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ABSTRACT

Introduction: Infections of the central nervous system (CNS) remain a major burden of
disease. Cerebrospinal fluid (CSF) is an essential sample for the investigation of CNS
pathologies and flow cytometry enables detailed immunophenotyping of cells present in CSF.
However, the pauci-cellular nature of CSF, and the rapid cell death following sampling,
incumbers the use of flow cytometric analysis of these samples. Immediate processing and
analysis of CSF for flow cytometry is not feasible in busy clinical environments where
sample collection is unpredictable, and flow cytometers are not readily available. Therefore,
developing a method to easily store CSF samples is highly desirable for clinically relevant
research on CNS pathologies. Thus, the objective of this study was to examine 2 methods of
long-term storage of CSF samples which ensured reliable measurement of cell percentages
and relative proportion of cell subsets using flow cytometry.

Aims: To examine percentages and relative proportion of subsets of selected peripheral
leukocytes and brain derived cells in 1) cryopreserved CSF in comparison to freshly

processed CSF, and 2) Transfix-treated CSF in comparison to freshly processed CSF.

Method: CSF samples were prospectively collected and processed as follows 1) Fresh-
within 24 hours (the current gold standard); 2) Cryopreserved- analysed after 1 month storage
at -80°C; 3) Transfix- analysed after 2 week storage at 2-8°C. Percentages of numerous white
blood cell populations and brain-derived immune cells were analysed using flow cytometry
and compared across these methods. The median fluorescent intensity of select markers was

also compared across these methods.

Results: The majority of cell percentages were not statistically significantly different
between Fresh and Cryopreserved CSF, and cell proportions were comparable. Conversely,
loss of marker expression of various lymphocyte sub-populations was observed in Transfix-
treated CSF compared to Fresh, and certain cell populations could not be clearly
distinguished in Transfix-treated CSF.

Conclusion: Cryopreservation is a feasible option for long-term storage of CSF and allows
quantification of cell percentages and immunophenotyping of peripheral and brain-derived
cell populations by flow cytometry. This offers valuable opportunities for clinical research
across a broad spectrum of CNS conditions (infectious and non-infectious). Further, this work
highlights the potential to cryopreserve other surgical specimens for which the application of

flow cytometry is currently limited by resource constraints and low cell counts.
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CHAPTER 1: INTRODUCTION

The analysis of inflammatory mediators within cerebrospinal fluid (CSF) can provide
valuable information pertaining to ongoing disease processes in central nervous system
(CNS) conditions 2. This remains increasingly important for developing countries faced with
a high disease burden of CNS infections, which in most instances, predominantly affect
vulnerable populations such as young children, and are accompanied by high morbidity and
mortality rates®®. Immunophenotypic characterisation of CSF by flow cytometry has become
a popular technique for the study of neurological and other neuro-inflammatory conditions®.
Unfortunately, CSF samples have low cellularity and are prone to rapid cellular degradation
ex vivo, all of which is not ideal for flow cytometric analysis'®. It is therefore recommended
to immediately process CSF samples intended for flow cytometric analysis; however, this is
often impractical and logistically challenging for many institutions. Currently, cell stabilizing
reagents are used to prolong cell viability in CSF, showing promising results as options for
short-term storage of CSF samples. Great advances have been made in developing long-term
preservation protocols for specimens including whole blood*!, stem cells*?, embryos'®, and

hepatocytes'*. However, similar advances have not been matched for CSF samples.

This thesis will highlight the burden of CNS infections, discuss the role of immune cells in
the defence against them; and finally, summarize the challenges associated with flow
cytometric analysis of CSF samples and potential solutions to this problem. Thereafter, the
data of this project examining 2 methods of long-term CSF storage for flow cytometric

analysis are presented.
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CHAPTER 2: CENTRAL NERVOUS SYSTEM INFECTIONS

1. Background

Infections of the CNS pose a unique clinical challenge given the various disease entities,
heterogenous and non-specific presentation, and the different CNS compartments that are
affected™ 1. These compartments include the ventricles, meninges, brain matter and spinal
cord; and infections may be of viral, bacterial, parasitic, or fungal aetiology®. The long-term
complications of CNS infections include neurobehavioral disorders, neurological deficits, and
cognitive impairments!’, and the long term implications of these outcomes is particularly
troubling in children. The associated high morbidity and mortality rates emphasize the need
for rapid diagnosis and improved treatment strategies!®. CNS infections in developing
countries have been relatively neglected, which is paradoxical seeing as the disease
prevalence is greatest in these regions®. This chapter highlights the high disease burden of
CNS infections by briefly describing a selection of CNS infections that occur commonly,
particularly in the developing world.

Bacterial infections: Tuberculous meningitis (TBM) is the most severe manifestation of
extrapulmonary tuberculosis (TB) disease and is predominantly reported in developing
countries in which TB is endemic'®. Studies investigating the incidence rates of TBM in the
Western Cape, South Africa, reported TBM to be the commonest cause of meningitis
occurring largely in young children with more than 60% of cases under the age of 5 years and
25.2% under the age of 1 year'® 2°, Primary infection in the lung precedes TBM and the
progression of the disease and clinical manifestation thereof differ in children compared to
adults?’. The high rate of extra-pulmonary dissemination is observed more frequently in
children than in adults, with peak incidences of TBM occurring between the ages of two and
four years?. Moreover, individuals with human immunodeficiency virus (HIV) are also a
vulnerable group predisposed to higher rates of TB dissemination, particularly TBM, and
higher fatality rates during co-infection®. Despite great advances that have been made to
understand the pathogenesis of TBM, relevant clinical and scientific challenges remain. For
instance, TBM poses a challenge both diagnostically and in terms of patient management.
The non-specific presentation of clinical symptoms often leads to a delay in diagnosis, a
consequent delay in treatment, and increased risk of poor outcome?3. Despite adequate anti-
mycobacterial drugs, mortality rates remain high and the majority of those affected suffer

long-term neurological sequelae®® 2. The pathological and injury cascades that lead to poor
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outcome are a consequence of the dysregulated immune response?. A characteristic clinical
feature of TBM is the presence of inflammatory exudate in the basal cisterns and ventricles.
Consequently, this causes vascular pathology which may further lead to the development of
infarcts; hydrocephalus, by obstructing the flow of CSF; and cranial nerve palsies through
compression of cranial nerves in the vicinity?®. However, much still remains unknown
regarding the local immune response occurring in the brain as well as vulnerabilities in the

systemic response which enables dissemination in young children.

Healthcare-acquired infections: Shunt infections are one of the major complications
associated with surgical interventions used for the treatment of hydrocephalus and can
manifest in ventriculitis. Ventriculoperitoneal shunts (VPS) are permanent catheters that are
used for CSF diversion from the ventricles to the peritoneal cavity® 2/, whereas external
ventricular drains (EVDs) temporarily divert CSF from the ventricles to an external bag at the
bedside!. Despite being an effective means at resolving excessive accumulation of CSF in the
brain, the invasiveness of these neurosurgical procedures expose the brain to various
microorganisms that are either situated within the operative environment or colonize the skin
of the scalp, consequently resulting in infection®. Microorganisms from the Staphylococcus
genus are reported to be the major contributors of infection with Staphylococcus aureus
causing 10-30% of infections, whereas Staphylococcus epidermis causes over 50% of
infections®. Briefly, these organisms form biofilms, a structure composed of thick
polysaccharide layers and several cellular constituents, on the surface of catheters. Following
the formation of a biofilm, an optimal niche is created wherein the bacteria can proliferate
and eventually detach in order to perpetuate the spread of infection?” 2. Shunt infection
incidence rates vary worldwide, with rates of 4.1-17.4% reported in the United States,
whereas developing countries such as Saudi Arabia had incidence rates of 32%%.
Significantly higher rates are reported in neonates and infants, with pre-term neonates and
infants with low birth weights identified as a vulnerable group for high risk of shunt infection
and adverse complications?” 2. Furthermore, this particular subgroup of young patients are
prone to recurring infections, require multiple revisions, and have higher mortality rates?’.
The varying clinical symptoms of shunt infections often leads to a delay in diagnosis and
subsequently a delay in treatment. The role of the peripheral immune response against
biofilm infection has been well established; however, there is a paucity of data on the local

immune response occurring in the CNS. Given the neurological disabilities (>20% incidence
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rates of seizures) associated with shunt infections®® 3!, understanding the underlying

pathogenesis and the contribution of the neuroimmune response is of great necessity?” %,

