is likely because they are not the
primary CNS-resident immune cell and their role is more structural and supportive. However,
it is noteworthy that absolute astrocytic concentrations accounted for larger concentrations
than monocytes and granulocytes. Astrocytes are known to be recruited to assist in the
immune response, and evidence of their activation has been reported in previous studies

examining the biomarker GFAP in TBM and other forms of meningitis*3°.

7.2 Peripheral immune cells

On admission lymphocytes were significantly greater in proportion and concentration than
monocytes and granulocytes. Considering that two thirds of the patient cohort were TBM
patients, this was not unexpected given the association between TBM and lymphocytosis?!.

CD3* cells demonstrated a higher — albeit non-significant — cell proportion and concentration
than CD3 cells. CD3* cells give rise to non-MAIT cells and ultimately helper (CD4*) T cells and

cytotoxic (CD8*) T cells (Figure 5.2N). The recruitment of T cells and B cells into the CNS and
therefore the elevation of lymphocytes on admission could be accounted for by the
chemotactic capabilities of both microglia and astrocytes?!??!3, Upon activation through
antigen presentation, CD4* T cells proliferate and differentiate into regulatory T cells (Treg) or
T-helper (Tu) cells specific to the offending pathogen?!*. The subsequent inflammatory
mediators released from these cells, such as cytokines, are also specific to the offending

pathogen?!4,

On the other hand, CD8* T cells are cytotoxic, meaning that after activation they will kill the
infected cell?!*2%>, Cytotoxic T cells also release cytokines along with cytotoxic granules, both
of which are known to induce apoptosis of the infected cell?'2. Taking into account that T cells
are a hallmark population of any adaptive immune response and necessary for optimal

215 and the lymphocytic predominance in TBM patients??, it is not

clearance of a pathogen
surprising that CD3* and non-MAIT cells are important peripheral cell populations in the

context of CNS infection and neuroinflammation.
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We included markers of Treg cells to ascertain whether a predominance of regulatory vs non-
regulatory cells is a potential mediator of paediatric vulnerability to CNS infection, given the
suggested contribution of these regulatory cells towards “immaturity” of a child’s immune
system?6, These cells constitute between 3-10% of all CD4* T lymphocytes in humans 160-162,
and are primarily derived from cells in the thymus 92217 |n vitro murine experiments and in
vivo observations have elucidated the suppressive and anergic nature of Treg cells — enabling
them to mediate and maintain immune tolerance, demonstrate immunomodulatory
properties, and protect the body against autoimmunity 16228 As outlined by O’Garra et al.,
these cells are capable of preventing naive T cell expansion and proliferation through secretion
of cytokines such as IL-10 and transforming growth factor (TGF)-B16%27, Other proposed
mechanisms involve the direct killing of antigen-presenting cells (APCs) and pathogenic cells
at the site of inflammation through cell-to-cell contact 69161218 3long with prevention of
migration of other peripheral immune cells 11, The CD4* Treg cells identified in this study are
classified as CD4*FoxP3*CD25* Tgeg cells (figure 5.20) — also known as naturally occurring Treg
cells 160161 Ultimately, these cells have been characterised to regulate autoimmunity and
inflammation 0. We also identified CD8* Treg cells, which employ the same suppressive
cytokines to control the host’s excessive immune responses as CD4* Tgeg cells 216219, Their
functions also include suppressing activated T cells at the site of inflammation, keeping
autoimmune diseases at bay and regulating immune tolerance in a healthy individual 2122,
The low proportion and numbers of these regulatory cells does not appear to suggest a role in
immune vulnerability to CNS infection or a strong contribution to immunomodaulation, but this
is a small study across a broad age range (given rapid immune change and development in the

early years of life) and further work is required to make conclusive statements.

y8 T cells are typically a minor subset of CD3* cells??!, which is mirrored in this study
population’s concentrations and proportions. Capable of a rapid response to a wide range of
stimuli??%222, there is generally an increase in their number a few days after the onset of
infection??2, Therefore, the significant decrease in y8 T cells we observed over time could
suggest resolution of the inflammatory response. Exhausted and terminal T cells were included
in this study to observe whether the immune response had been ongoing for some time and

possibly reaching its end. The low numbers for these cell types, however, suggest that this was
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not the case. However, as stated, this was a small study, and these cell numbers were small,

therefore our conclusions are limited.