Fungal infections: Fungal infections of the CNS are caused by a broad spectrum of
microorganisms  originating from the Blastomyces species, known to infect
immunocompetent hosts, and the Candida and Cryptococcal species which cause
opportunistic infections in immune-compromised individuals®. Fungal infections of the CNS
resulting from the Candida species are a cause of significant morbidity and mortality among
children with hematologic malignancy®. Whereas the Cryptococcal species have
significantly contributed to the mortality rates of individuals with AIDS, with more than
500 000 patients per year succumbing to cryptococcal meningitis in Sub-Saharan Africa®.
Initial entry of these pathogens occurs through the respiratory tract, followed by
haematogenous spread to the CNS!. Several studies have shown that certain mycotoxins
produced by fungi exhibit immunosuppressive functions, inhibit phagocytosis, and cause
significant damage to microglia (resident immune cells in the brain) resulting in axonal
demyelination®28, Timely diagnosis of fungal infections remains a challenge as clinical
presentation is non-specific, and patients are often asymptomatic during the early stages of
infection®. The use of molecular imaging (e.g., antibody targeted against specific receptors)
instead of computed tomography (CT) scans, may enhance the sensitivity and specificity of
diagnostic imaging“.

Viral infections: Incidences of viral CNS infections per year are far greater (20-30/100.000
per year) compared to the aforementioned infections, signifying a significant public health
burden worldwide*! 42, The vast number of neurotropic viruses, viral tropism, the different
ways in which the CNS barriers are exploited, and the broad geographic range, enhance the
complexity of this particular group of infections®!. For instance, viral encephalitis signifies a
medical crisis given its expansive geographic locations, with herpes simplex encephalitis
being the most common form of viral encephalitis found worldwide, whereas Japanese
encephalitis virus, West Nile virus, and Dengue virus predominate in the tropics and Asian
continent’. A characteristic feature of viral CNS infections is the rapid onset of neuro-
inflammation which consequently causes severe brain damage and may even result in death*:.
Immuno-compromised individuals and young children are groups that are particularly
vulnerable to viral CNS infections*. The need for improved vaccine development, given the

emergence of new viruses, is ever-growing.
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Parasitic infections: Parasitic CNS infections are a major health burden in developing
countries. Of the estimated 500 million cases of Plasmodium falciparum infection recorded in
2002, more than 70% of these cases were reported in sub-Saharan Africa*. The pleomorphic
nature as well as the numerous pathological lesions triggered by these microorganisms gives
rise to unpredictable host-immune responses®. Plasmodium falciparum is the leading cause of
cerebral malaria which is the most severe complication of human malaria parasite infection®
3. It is predominantly reported on the African continent in malaria-endemic countries,
particularly among young children, with an incidence of 1-12 cases/1 000 children per year?.
In a large cohort of Kenyan adolescents, mortality rates were reported to exceed 20%*’. The
exact mechanism(s) leading to the development of cerebral malaria and why certain

individuals are more prone to CNS invasion, have yet to be elucidated?.

The current treatment strategies for most CNS infections are targeted against the pathogen
itself; however, directing focus towards understanding host immunity better, and subsequent
investigation into the interactions between the host-immune response and the pathogen are
necessary given that immunopathology is an inherent property of CNS infections.
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CHAPTER 3: IMMUNE RESPONSE TO CNS INFECTIONS

Although once perceived as an immune-privileged site, the CNS is capable of initiating
immune responses through resident immune cells, such as microglia and astrocytes, in
conjunction with infiltrating cells from the periphery*® %°. Neuro-inflammation is inherent in
all CNS infections and can perpetuate damage*® #°. Post-infection neurological sequela are
common and may be as a consequence of the invading pathogen or the host inflammatory
response®. Both innate and adaptive immune responses play significant roles during the
acute phase of neuro-infection as well as contributing to the neurological damage during
infection®. Table 1 summarises the characteristics of both peripheral- and resident immune
cells of the CNS.

15



Table 1: Summary of peripheral- and brain derived immune cell characteristics

Peripheral
immune cells

NK cells

Neutrophils

Monocytes

CD4* T-cells

CDS8"* T-cells

yo T-cells

MAIT cells

Cell Characteristics

Comprise >10% of circulating

leukocytes; defined by CD56 marker
expression. Capable of cell lysis and
early production of cytokines &

chemokines®.,

Most abundant leukocyte; commonly
defined by CD16 marker expression.

Capable of phagocytosis®.

Comprise £10% of circulating

leukocytes; defined and differentiated
by CD14 and CD16 marker expression.

Produce cytokines & possess
phagocytic functions®.

Provides essential support for

cytotoxic cells and antibody-mediated
responses; capable of differentiating

into various subsets®’ .

Cytotoxic cells; also capable of
differentiating into different subsets
with both effector and memory

properties®®.

Important for mucosal immunity;

mostly found in tissues®’.

Highly abundant in liver & mucosal

surfaces; defined by co-expression of
CD161 & Va7.2 markers. Capable of
producing copious amounts of TNF-a

& IFN-y> %,

Cell surface receptor
characteristics
CD56 serves as a pathogen
recognition receptor during
innate immune response®.

CD16 forms part of the
immunoglobulin superfamily
and participates in antibody-
dependent cellular
cytotoxicity®*

CD14 also serves as a
pathogen recognition receptor
capable of recognizing
bacterial lipopolysaccharide®®

CD4 is a glycoprotein and
assists TCR in
communicating with antigen
presenting cells®

CD8 is a transmembrane
glycoprotein and participates
in T cell signalling®

vo receptors are capable of
recognizing pathogens in the
absence of antigen
recognition or the need for
antigen-presenting cells®?

CD161 is a C-type lectin-like
receptor and can act as a co-
stimulatory receptor. Va7.2 is
an evolutionary conserved
invariant TCR o-chain®®

Brain derived
immune cells
Microglia

Astrocytes

Characteristics

Comprise approximately 10% of
resident cells in CNS; broadly defined

by co-expression of CD45" &
CD11b". Promote synaptic

remodelling and angiogenesis, can

also secrete pro-inflammatory
cytokines®,

Most abundant cell type in the brain;

CD45is atype |
transmembrane protein and
important for T- and B-cell
receptor signalling. CD11b is
an integrin family member
and regulates leukocyte
adhesion®6®

GFAP is a type Il
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expression of GFAP defines astrocyte  intermediate filament
activation. Involved in synaptogenesis = protein®®
and BBB maintenance®’.

Abbreviations: BBB, blood brain barrier; CD, cluster of differentiation; CNS, central nervous system;
GFAP, glial fibrillary acidic protein; MAIT, mucosal associated invariant T cell; NK, natural Killer;
TCR, T-cell receptor; TNF- a, tumour necrosis factor- a; IFN- vy, interferon- .

1. Neuro-immune response

Microglia are the resident immune cells of the brain which play an important role in
regulating neuro-inflammation® "°. They respond to local signals in the brain and receive
signals from the periphery, establishing a well-controlled bi-directional system®. Possessing
a vast repertoire of receptors including pathogen recognition receptors (PRRS), scavenger
receptors and members of the toll-like receptors (TLRs), microglia can recognize a wide
array of infectious pathogens, stemming from fungal, viral, bacterial and parasitic origin.
Following pathogenic entry into the CNS and recognition of pathogen-associated molecular
patterns (PAMPSs), microglia rapidly convert to an activated state taking on an amoeboid
shape. In this activated state, microglia act as antigen-presenting cells and are capable of
activating naive T-cells through major histocompatibility complex (MHC) expression and
secrete a variety of cytokines including pro-inflammatory cytokines and those required for
effector T-cell differentiation, as well as nitric oxide (NO) and reactive oxygen species
(ROS)™. Furthermore, microglia have anti-bactericidal properties, including the production
of cathelicidins. In an experimental model of Streptococcus pneumoniae, microglial
expression and secretion of rat cathelin-related antimicrobial peptide, a homologue of human
cathelicidin LL-37, was observed’. In addition, chemokines released from both microglia
and astrocytes promote the recruitment of peripheral immune cells, discussed below*® 73,
Apart from contributing towards the pro-inflammatory milieu, activated microglia aid in
resolving inflammation by releasing anti-inflammatory mediators’* . However, the balance
between promoting and regulating the immune response is not always maintained, and
activated microglia can promote neuronal damage, as seen in experimental meningitis
models™® 77, It is evident that microglia possess heterogenous functions that have both

beneficial and detrimental roles in pathological contexts.