Considering CD4* T cells vs CD8* T cells, there was a greater proportion and concentration of
non-MAIT cells that were CD4*. A possible explanation for this is the specific role of CD8* T
cells in clearing CNS infections caused by intracellular pathogens such as viruses?'%223, whereas
there were no viral infections in this study. Intriguingly, infiltrating T cells have been shown to
activate microglial cells and are capable of modulating a more secretory or phagocytic
microglial phenotype?!3. Activated CD4" T cells in particular are believed to enhance microglial
antigen presentation in the context of infection and are important in orchestrating a protective
immune response 213224 The interrelated roles of T-cell chemotaxis to the CNS by microglia
and subsequent modulation of microglial activation by activated T cells demonstrates the
complex interplay between the various components of the immune response in CNS
infections. Whether the roles of CD4* and CD8* cells described above may have contributed
to the finding that CD4" cells were almost 50% central memory T cells whereas CD8" cells were

more than 50% naive T cells, is unclear.

Of the monocyte-derived cells, classical monocytes accounted for a minority of CD14" cells, of
which the larger proportion and concentration were non-classical monocytes. This is
surprising, given that non-classical monocytes are considered to be patrolling, resident cells
whereas their commonly reported more numerous classical counterparts are known to be

225-227 Non-classical

more involved in the inflammatory response and promote tissue repair
monocytes, however, are responsible for stimulating and inducing proliferation in CD4* T
cells??, It is possible that these cells may have contributed to the greater number of CD4* T

cells vs CD8* T cells mentioned earlier, but this is purely conjecture.

In acute neuroinflammatory states, there is rapid chemotaxis of monocytes migrating from the
bloodstream into the brain, followed by differentiation into innate immune responders — such
as macrophages or dendritic cells?>>%?7, with the aim to prevent extensive spread of the
pathogen and subsequent pathology??°. The same can be said for granulocytes and their sub-
group of neutrophils. The relatively low numbers of these cell populations seen on admission

and their decline over the first week of treatment likely indicate a subsiding innate phase of
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the immune response, giving way to a more prominent adaptive immune response. The
increase in lymphocyte numbers correlates with this, and as alluded to previously is likely a
reflection of lymphocytosis in the predominant TBM patient cohort. Neutrophils are known to
be important cells in adult TBM, where patients are often co-infected with HIV??%, however,
this is not the case in children. The overall decreasing trend in cell concentrations could be
suggestive of resolving inflammation. Case illustrations of patients 34 and 38 mirror this,

where their clinical improvement showed decreasing cell and cytokine concentrations.

7.3 Inflammatory analyte changes

On admission, the highest analyte concentration detected was that of IL-1Ra, followed by IP-
10 and MCP-1. These cytokines are not as well described in the TBM literature as TNF-a and
IFN-y. It is possible that the difference may be explained by the ventricular nature of the CSF
in this study compared to the lumbar spine source of CSF in most other studies. It is
noteworthy that high MCP-1 concentrations persisted over time, whereas that of II-1Ra and
IP-10 significantly decreased. The persistence of MCP-1 was similar to the persistence of
microglial concentrations, although there was no clear correlation demonstrated between the
two. MCP-1 is one of the most abundant cytokines detected by our group in the brain,
including in brain interstitial fluid??°. Synthesized by microglia and astrocytes, it promotes
chemotaxis of innate and adaptive cells into the CNS'417> while also potentially compromising
the BBB and generating reactive oxygen species'’®. In a small study from our group, this analyte
was associated with mortality and stroke in TBM patients??°. Negative associations were found
between MCP-1 and concentrations of numerous peripheral immune cells, suggesting that
they were not the likely source of this cytokine. IP-10 similarly participates in chemotaxis with
high CSF concentrations in neuroinflammatory conditions’>*8, Both peripheral and brain-
179

derived cells release IP-10, and it is known to be elevated in neuro-inflammatory conditions

The high concentrations on admission suggest a pro-inflammatory milieu.