Although traditionally viewed as playing a supportive role, astrocytes have been
implicated in regulating immune responses in the CNS’8, Similar to microglia, astrocytes also

express a variety of receptors involved in innate immunity and secrete cytokines and
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chemokines that exert effects on neighbouring cells of the brain and play a part in promoting
blood brain barrier (BBB) leakage and subsequent recruitment of peripheral immune cells™
8, Furthermore, their role as antigen presenting cells has also been described. Experimental
studies have demonstrated that astrocytes are capable of expressing low levels of MHC
enabling them to present myelin protein epitopes to T cells®® &2, Different activation states of
astrocytes can be induced and are dependent on the CNS inflammatory condition at hand
(reviewed by Giovannoni and Quintana, 2020)%%. The expression of astrocyte reactivity
marker, glial fibrillary protein (GFAP), is a common feature seen in most CNS inflammatory
conditions. Depending on the location of astrocytes in the CNS and their proximity to the

injury site, expression levels of GFAP can vary®,

2. Immune cell trafficking across the BBB

The BBB is a functional and structural barrier that limits entry of immune cells and
pathogens to the brain®® 84, In the absence of neuroinflammation, the BBB selectively allows
the migration of certain immune cells into the CNS to participate in immune surveillance®* &,
Under physiological conditions the CSF contains high percentages of memory CD4" T cells
and very few innate immune cells, suggesting that the former are specifically involved in
immune surveillance®®. In keeping with this, experimental models of multiple sclerosis and
autoimmune encephalomyelitis investigating cell migration across the BBB during immune
surveillance, reported mostly on memory/effector CD4* T cells®® 87, Moreover, it appears that
the migration of CD4" T cells across the BBB occurs independently of antigen recognition of
BBB endothelial cells®. Increased BBB permeability is a feature of various CNS infections,
however the mechanisms through which infectious pathogens disrupt and compromise BBB
integrity, varies. For instance, Japanese encephalitis virus and herpes simplex virus disrupt
the BBB through upregulated matrix metalloproteinase (MMP) 9 activity®. Whereas
Mycobacterium tuberculosis (Mth) has been shown to possess certain virulence factors
capable of rearranging the cytoskeleton of the BBB®. This in turn creates an optimal niche
for trafficking of peripheral immune cells. Although this occurrence is important early on to
assist brain-derived immune cells in responding to the infection, exaggerated and prolonged
inflammatory responses can trigger a cascade of pathological events leading to significant
brain damage. Activated local immune cells of the brain release pro-inflammatory mediators
which assists in recruiting peripheral immune cells. These cells in turn produce additional
pro-inflammatory cytokines, accumulate in the capillaries of the brain, and release toxic
amounts of nitric oxide and reactive oxygen species. The cumulative effect of this
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inflammatory milieu include impeded cerebral blood flow leading to brain oedema, ischemic
tissue injury and neuronal cell death®. Figure 1 provides a schematic summary of the

inflammatory response occurring at the BBB.

Figure 1: Schematic diagram of the inflammatory response at the BBB interface
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Following entry of infectious pathogens, microglia and astrocytes are activated and subsequently
release cytokines and chemokines. These inflammatory mediators take part in promoting BBB
leakage and recruiting peripheral immune cells. In turn, peripherally recruited immune cells release
their own inflammatory mediators to aid the response which also further activates brain-resident
immune cells. Prolonged inflammatory responses can result in significant neuronal damage.
Created with Biorender.com
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3. Peripherally-recruited innate immune cells

Both innate- and adaptive immune cells are recruited to the CNS to participate in pathogen
clearance. Forming part of the innate immune system, natural killer (NK) cells serve an
immunomodulatory role through the cytokines that are released and exert cytotoxic-mediated
effects® . Recruitment of NK cells to the CNS has been reported in several pathological
conditions® ®*, Increased CSF NK cell numbers and activation were reported among an adult
TBM cohort®. Conversely, NK cells demonstrated an immature phenotype and functional
deficiencies within the CSF and blood of adults with heterogenous neuro-infections® and
children with herpetic encephalitis®®, respectively. NK cells have been implicated in the direct
elimination of cryptococci in both in vivo animal and in vitro human studies through perforin
mediated cytotoxicity. Furthermore, NK cells are also capable of entering the CNS during
several inflammatory diseases such as multiple sclerosis®, with reports of increased CSF NK

cell numbers in patients with diverse neuroinflammatory diseases®.

Neutrophil migration across the BBB has been appreciated in both sterile-(ischemic
stroke) and non-sterile conditions®” %, Neutrophils are the most abundant polymorphonuclear
cells and exert phagocytic functions. High numbers of mature and activated neutrophils
(CD16%) were observed in the CSF of adult TBM patients®, which was associated with worse
prognosis®®. Various mediators released by neutrophils including proteolytic enzymes,
oxygen free radicals, and neutrophil extracellular traps (NETS) play a part in BBB breakdown

and cause damage to glial cells and surrounding neurons.

Monocyte infiltration is a hallmark of inflammation and occurs in various CNS infections.
Following entry into the brain, these cells are capable of differentiating into either
macrophages or DCs, carrying out further effector functions'®®. For instance, in experimental
autoimmune encephalomyelitis models, DC and macrophages originating from
Ly6Chi monocytes, the mouse analogue of human classical and intermediate monocytes,
exhibit a pro-inflammatory phenotype capable of effectively stimulating TH1 and TH17
mediated immune responses in the CNS. This finding was also substantiated in viral
encephalitis models, where macrophages and DCs produced high levels of NO and TNF-o%%,
Adult TBM patients exhibit high numbers of classical monocytes in CSF whereas non-
classical and intermediate monocytes, were present at lower numbers®. Furthermore,
infiltrating monocytes have shown the ability to differentiate into microglia in infectious
models of bacterial meningitis’’, and CNS inflammatory models including Parkinson’s

disease and Alzheimer’s diseasel®.
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4. Peripherally-recruited adaptive immune cells

Two mechanisms constitute the acquired immune response, namely cell mediated
immunity and humoral immunity. The former is driven by T cell responses and effector
mechanisms, whereas humoral immunity consists of B cell maturation and antibody
generation'®®, Cell mediated immunity (CMI) develops within 2-6 weeks following infection,
with a rapid influx of lymphocytes and additional activated macrophages. Due to the
important role of CMI in the host response against various CNS infections, clinical
manifestations and disease outcome may be impacted by the efficacy of CMI'®. As
previously mentioned, CMI is mediated by T cells and the subsequent cytokines that are
secreted. There are several conventional and unconventional T cell subsets implicated in CNS
infection, with both of these subsets having their own distinct effector functions and
phenotypic surface markers®.