It is interesting that a high concentration of the anti-inflammatory, immunomodulatory
cytokine IL-1Ra was also observed on admission, suggesting a simultaneous
immunomodulatory mileu'#”:148 |L-1Ra is a well-known antagonist of the IL-1 receptor — a pro-

inflammatory cytokine. The ratio of IL-18 and IL-1Ra is considered an important indicator of
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disease severity?3%, however, IL-18 is notoriously difficult to detect in CSF with Luminex
analysis?3!. Therefore, we were not able to assess this ratio and postulate its significance in
disease severity. The inverse increase in IL-1RA and decrease in IP-10 over time suggests that
immunoregulatory mechanisms were likely at play. In conjunction with IL-18, low
concentrations of MIP-1a were found, which may indicate poor detection of this analyte by
the kit or low presence of the analyte itself. Helmy et al. (2011) have also found IL-1f
concentrations to be low?3!. This could correlate with and account for the low concentrations
of neutrophils, given its role in recruitment of neutrophils to the CNS and its synthesis by

neutrophils?’é.

Once again, the low sample numbers warrant caution in the interpretation of serial cytokine
data — as was the case with cell populations. Overall, most cytokine concentrations did not
change significantly. The demonstrated decreasing trend in concentration was suggestive of

resolving inflammation.

7.4 Correlations

Correlations between cells and cytokines were conducted to explore whether certain
populations of cells may be accounting for certain cytokine concentrations. As shown by the
correlation data, there were several (largely weak) correlations. This is likely indicative of the
fact that multiple cells secrete multiple cytokines, as is reported across the literature.
Additionally, this suggests that immune cells and downstream immune mediators co-exist in
an elaborately orchestrated immune response. Arguably there may be differences in how cells
and cytokines inter-relate in different conditions; therefore, analysing the TBM and Other

Infection groups (with larger sample numbers) separately may yield different findings.

Given that the start of an infection is difficult to predict, the temporal phase of the immune
response is difficult to determine. At day 7-8 the correlations were strong, which could reflect
an overall decreasing trend across immune cells and mediators over time. However, as sample
numbers were low (n = 6) we are cautious not to over-interpret the data. The differential
direction between correlations of classical versus non-classical monocyte proportions and

immune mediators was an interesting and unique correlation. This could be explained by the
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fairly different roles exhibited by classical (inflammatory) and non-classical (resident,

patrolling) monocytes as alluded to above?>2%7,

7.5 TBM vs. other infections

Although comparisons were made between patients with TBM and patients with other
infections (Ol) of the brain, the results are exploratory. This is because the Ol group was small
and heterogenous, and it is thus difficult to comment on the degree to which different
pathogens result in differential cell and cytokine profiles in CSF of patients with CNS infections.
This study aimed to encompass more brain infections than TBM, however, the fact that most
of the patient cohort had TBM reflects our local disease burden of TB — with TBM being the
commonest cause of meningitis in our province and a common indication for neurosurgical
prcoedures?®?, It is also noteworthy that most of the patients who died were TBM patients.
We are unable to say what the impact of death was on cell and cytokine concentrations; the
low mortality rate did not warrant comparison across mortality as this was a descriptive study

that was not powered to examine outcome.

Bearing in mind the limitation of comparison between the groups, there were a few differences
that suggest further study would be meaningful. As expected, the lymphocytic predominance
in TBM patients (likely driven by the CD4* and CD8* predominance in this group), versus the
granulocytic and monocytic (CD14*) predominance in Ol patients aligns with the cell
populations clinically associated with these disease phenotypes, and TBM is known to be
pauci-cellular amongst CNS infections 233, Astrocytes were significantly higher in TBM patients
compared to patients with other CNS infections. When triggered by injury to the CNS or
neuroinflammation, astrocytes morph into a reactive astrocytic form with unique phenotypic
and functional features — a process known as astrogliosis®3*23>. Mycobacterium tuberculosis,
the causative pathogen in TBM, is known to induce astrogliosis?®>, which may explain the
associated higher proportion of astrocytes and their reactive sub-group in this phenotype of
brain infection, but the number of Ol patients was low and the specificity of astrocytes for TBM
would require larger numbers of patients with non-TBM infections. Given the differences in
the underlying pathophysiology, it would also be expected that we would see a difference in

the cytokine profile. Of interest, TBM patients had higher concentrations of MCP-1 and IFN-y
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on admission, and patients with other infections demonstrated higher concentrations of MIP-
la and VEGF. Further examination of the cytokine response in a larger group of patients may
elucidate differences in the inflammatory response between TBM and other bacterial

infections.