4.1 Conventional T cells

T-helper (Tw) cells, such as CD4" cells, are of importance in the protective response
against infections of various aetiologies'®. The Tu-driven response is mediated by IFN-
y'and TNF-a release, which attract granulocytes and monocytes and promote their anti-
microbial functions. In previous studies, it has been shown that T cells possessing
multiple effector functions (polyfunctional T cells), are capable of exerting protective
immune responses in viral CNS infections'® %7, Conventional T cells are found in
meagre numbers within the CNS under physiological conditions. The majority of the
cells present in CSF include both memory CD4" (40-50%) and CD8* (20-30%) T
cells*2, CD4" T cells are important for both the peripheral activation of CD8" T cell
function and maintaining their antiviral function during CNS infections®®. Gradual
depletion of peripheral CD4" T cells results in diminished recruitment of CD4" T cells
to the CNS, whereas CD8" T cell recruitment appears to be only slightly affected.
However, increased apoptosis and decreased production of granzyme B and IFN-y by
infiltrating CD8" T cells are observed in the absence of CD4* T cells in the CNS during

viral encephalitis®.
4.2 Unconventional T cells

The immune system is conventionally divided into two branches, namely the innate
and adaptive immunity. However, certain immune cells exhibit merged properties and

bridge the innate-adaptive immunity border. These cells include unconventional of3 and
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y5 T cells, each with their respective subset of cells'®. y& T cells comprise only 3% of
the T-cell population. These cells participate in immune surveillance and play an
important role in eliciting responses against pathogens located in peripheral blood and
mucosal®®. Interestingly, y& T cells have also been found in the CSF of paediatric and
adult TBM patients® 1. Unconventional af cells also serve as an important factor in
mucosal immunity and are capable of 1) immediate cytolysis and cytokine/chemokine
secretion following thymic egress; 2) recognizing conserved antigens (modified
peptides and glycolipids) seeing as they are not restricted to MHC class | or class Il
molecules; and 3) possess a relatively conserved T cell receptor (TCR) repertoire!®,
The two major subsets of unconventional af T-cells include CD1d-restricted NK T
(NKT) cells and MR1-restricted mucosal-associated invariant (MAIT) T -cells!®®. NKT
cells are capable of producing a wide array of immune responses to both viral and
bacterial infections and play a role in tumour surveillance'?. The main subpopulation
of MR1-restricted T cells are MAIT cells, which are found in both lymphoid tissues and
non-lymphoid organs. Additionally, MAIT cells can circulate in the bloodstream,
comprising up to 10% of the T cell compartment!*®. Low numbers of both NKT and
MAIT cells were found in the CSF of adult TBM patients®, similarly, low numbers of

the latter cell population were also observed in the CSF of multiple sclerosis patients'4.
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CHAPTER 4: FLOW CYTOMETRY
1. Overview

Flow cytometry is a technique that allows rapid analysis of single cell suspensions as they
intersect with either one or multiple lasers''®. Both the physical and fluorescent properties of
cells are measured through flow cytometry!!. The physical properties are determined in the
manner through which cells scatter light. Light scattering occurs in two different directions
(1) the forward direction, also known as forward scatter (FSC), which provides information
on the cells’ relative size, and (2) 90° direction, also known as side scatter (SSC) which
provides information on the granularity or internal complexity of a cell*!®. Light scattering
occurs independent of fluorescent emission. The latter results from the binding of a
fluorochrome to the cell. The resultant emission is proportional to the amount of
fluorochromes bound to the cell. Flow cytometers are defined by three components namely,

fluidics, optics, and electronicsS 146,

Fluidics: The main goal of the fluidic system is to transport the cells within the sample to
the laser interrogation point where it can be analysed. The system comprises pressurized
sheath fluid, commonly made up of phosphate buffered saline (PBS), that surrounds but does
not intermix with the sample stream. The sample is also pressurized once transported to the
flow chamber, the pressure difference between the sheath fluid and sample stream creates a
laminar flow, forcing the cells into a conical shape. The entire process is known as
hydrodynamic focusing and ensures that the cells move in single-file line when intersecting

with the excitation lasers, allowing uniform cell illumination> 16,

Optics: The optical system consists of excitation lasers, optical filters, and detectors.
Excitation lasers produce high intensity monochromatic light needed to analyse the cells
within a sample. A single flow cytometer can have a wide range of excitation lasers with the
ability to detect physical (SSC and FSC) and multiple fluorescent parameters. Following
excitation, the light emitted from the cells is collected by a series of filters that direct the light
to detectors that are specific for that particular fluorochrome. The detectors then convert the
photons of light emitted from the cell into a relative number of electrons to generate an
electrical current. Two types of detectors are used within the optical system: (1) photodiodes
which are capable of detecting stronger light signals generated by FSC and (2)
photomultiplier tubes (PMT) which are more sensitive compared to photodiodes and can

detect weaker light signals generated by SSC and fluorescence®*®.
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Electronics: The electrical current is converted to a voltage pulse by an amplifier. A
further conversion is implemented by an analogue-to-signal converter, which converts the

pulse into a digital signal for subsequent computer processing®.

2. Importance of CSF analysis

CSF serves as an important diagnostic aid and research tool in the evaluation of
inflammatory conditions involving the CNS, of an infectious or non-infectious nature!. More
specifically, white blood cell counts are of particular interest when it comes to the differential
diagnosis of neurological diseases!®. Healthy individuals possess clear CSF with total
leukocyte counts of 5 cells/mm? or less in infants and adults, whereas preterm infants and 4-8
week old neonates have counts of less than 20 cellssmm?® and 15 cells/mm?, respectively®.
Furthermore, normal CSF does not contain polymorphonuclear cells, erythrocytes, plasma

cells or eosinophils. Any change in CSF composition is indicative of pathology?.

In terms of clinical research, CSF is a precious biological specimen for various CNS
pathologies and extremely valuable for cell count analysis and biomarker discovery. Given the
close proximity with the brain parenchyma, several brain-derived constituents including
proteins, cytokines, and metabolites, are present in the CSF. Analysis of these constituents
within CSF is of great interest in clinical research as it can provide valuable information
pertaining to ongoing pathological processes in the brain*'’. For instance, elevated
concentrations of tissue injury markers including total Tau protein, phosphorylated tau,
neuron-specific enolase (NSE), B-amyloid, S100B, and GFAP, have been associated with
poorer outcome in conditions such as Alzheimer’s disease!!®, traumatic brain injury®®,
ischaemic stroke'?°, and CNS infections'?t. Immunophenotypic characterisation, which is one
of the most widely used applications of flow cytometry, has become a popular method for
quantitative analysis of immune cells within CSF of neuroinflammatory diseases including
multiple sclerosis®, as well as several CNS infections, allowing better insight into disease
immunopathogenesis®. Furthermore, CSF immunophenotypic characterisation by flow
cytometry is also used for the detection of leptomeningeal localizations of haematological

malignancies??.

3. Challenges associated with flow cytometric CSF analysis

Flow cytometric analysis of white blood cell counts requires sufficient cell numbers within
a sample, and given that CSF has low cellularity, it often hinders the use of flow cytometry

for CSF analysis” °. However, Subira et al demonstrated that in low volume (1ml) CSF
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samples containing cell counts of <5 leukocytes/ul, T lymphocytes could still be reliably
quantified, whereas reliable absolute counts of B cells required >5 leukocytes/ul within a
sample’. With regards to monocytes, the use of more specific markers such as cluster of
differentiation (CD) 14, appeared to be more crucial in identifying these mononuclear cells

within CSF samples, as opposed to sample volume and absolute cell counts’.

The rapid decline in the viability of white blood cells within CSF immediately following
sampling is the most challenging obstacle to overcome. A number of studies have reported
significant loss of cell numbers in CSF within 30 minutes of sampling as well as varying
survival rates among different leukocyte subsets'® 123124 Steele et al attributed this rapid cell
loss to hypotonicity, and low concentration of lipids and proteins in CSF. Lipids and proteins
serve to provide structural support for leukocyte membranes?®. More specifically, it has been
shown that monocytes and granulocytes, particularly neutrophils, are most susceptible to this
rapid decline in cell numbers, as opposed to lymphocytes'?. Nevertheless, rapid cell loss in
CSF samples can result in an underestimation of cell counts which can have grave
consequences in clinical practice especially in the differential diagnosis of neuro-
pathologies™®. Furthermore, it also incumbers the application of flow cytometry for clinically

relevant research of CNS pathologies.

4. Effectiveness of current cell stabilizing reagents

To address cell viability issues in CSF samples, certain cell stabilizing reagents have been
used to limit the rapid cell loss in CSF samples prior to flow cytometric analysis. According
to the available literature, only serum-containing media and Transfix® have been used to
stabilise CSF.