7.6 Limitations

Since this was a descriptive observational study, the patient cohort was a small convenience
sample of patients presenting to our hospital and who required a ventricular catheter
throughout the inclusion period. The resulting patient cohort largely consisted of TBM
patients, which likely influenced the immune cell proportions/concentrations, and patterns of
inflammatory cytokines. However, the aim of this study was to generate pilot data on the
cellular immunophenotype of ventricular CSF, which currently does not exist, and therefore
contributes novel insights into neuroimmunology that can be further explored. The timing and
number of CSF samples was not pre-determined but rather based purely on clinical need. This
limited our interpretations of temporal data. Future studies could formally target follow-up
clinical surveillance sampling from external ventricular drains. However, the limited data do
show changes over time. Lastly, given that this was a pilot study, the inclusion criteria (and
definitions of the different infections) were based on the clinical teams’ diagnostic decisions
regarding each patient. There may be variability across centres in the definition of conditions
like shunt infections, for example; however, we aimed to generate pilot data on infection in
the CNS (rather than specific infections) and clinically this patient cohort was considered to
have a CNS infection. The primary aim of the study was to characterize cells and inflammatory
mediators in ventricular CSF rather than to explain the fundamental differences between

different pathologies.

7.7 Remarks and future perspectives

The cell profiles described in this thesis represent the developing brain and developing
immune system, and it is crucial to note that this may not mirror/reflect results that would be
seen in adult patients. Furthermore, adults with CNS infections — particularly TBM — are often

HIV co-infected?3®. This will alter the dynamics of the immune response, and could result in a
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markedly different immune cell and cytokine profile. Given the high burden of disease that
children carry, it is important to explore the concept of immunological vulnerability in children
to infections in general, and particularly in CNS infections given that approximately 74% of
meningitis was reported in children younger than 14 years across 5 countries in the African
meningitis belt>3’. TBM specifically is known to be more common among children (as well as
in immunocompromised adults) and is the most common form of meningitis in children in our

local setting?32.

This study focused primarily on ventricular CSF. As demonstrated from protein, transcriptome
and drug data, characteristics of ventricular CSF are different to lumbar CSF?*13813% There are
a number of contributing factors for this difference: the more permeable nature of the blood-
spinal cord barrier compared to the BBB may allow more blood-derived cells to enter lumbar
CSF?3%; spinal inflammation in the spinal sub-arachnoid space can disturb the flow of CSF
between the brain and the spine often contributing to a same effect?’; and the
pathophysiology of TBM in the spine is characteristically more inflammatory compared to in

the brain, which better reflects tissue injury?*?.

Suggestions for future studies include: further study of immunological vulnerabilities
predisposing children to CNS infection — our group is currently conducting a study involving
examination of CSF and blood from children with TBM and other forms of CNS infection in
comparison to healthy and TB-unexposed children. Further work on a larger sample size with
more CNS infection phenotypes to determine whether significant differences exist in the
immunophenotype of ventricular CSF cells, and downstream research to elucidate novel
diagnostic and therapeutic markers that may be disease-specific are warranted. Work on the
association with outcome could also be important for prognostic biomarkers or to guide
clinical management. Research to characterise the difference in the adult and paediatric
immune response (peripheral and CNS) would be important for age-specific treatment and
possible biomarkers. Finally, future studies (especially in humans) that will expand our
understanding of the pivotal role that microglia play in infection, healing, and development

are needed and could offer exciting insights to benefit research and clinical practice.
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Chapter 8 — Concluding remarks

Brain-resident immune cells, particularly microglia, are the most abundant cell type in the
ventricular CSF of patients with CNS infection and likely play a pivotal role in the immune
response to CNS infections. The implications of this both clinically and in research may be
under-appreciated but represents an important and interesting avenue of research to explore,
especially in the context of children and the developing brain. Having an objective measure of
the scale of the neuroinflammatory response, as opposed to systemic inflammation, may
assist in not only understanding the specifics of the inflammatory response of the organ of
interest, but also in testing host-directed therapies. Microglia in particular accounted for the
dominant proportion of brain-derived immune cells, and their holistic roles in the healthy and
diseased CNS hold much potential for future studies. Lymphocytes constituted the largest
peripheral immune cell population in infectious CSF, but this may be attributable to the large
cohort of TBM patients in this study. Inflammatory analytes on admission were largely pro-
inflammatory, but very high concentrations of anti-inflammatory IL-1Ra suggest an
immunomodulatory environment. Multiple immune cells likely secrete multiple cytokines, as

demonstrated by the weak correlations detected between cells and cytokines.

There are significant differences in the immunophenotype of ventricular CSF in TBM versus
other infections. Samples from TBM patients were predominantly lymphocytic, whereas other
infections were more granulocytic — which aligns with their known clinical presentations.
Similarly, the inflammatory analyte milieu was different between these two cohorts. The
host’s immune response to distinct CNS infections is worth further research. Overall, the
changing patterns of immune cells and cytokines over time suggests a shift from a more
prominent innate immune response to an adaptive immune response, although the timing of
the immune response is difficult to assess given that the start of an infection is not known.
Over time, the general decrease in cell proportions and concentrations coupled with the

decrease in inflammatory analyte concentrations points towards resolution of inflammation.

This study generated novel data that provided granular detail on the peripheral and resident

immune cell populations in children with CNS infections, and contributes important insights
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on which to grow our understanding of the immune response at the site of disease, in the
context of neurodevelopment. With further research to grow these data, novel pathways for

disease monitoring as well as intervention may be identifiable.
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Appendix A — Methods

A.1 Flow cytometry analysis

Antibody titrations — performed for each of the 21 antibodies within this study’s panel

Seven Eppendorf tubes were labelled with the dilution factor:
1. 1:30
1:60
1:120

2

3

4. 1:240
5. 1:480
6. 1:960
7

1:1920

For the peripheral immune cells, blood was used for the titrations. But for the brain-derived
immune cells, CSF was used. Brain-derived cell titrations were performed similarly to
titrations of peripheral immune cells, except that the FACSlyse step that is mentioned below
was excluded. In the first Eppendorf tube, 90uL of flow staining buffer was added, with 50uL
being added to the remaining six Eppendorf tubes. Subsequently, 10uL of the antibody was
added to the first Eppendorf tube, and resuspended thoroughly within the flow staining
buffer. Crucially, the tube of the specific antibody being titrated was vortexed for around 5
seconds prior to use. To begin the dilution series, 50uL of solution was transferred from
Eppendorf tube one into Eppendorf tube two. Following transfer, resuspension within tube
two ensured optimal mixing of the two solutions. This process was repeated for the remaining
Eppendorf tubes, and the same pipette tip could be used. The 50uL of solution removed from
the last (7t") Eppendorf tube was discarded. Whole blood (1004L) was then added to each of
the seven Eppendorf tubes — the same pipette was used but care was taken not to touch the
solution in the bottom of the tubes. The tubes were then vortexed for around 3 seconds each,

covered in foil and incubated for 30 minutes in a 5°C fridge.

Following this incubation, 1.5mL of FACSlysing solution was added to each tube. Mixing was

achieved by inverting the tubes, after which they were covered in foil and incubated for 10
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minutes in a 5°C fridge. The tubes were subsequently centrifuged (510 x g for 5 minutes),
followed by decanting of the supernatant. A volume of 250uL of flow staining buffer was
added to the seven tubes and the tubes were vortexed. Lastly, the tubes were covered in foil
and placed in a 5°C fridge until analysis on the flow cytometer. The optimal titres for all the

antibodies on the 21-colour panel are provided in the table below.

Table A.1: Optimal antibody titres

Antibody Dilution factor Volume (L)
CD45 1:120 1.25
Viability (UViD) * 1
CD4 1:120 1.25
CD8 1:240 0.625
CD56 1:240 0.625
CD11b 1:120 1.25
y6TCR 1:240 0.625
CD19 1:120 1.25
CDhi14 1:60 2.5
CD45RA 1:240 0.625
Va7.2 1:120 1.25
HLA-DR 1:240 0.625
TMEM119 1:60 2.5
CD25 1:240 0.625
GFAP 1:120 1.25
CD27 1:960 0.156
CD161 1:60 2.5
CD16 1:960 0.156
ACSA 1:60 2.5
FoxP3 1:120 1.25
CD3 1:120 1.25

ACSA: astrocyte cell surface antigen; CD: cluster of differentiation; CD45RA: CD45 receptor antagonist;
FoxP3: forkhead box P3 or scurfin; GFAP: glial fibrillary acidic protein; HLA-DR: human leukocyte
antigen-DR isotype; TCR: T-cell receptor; TMEM119: transmembrane protein 119. An extra 10% of
volume for each antibody was added when making the antibody cocktail, to account for any pipetting
errors.