The addition of serum-containing media, consisting of RPMI 1640 and foetal calf serum
(FCS), immediately after CSF sampling, was shown to improve sample quality and prolong
cell viability®. De Graaf et al compared leukocyte counts at varying timepoints in native CSF
versus CSF with serum-containing media and observed that serum-containing media
prevented cell loss for up to five hours following sampling®®. Leukocyte counts in native CSF
were significantly lower at all timepoints compared to CSF with serum-containing media,
with the exception of neutrophil counts, which remained stable at the 30 minute mark. It was
further observed that compared to lymphocytes and neutrophils, monocytes were the more
vulnerable leukocyte subset, experiencing a dramatic loss in cell counts at the 1h mark®.

Moreover, Greig et al found that CSF stabilised with serum-containing media resulted in
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more than 90% of samples having quantifiable cell counts that were suitable for flow

cytometric analysis; whereas in native CSF, 70% of samples had inadequate cell counts*?®,

Transfix® was originally designed to stabilise whole blood samples for flow cytometric
analysis  of  leukocytes'?’.  Soon after, Transfix® in  combination  with
ethylenediaminetetraacetic acid (EDTA) was used to stabilise CSF samples. Several studies
have reported on the effectiveness of Transfix® in stabilizing CSF for storage, reducing
leukocyte degradation, and decreasing autofluorescence®* 128130 De Jongste et al
investigated the effect of Transfix® on leukocyte numbers and the detection of
leptomeningeal localizations of haematological malignancies in CSF, compared to
simultaneously collected native CSF and CSF stabilized with serum-containing media®*°. No
significant differences in sample quality were observed in either of the three conditions 30
minutes after withdrawal. However, the ability to detect haematological malignancies in CSF
following 18 hours of storage, was significantly greater in Transfix-treated CSF as compared
to native CSF and CSF with serum-containing medium. Quantitatively, the median leukocyte
counts 30 minutes after CSF withdrawal, was significantly higher in Transfix-treated CSF
compared to native CSF, but comparable to CSF with serum-containing media. The median
leukocyte count of Transfix-treated CSF was 2.3 times higher than native CSF and 1.8 times
higher than CSF with serum-containing media, after 18 hours of storage™. However, in
terms of marker expression, significant decreases were seen in fluorescence intensity in
Transfix-treated CSF for CD45 marker at 30 minutes, and CD19 and CD20 markers at both
the 30 minute and 18hr timepoint. Out of the three leukocyte subsets, lymphocytes were best
preserved in Transfix-treated CSF, whereas monocytes and granulocytes experienced a
greater decline in number over time, with surface antigen labelling being negatively
impacted. However, no increases in autofluorescence were observed in either Transfix-treated

CSF nor CSF with serum-containing media®.

5. The need for an alternative method for stabilizing CSF for flow cytometric analysis

It is well documented that CSF samples intended for flow cytometric analysis require
rapid processing following withdrawal given the highly perishable nature and low number of
cells of this specimen. Despite the encouraging results of Transfix® and serum-containing
media, these two reagents do not allow long-term storage (>18 hours) of CSF. Previous
studies have observed substantial loss of fluorescence intensity in Transfix-treated CSF,
which questions the applicability of this reagent on weakly expressed cell markers. It is also
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apparent that Transfix® stabilizes leukocyte subsets with differing efficacy- with lymphocytes
being the subset better maintained as opposed to monocytes and granulocytes which decrease
in number with prolonged storage in this reagent'*, This not only incumbers potential
cytomorphological testing, but no additional functional assays can be performed in Transfix-
treated CSF. Serum-containing media has a short shelf life of three months and has only been
shown to preserve CSF cells for a maximum period of 5 hours??, therefore it does not offer an

alternative to Transfix.

Finding an alternative method that allows long-term storage and batched analysis of CSF
samples collected over time, is therefore highly desirable in clinical research. This would be
beneficial for 1) resource-limited settings where only basic laboratory equipment is available;
2) busy clinical environments where CSF samples are collected at unpredictable times (after
hours/over the weekend); 3) field site clinical studies where flow cytometers aren’t readily
available; and 4) multi-centre studies faced with logistical challenges of collecting samples at

different sites and transporting samples between centres within a limited time-period.

Cryopreservation serves as an attractive alternative to running samples fresh and has been
implemented and deemed effective in whole blood samples!! and isolated peripheral blood
mononuclear cells®. It is a process which involves the use of very low temperatures to
preserve biological specimens. This method is advantageous in that cells can be viably stored
for a longer period of time (months-years) in cryogenic vials at -80° Celsius (C) or in liquid
nitrogen, thus allowing for various types of assays to be performed downstream®2. To date,
there is no literature that reports the effects of cryopreservation on CSF samples. The
optimization of this technique will offer valuable opportunities for research in many CNS
conditions that currently lack flow cytometry protocols which allow for long term storage
while preserving cell viability, deferred (and potentially off-site) analysis, the fixation of
cells, and which maximise output from pauci-cellular samples, like CSF. The advantages of
cryopreserving CSF samples for flow cytometric analysis would include long-term storage of
samples as opposed to running them fresh, batched analysis resulting in better comparability
of samples collected at different time points, the option of shipping samples to a central site
in multi-centre studies™®, and the potential to conduct flow cytometric samples at sites
without an in-house flow cytometer. Cryopreservation of CSF samples could potentially

serve as a feasible option for long-term storage.
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Therefore, the aim of this study was to examine a method for long-term storage of CSF
samples where reliable measurement of cell percentages and relative proportion of cell

subsets, is still possible.
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CHAPTER 5: AIMS & OBJECTIVE

The objective of this study was to examine 2 methods of long-term storage of CSF
samples which ensured reliable measurement of cell percentages and relative proportion of

cell subsets using flow cytometry.

Aim 1: To examine percentages and relative proportion of subsets of selected peripheral
leukocytes and brain derived cells in cryopreserved CSF in comparison to freshly processed
CSF.

Aim 2: To examine percentages and relative proportion of subsets of selected peripheral
leukocytes and brain derived cells in Transfix-treated CSF in comparison to freshly processed
CSF.
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CHAPTER 6: METHODS
1. Study Cohort and Sample Collection

This study prospectively recruited paediatric patients admitted to Red Cross War
Memorial Children’s Hospital (RCWMCH) between June 2021 and October 2021. Either
lumbar or ventricular CSF, and where possible, time-linked and serial samples were collected
from patients during clinically indicated neurosurgical procedures that formed part of routine
patient management. A volume of >3ml of CSF was collected from a cohort with various
CNS infections. Given the difficulties surrounding patient recruitment during the ongoing
COVID-19 pandemic, an experimental arm was incorporated into the project. The latter
involved collecting CSF samples from children who required neurosurgical interventions for
conditions unrelated to CNS infections. The CSF samples collected from these patients were
spiked with isolated peripheral blood mononuclear cells (PBMCs) from the whole blood of

healthy volunteers.
2. Sample processing

A minimum of 3ml of CSF was required in order to divide the sample across the three
different protocols 1) “Fresh CSF” serving as the current gold standard; 2) “Transfix-treated
CSF” and 3) “Cryopreserved CSF”. Patient CSF samples were processed immediately;
whereas experimental CSF samples were left in the fridge for a minimum period of one week
to ensure the breakdown of any native cells before being spiked with PBMCs. Figure 2
provides an overview of the workflow undertaken with both patient and experimental CSF

samples.
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Figure 2: Overview of sample processing
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If a total volume of 3ml of CSF was collected, 1ml was distributed across the three protocols. If 6ml
of CSF was collected, the same distribution of CSF would take place twice. Whereas, if 10ml of CSF
was collected, 2ml of CSF was distributed across the three methods followed by a separate 1.3ml.
Therefore, CSF volumes of >3ml resulted in two samples from a single patient.

2.1 Patient CSF samples

Immediately after withdrawal, the CSF samples were divided equally into the three

appropriately labelled sterile tubes.

Fresh CSF: CSF was immediately transferred to a tube containing an equal volume of
serum-containing media made up of 90% RPMI 1640 and 10% heat inactivated foetal
bovine serum (FBS). The CSF with serum-containing media was left in the fridge and
processed within an hour. Briefly, the sample was centrifuged at 300g for 5 minutes at 4°C
with the break turned off. The supernatant was discarded, and the cell pellet was
resuspended in 75ul of antibody cocktail and left to incubate for 30 minutes in the fridge
protected from light. Following incubation, 250ul of Becton Deckinson (BD)
Cytofix/Cytoperm™ buffer was added to the mixture and incubated for a further 20

minutes in the fridge protected from light. Following the second incubation period, the cell
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suspension was washed with 250ul of PermWash buffer. After centrifugation at 6109 for 5
minutes, the supernatant was aspirated using a pipette. The cell pellet was resuspended in
100ul of PermWash buffer and stained with 1.25 pl of GFAP antibody and left to incubate
for 30 minutes in the fridge protected from light. Following incubation, the cells were
washed with 500ul of PermWash buffer. The supernatant was aspirated, and the cell pellet
was resuspended in 150ul of R&D Flow Staining buffer and stored at 2-8 °C prior to
acquiring on the flow cytometer.

Transfix-treated CSF: CSF was immediately transferred to a Transfix® tube containing
0.2ml of Transfix/EDTA and was stored at 2-8 °C for two weeks. Following the two week
storage, CSF was transferred to a 15ml Falcon tube, 5ml of PBS was used to wash the
Transfix® tube and thereafter transferred to the 15ml Falcon tube. The sample was
centrifuged at 300g for 5 minutes at 4 °C with the break turned off. The supernatant was
discarded, and the cell pellet was resuspended in 500ul of PermWash buffer and left to
incubate in the fridge for 20 minutes. After the first incubation, the cell suspension was
centrifuged at 510g for 5 minutes, the supernatant was aspirated, and the cell pellet was
resuspended in 75ul antibody cocktail and left to incubate in the fridge for 30 minutes
protected from light. Thereafter, the cells were washed with 500l of PermWash buffer.
The supernatant was aspirated, and the cell pellet was resuspended in 150ul of Flow
Staining buffer and stored at 2-8 °C prior to acquiring on the flow cytometer. A fixation
step was not required in this protocol seeing as the cells were immediately fixed once
added to the Transfix® tube.

Cryopreserved CSF: CSF was immediately centrifuged at 300g for 5 minutes with the
break turned off. The supernatant was discarded, and the cell pellet was resuspended in
500ul of cold RPMI. Cryo-solution, made up of 93% of heat inactivated FBS and 7%
dimethyl sulfoxide (DMSQO), was added drop-wise to the cell suspension and immediately
transferred to a cryovial, placed in a Mr Frosty™ freezing container and stored at -80 °C
for 1 month. Following the 1 month storage period, cryovials were thawed in a 37 °C
water bath by slowly agitating the vial until a block of ice remained. Once partially
thawed, 1ml of room temperature RPMI was immediately added to the vial and transferred
to a 15ml Falcon tube. An additional 1ml of RPMI was used to wash the cryovial and was
also transferred to the 15ml Falcon tube. Thereafter, the sample was centrifuged at 300g

for 5 minutes at 4 °C with the break turned off. The same antibody staining process
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outlined in the “Fresh” protocol, was used. The cell suspension was stored at 2-8 °C prior

to acquiring on the flow cytometer.

2.2 Experimental CSF samples

Isolation of PBMCs: Briefly, 8ml of whole blood was collected in BD Vacutainer CPT
Sodium Heparin tubes. The tubes were centrifuged at 15009 for 30 minutes with the break
turned off. The plasma was discarded and the layer of PBMCs was carefully isolated and
transferred to a 15ml Falcon tube containing 5ml of PBS. Following two wash steps with
PBS, the cell pellet was resuspended in 1ml of RPMI and a further 1ml of cryo-solution,
consisting of 20% DMSO and 80% heat inactivated FBS, was added drop-wise. The
suspension was immediately transferred to cryovials and placed in Mr Frosty™ freezing

container for subsequent freezing at -80°C.

Spiking of CSF: The CSF samples were stored at 2-8 °C and spiked with PBMCs within
a week following collection. Firstly, the PBMC cryovials were thawed in a 37 °C water
bath by slowly agitating the vials until a block of ice remained. Thereafter, 1ml of warmed
media, consisting of 90% RPMI and 10% FBS, was added drop-wise and transferred to a
50ml Falcon tube. An additional 19ml of warmed media was added bringing the final
volume to 20ml. The suspension was centrifuged at 1800 revolutions per minute (rpm) for
10 minutes, the supernatant was discarded, and the cells underwent a second wash.
Following the 2" wash, the cell pellet was resuspended in 1ml of warmed media, an
additional 4ml of media was added bringing the volume to 5ml. To prevent clumping of
cells, 20 pl of DNase was added and the sample was left to incubate for 2 hours. During
this time, 200 pl of the suspension was aliquoted and sent to the National Health
Laboratory Service (NHLS) for a white blood cell count. Following the 2 hour incubation
period and cell count, the cells were resuspended in media to have a final concentration of
10 x10° cells/ml. The CSF sample was spiked with a known concentration of cells and the

three protocols were immediately carried out as outlined in 2.1.

3. Flow cytometry

Cells were stained with a 16-colour antibody panel (refer to Table 2) for which optimal
antibody titres were calculated prior to use (Appendix A). Fluorescence-minus-one controls
were used to accurately identify and gate populations of interest (refer to Figure 3 for gating

strategy). Sample acquisition was carried out on the BD LSR Il flow cytometer, 50 000
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events were recorded for patient samples and 1000 000 events were recorded for
experimental samples given the higher cell count. Immunophenotyping of major cell
populations of interest in this study, are listed in Table 3. Major cell populations were
identified using distinct lineage markers. The choice of sub-populations investigated were

based on available data in adult TBM and paediatric studies of disseminated TB® 134,

Daily Cytometer Setup (CS) and Tracking (T) beads (BD™ Lot 23861) were run to assess
cytometer performance. Standardization of the flow experiment was completed at the start of
the study as follows. Firstly, application settings were optimized for this particular antibody
panel in order to ensure that consistent fluorescence intensity values were obtained with each
sample run over the course of the study. Secondly, Sphero™ Rainbow calibration particles
(catalogue no. 559123) were acquired under the optimized instrument settings and a set of
target values were established. For subsequent sample runs, the optimized application settings
were applied to the experiment, and the Rainbow calibration particles were acquired
thereafter. VVoltages were adjusted if necessary to ensure that bead peaks were within a £10%
range of the target values set during the previous sample run. This standardization ensured
that day-to-day variations within the instrument, changes such as instrument maintenance and
laser alignment, were accounted for. Single stained BD™ Compensation beads were run after
voltages were adjusted and before samples were acquired; 10 000 events were recorded, and

a compensation matrix was calculated.
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Table 2: List of fluorochrome-conjugated antibodies

Fluorochrome Marker Specificity Reagent description
APC-H7 CD3 T cells BD Pharmigen™
BV510 CD4 T cells BD Horizon™
PerCP-Cy5.5 CD8 T cells BD Pharmigen™
APC-R700 CD69 Activation BD Horizon™
BB515 CD19 B cells BD Horizon™
BV605 CD14 Monocytes BD Horizon™
PE-Cy7 CD16 NK & Monocytes BD Pharmigen™
BV786 HLA-DR Activation BD Horizon™
APC CD56 NK cells BD Pharmigen™
PE-Cy5 CD161 MAIT cells BD Pharmigen™
BV711 Va7.2 MAIT cells BD OptiBuild™
BV650 5 TCR v5 cells BD OptiBuild™
PE-CF594 CD11b Monocytes/macrophages BD Horizon™
& Microglia
V450 CD45 Early differentiation BD Horizon™
PE GFAP Astrocyte activation BD Pharmigen™
BV570 Live/Dead Viability BD Horizon™

Abbreviations: APC, allophycocyanin hillite 7; BB, brilliant blue 515; BD, Becton Dickinson; BV,
brilliant violet; CD, cluster of differentiation; GFAP, glial fibrillary acidic protein; HLA-DR, human
leukocyte antigen-DR isotype; MAIT, mucosal associated invariant T cell; NK, natural killer; PE,
phycoerythrin; PerCP, peridinin-chlorophyll-protein complex.
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Table 3: Immunophenotypic characterisation of cell populations

Cell population Immunophenotypic definition
Leukocytes CD45*
Microglia CD45*CD11b™
Non-microglia CD45"CD11b*

T cells CD3"
T-helper cells CD3*CD4*
Cytotoxic T cells CD3"CD8*
MAIT cells CD3"CD161" Va7.2*
B cells CD3 CD19*

NK cells CD16* CD56"
Classical monocytes CD14*CD16
Non classical monocytes CD14 CD16"
Astrocytes CD45 GFAP*

Abbreviations: CD, cluster of differentiation; GFAP, glial fibrillary acidic protein; MAIT, mucosal
associated invariant T cell; NK, natural killer.