*Viability was not titrated, the manufacturer’s recommendation of 1L was used
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Table A.2: Specific antibody characteristics

Antibody Company Clone
BD Horizon™, Mouse Anti-Human CD45 BD Biosciences HI30
Invitrogen, Vlablllty.Dye (blue-fluorescent Life Technol.ogles 2483570
reactive dye) Corporation
BD Horizon™, Mouse Anti-Human CD4 BD Biosciences SK3
BD Horizon™, Mouse Anti-Human CD8 BD Biosciences SK1
BD OptiBuild™, Mouse Anti-Human CD56 .
BD B B1
(NCAM-1) iosciences 59
BD OptiBuild™, Mouse Anti-Human CD11b BD Biosciences D12
BD Biosciences Bl
BD Biosciences SJ25C1
BD Biosciences M5E2
BD Biosciences HI100
BD Biosciences OF-5A12
BD Biosciences G46-6
Human TMEM119 R&D Systems® 1689026
BD Horizon™, Mouse Anti-Human CD25 BD Biosciences M-A251
BD Biosciences 1B4
BD Biosciences M-T271
BD Biosciences DX12
BD Biosciences 3G8
MACS, Mouse Anti-Human/Mouse/Rat ACSA Miltenyi Biotec ACSA-1
BD Horizon™, Mouse Anti-Human FoxP3 BD Biosciences 259D/C7
BD Pharmingen™, Mouse Anti-Human CD3 BD Biosciences SK7
o Catalogue
Additional reagents Company number
BD™ CompBead An‘n-l\/!ouse Ig,. k/Negative BD Biosciences BD/552843
Control Compensation Particles Set
Rai li jion Particl k .0-
ainbow Ca |bra‘f|03n4 irnt:l‘c es (8 peaks), 3.0 BD Biosciences 559123

ACSA: astrocyte cell surface antigen; CD: cluster of differentiation; CD45RA: CD45 receptor antagonist;
FoxP3: forkhead box P3 or scurfin; GFAP: glial fibrillary acidic protein; HLA-DR: human leukocyte
antigen-DR isotype; TCR: T-cell receptor; TMEM119: transmembrane protein 119; Treg: T regulatory
cells; UViD: ultraviolet-induced detection
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A.2 Luminex® analysis

Samples were subjected to a 2-fold dilution, entailing 50uL of sample being mixed with 50uL
of Calibrator Diluent RD6-52. 500mL of Wash Buffer was made by adding 20mL of Wash Buffer
Concentrate to 480mL of distilled water. Six standards were created using a 3-fold dilution
series. Standard 1 served as the high standard and consisted of 100uL of each of the three
unique standard cocktails provided, added to 700uL of Calibrator Diluent RD6-52. For the
remaining 5 standards, 200uLof Calibrator Diluent RD6-52 was added to 5 test tubes, which
were labelled standard 2-6. The dilution series was then carried out. This involved transferring
100uL of the Standard 1 solution into the Standard 2 test tube, resuspending this well with the
calibrator diluent, and then transferring 100uL of the Standard 2 solution into the Standard 3

test tube. This process was carried out until the Standard 6 test tube was reached.

For the diluted Microparticle Cocktail, the Microparticle Cocktail vial was centrifuged (1000 x
g for 30 seconds). The vial was then gently vortexed to resuspend the microparticles, after
which 500uL of this cocktail was diluted with 5mL of Diluent RD2-1. Importantly, the
microparticles were protected from light at all times, and were prepared within 30 minutes of
use. The Biotin-Antibody Cocktail vial was centrifuged (1000 x g for 30 seconds), followed by
gentle vortexing of the vial. 500uL this cocktail was then diluted with 5mL of Diluent RD2-1.
Lastly, the Streptavidin-PE vial was centrifuged (1000 x g for 30 seconds) and the vial gently
vortexed. 220ulL of the Streptavidin-PE concentrate was then diluted with 5,35mL of Wash

Buffer. All three dilutions were determined based on the number of wells in the plate.
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Appendix B — Results

Graphs including outliers
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Figure B6.1. Admission absolute cell concentrations
for major peripheral and brain-derived immune cell
populations. A: Absolute cell concentrations for all
major cell populations, upon admission. B: Absolute
cell concentrations for major cell populations excluding
CD45 microglia, upon admission.
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Figure B6.2. Cell proportions for major peripheral and brain-derived immune cell populations. Above: Cell proportions of the astrocytic
(CDA5°ACSA*) sub-group (reactive astrocytes (ACSA*GFAP*)) upon admission.
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