4. Sample analyses

Percentages of both brain-derived immune cells and peripheral immune cells (T cells, B
cells, NK cells and monocytes) were obtained by flow cytometric analysis and compared
between the three methods. The Transfix and Cryopreservation methods were each compared
separately to the Fresh method, which served as the gold standard. To evaluate the potential
loss of cells following cryopreservation, a viability marker was included in the panel and

percentage viable cells were only compared between Fresh and Cryopreserved CSF.

The effects of the duration of storage time on cell percentages in Transfix-treated CSF was
determined by flow cytometric analysis in experimental CSF samples following 24 hours, 1
week, and 2 week storage in Transfix. Results were compared to the Fresh method which

remained the gold standard.

The influence of Transfix and Cryopreservation methods on fluorescent signal was
assessed by obtaining the median fluorescent intensity (MFI) of the positive population of
certain markers (CD45%, CD11b™, CD3", B cells, GFAP*) and comparing it to the Fresh

method in patient and experimental samples.
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Case illustrations showing flow data in lumbar and ventricular CSF as well as in serial

samples are shown.
5. Data and Statistical analysis

Exported flow cytometry standard (FCS) files were analysed, and gating was performed
on FlowJo software (version 10.7.2). Statistical analyses were performed using IBM SPSS
Statistics version 27 (IBM Corp, Armonk, New York, USA). Descriptive statistics were
performed to determine the distribution of the data, abnormally distributed data were reported
as median and interquartile range or minimum-maximum range. The Mann-Whitney test was
used to compare percentages of different cell populations and MFI values between the
methods. The Bland-Altman test was used to evaluate the level of agreement between the
Fresh and Cryopreservation, and Fresh and Transfix methods in patient and experimental
samples. Briefly, the difference in cell percentages measured by the paired methods are
plotted against the mean value of the two methods. The limits of agreement describe the
range in which 95% of the data points should fall within +2 standard deviations of the mean
difference. A Spearman’s correlation was also performed on cell percentages between Fresh
and the Cryopreservation/Transfix methods. The designated level of statistical significance

was set at 0.05.
6. Ethics statement

Informed consent was obtained from the parents/guardians. This project has received the
necessary scientific, ethical (HREC 368/202) and hospital approval. Assent was requested in

children over the age of 8 years with a Glasgow Coma Scale score of 15 (fully conscious).

37



CHAPTER 7: RESULTS

A total of 30 CSF samples were collected, of which 10 were from the patient cohort and

20 were from the experimental cohort. The patient cohort comprised 3 patients with clinically

diagnosed TBM, 2 with ventriculitis and 1 with bacterial meningitis. Of the 10 CSF samples

collected from the patient cohort, one sample was excluded from the statistical analyses due

to the abundance of pus present within the sample, resulting in very few cells isolated for

flow cytometric analysis. Routine diagnostic cell counts could also not be performed on this

sample however, flow cytometric data of this sample are included in the Appendix B.

Demographic and clinical characteristics of the cohorts are included in Table 4.

Table 4: Demographic and clinical characteristics of study cohort

Variable Patient cohort Experimental cohort
Number
Patients 5 13
Samples 9 20
Demographics
Age (years) 1.6 (0.5-1.7) 1.6 (0.6-9.3)
Sex (Male) 3 (60) 7 (54)
Clinical characteristics
Pathology
TBM 3
Ventriculitis 1
Bacterial meningitis 2

Total WBC count (cells/ul)

127 (11-535)

743 (260-1250)°

Values reported as median (interquartile range), number (percent).

2White blood cell (WBC) counts is the sum of lymphocytes and polymorphonuclear cells. Note: The
NHLS only reports lymphocytes and polymorphonuclear cells, other cell types are not routinely

reported.

bCell count after spiking CSF of experimental samples.

Abbreviations: CSF, cerebrospinal fluid; WBC, white blood cell count.
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Figure 3: Gating strategy. Uniform fluorescence was selected with the “time” gate, cells were identified with side scatter-area (SSC-A) and forward scatter-area (FSC-A), single- and
viable cells were selected by doublet and dye exclusion, respectively. Leukocytes (CD45%), T cells (CD3"), B cells (CD19%), NK cells (CD16" CD56"), and sub-populations of monocytes
(CD14" & CD16") were identified. Activation was assessed by HLA-DR and CD69 expression.



1. Comparison of cell percentages across methods

Figure 3 shows an example of the gating strategy. Similar gating strategies were used for
all three methods in patient and experimental samples. Uniform fluorescence was selected
with the “time” gate (Fig 3A), cells were identified with side scatter- area (SSC-A) and
forward scatter-area (FSC-A) (Fig 3B), single- and viable cells were selected by doublet and
dye exclusion (Fig 3C&D), respectively. Leukocytes were identified based on CD45*
expression (Fig 3E). Astrocytes were gated from the CD45" population, and activation was
assessed by GFAP™ expression (Fig 3F). Microglia and non-microglia populations were
identified based on CD45" and CD11b* expression (Fig 3G). From the non-microglia
population, T cells (CD3*) were identified (Fig 3H). y8 T cells (yd TCR") were gated from
the CD3" population (Fig 31). MAIT cells (CD161*Va7.2%), CD161" cells and Va7.2" cells
were gated from the Y8 TCR™ population (Fig 3J). B cells (CD19%), were gated from the CD3"
population (Fig 3K). NK cells (CD16"CD56") were gated from the CD3"CD19" population
(Fig 3L). Classical monocytes (CD14" & CD16°), non-classical monocytes (CD14CD16%)
and intermediate monocytes (CD14"CD16"), were gated from the CD16"CD56" population
(Fig 3M) identified. CD4" and CD8" T cells were gated from the CD161" Va7.2" population
(Fig 3N). Activation was assessed by HLA-DR and CD69 expression on the CD4" population
(Fig 30). Statistically significant differences for the comparison between methods are
displayed as heatmap tables (Table 5 & 6). Box-and-whisker plots were used to graphically
present the distribution of the data of selected cell populations, showing median and
interquartile ranges (Figure 4). Raw data of cell percentages across methods is available in
Appendix C and D.

Fresh versus Cryopreservation: No significant differences were found for any of the cell
populations or activation markers in patient samples. However, significant differences were
found in cell viability (p=0.05), CD11b™" (p=0.01), CD45"CD11b* (p=0.01) and CD3" cells
(p=0.02), when comparing the Fresh and Cryopreservation methods in experimental samples.
In some cases, Fresh had higher percentages, in some cases Cryopreservation had higher

percentages — Figure 5.

Fresh versus Transfix: Significantly higher percentages of CD11b** (p=0.01), CD4"
(p=0.001), CD8" (p=0.007), and NK cells (p=0.04), as well as CD69" activation marker
(p=0.001), were observed in the Fresh method for patient CSF samples. In experimental CSF
samples, significantly higher percentages of CD11b™ (p=0.00), CD3" (p=0.00), y& TCR"
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(p=0.01), CD161" (p=0.00), CD4" (p=0.00), MAIT (p=0.007), NK cells (p=0.00), classical
and non-classical monocytes (p=0.00), as well as CD69" and HLA-DR™ activation markers
(p=0.00), were found in Fresh method. Unlike in Fresh and Cryopreserved CSF, certain cell
populations such CD45"CD11b*, Va7.2", and B cells could not be clearly distinguished from
other cell populations in Transfix-treated CSF as demonstrated in Figure 6. Cell percentages
for these sub-populations were, therefore, not included in the analyses. This observation was

apparent in both patient and experimental CSF samples.

Summary statistics of cell percentages across methods for patient and experimental

samples are included in Table 7 and 8.
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Table 5: Comparison of cell percentages across methods in
patient samples

Fresh | Cryopreservation | Transfix

Viable cells

CDA45* cells
CD11b** cells
CD45*CD11b* cells
CD3* cells

v TCR* cells
CD161" cells

CD4* cells

CD8" cells

MAIT cells

Va7.2" cells

B cells

NK cells

Classical monocytes

Non-classical monocytes
CD69*
HLA-DR*

GFAP™ astrocytes

Cell percentages were compared between Fresh vs Cryopreservation, and
Fresh vs Transfix methods in patient samples (n=9). Green boxes signify
no statistically significant difference, whereas red boxes signify
statistically significant differences relative to Fresh. Boxes demarcated
with “X” represent cell population that could not be clearly distinguished
from other populations. CD, cluster of differentiation; HLA-DR, human
leukocyte antigen-DR; GFAP, glial fibrillary acidic protein; TCR, T cell
receptor.

|
|
-X
m—
|
-X
|
|
|
|
|

Table 6: Comparison of cell percentages across methods in
experimental samples

Fresh | Cryopreservation | Transfix

Viable cells

CD45" cells
CD11b** cells
CD45*CD11b* cells
CD3* cells

vy TCR* cells
CD161* cells

CD4* cells

CD8* cells

MAIT cells

Va7.2* cells

B cells

NK cells

Classical monocytes

Non-classical monocytes
CD69*

HLA-DR*

GFAP* astrocytes

Cell percentages were compared between Fresh vs Cryopreservation, and
Fresh vs Transfix methods in experimental samples (n=20). Green boxes
signify no statistically significant difference, whereas red boxes signify
statistically significant differences relative to Fresh. Boxes demarcated
with “X” represent cell population that could not be clearly distinguished
from other populations. CD, cluster of differentiation; HLA-DR, human
leukocyte antigen-DR; GFAP, glial fibrillary acidic protein; TCR, T cell
receptor. 42
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clearly defined in Transfix. Data from same sample.
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Table 7: Summary statistics of cell percentages across methods for patient samples

Fresh

Transfix

Cryopreservation

Patient samples

Viable cells

41.8 (30.9-47.6)

33.2 (21.2-39.7)

CDA45* cells

83.4 (73.8-95.5)

64.6 (54.35-87.1)

56.5 (36.8-98.7)

CD11b** cells

2.64 (1.53-8.06)

0.028 (0.01-0.05)

2.68 (0.86-7.58)

CD45*CD11b" cells

97.1 (91.6-98.4)

97.1(92.2-99.1)

CD3*cells

80.6 (74.7-82.6)

68.4 (63.75-74.75)

79.6 (69.7-82)

v TCR* cells

151 (1.32-2.8)

3.14 (1.85-10.06)

1.25 (0.83-1.54)

CD161* cells

25.1 (21.5-28.7)

6.22 (5.32-20.99)

23.1 (21.9-27.5)

CD4* cells

69.1 (648-70.4)

47.7 (39.4-53.7)

68.9 (67-71.5)

CD8" cells

19.6 (18.4-21.2)

12 (8.83-15.15)

19.8 (17.7-23.1)

MAIT cells

0.88 (0.63-1.71)

0.45 (0.22-3.96)

0.83 (0.71-1.02)

Va7.2* cells

8.46 (6.17-12.4)

6.74 (6.4-7.32)

B cells

36.4 (33.1-38.7)

33.9 (15.7-35.7)

NK cells

62.3 (52.3-73.2)

18 (11-23.6)

66.1 (44.9-70.6)

Classical monocytes

2.99 (0.44-4.96)

4.91 (3.5-6.73)

0.96 (0.45-2.68)

Non-classical monocytes

34.2 (24.9-43.2)

0.07 (0.02-0.60)

37.2 (17.3-39.1)

CD69*

41.2 (38.28-43)

3.25 (1.86-12.9)

425 (32.3-48.6)

HLA-DR*

21.7 (17.9-28.4)

9.84 (7.51-25.02)

24.9 (23.1-35.9)

GFAP™ astrocytes

9.24 (1.09-22)

15.7 (0.83-36.75)

13.8 (9.4-15.8)

Note: Transfix data excluded for CD45°CD11b*, Va7.2%, and B cells. Values reported as median (interquartile range). Abbreviations: CD, cluster of
differentiation; GFAP, glial fibrillary acidic protein; HLA-DR, human leukocyte antigen-DR; MAIT, mucosal associated invariant T cell; NK, natural Killer;

TCR, T cell receptor.
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Table 8: Summary statistics of cell percentages across methods for experimental samples

Fresh

Transfix

Cryopreservation

Experimental samples

Viable cells

47.15 (43.8-48.65)

43.3 (40.9-46.05)

CD45* cells

93.3 (78.9-98.8)

92.6 (84.05-96.3)

97.1 (93.23-98.53)

CD11b** cells

9.34 (7.37-13.03)

0.021 (0.01-0.06)

14.35 (11.06-16.78)

CD45*CD11b" cells

91.25 (86.95-92.63)

86.25 (84.25-88.55)

CD3* cells 72.75 (71.25-79.15) 60.7 (58.9-64.2) 69.3 (67.83-75.13)
v TCR* cells 0.48 (0.2-1.43) 1.95 (1.28-5.21) 0.38 (0.18-1.01)
CD161* cells 10.9 (9.13-11.7) 4.27 (1.76-7.56) 11.3 (9.70-12.73)
CD4* cells 87.1 (72.95-89.53) 47.6 (33.7-53.55) 82.35 (74.23-87)
CD8" cells 10.37 (7.38-19.28) 13.9 (10.4-21.15) 13.5 (9.58-20.58)
MAIT cells 6.38 (1.41-8.83) 1.39 (0.59-2.23) 5.71 (1.39-7.29)
Va7.2* cells 16.75 (11.48-23.2) 13.55 (10.48-21.63)
B cells 51.25 (42.83-55.2) 53.4 (45.2-58.8)
NK cells 32.5 (21.63-41.15) 3.64 (2.73-4.69) 26.75 (16.85-36.9)

Classical monocytes

1.12 (0.80-3.17)

7.75 (5.06-13.2)

1.87 (0.82-3.30)

Non-classical monocytes

58.6 (55.93)

0.69 (0.29-1.35)

60.4 (57.18-63.6)

CD69*

0.98 (0.46-1.87)

0.02 (0.01-0.05)

0.97 (0.01-1.53)

HLA-DR*

2.21 (1.75-2.71)

0.91 (0.55-1.17)

2.22 (1.53-2.83)

GFAP™ astrocytes

1.17 (0.60-2.32)

1.51 (0.65-2.36)

1.39 (0.81-5.15)

Note: Transfix data excluded for CD45*CD11b*, Va7.2* and B cells. Values reported as median (interquartile range). Abbreviations: CD, cluster of
differentiation; GFAP, glial fibrillary acidic protein; HLA-DR, human leukocyte antigen-DR; MAIT, mucosal associated invariant T cell; NK, natural killer;

TCR, T cell receptor.
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2. Assessing the level of agreement between methods

In the Fresh vs Cryopreservation method comparison, all major cell types were included in
the analyses; whereas in the Fresh vs Transfix method comparison, only cell types that could
be clearly defined during flow gating were included. Results for patient and experimental
samples are illustrated in Figures 7 & 8, and Figures 9 & 10, respectively.

2.1 Patient samples

The estimated level of agreement was greater between Fresh and Cryopreservation
(mean of differences=3.19) methods than between Fresh and Transfix methods (mean of
differences =14.82). This was further emphasized by the range of the limits of agreement,
with Fresh and Cryopreservation having a smaller range (-22.54 to 28.92) compared to
Fresh and Transfix methods (-21.68 to 51.33). Both Fresh vs Cryopreservation and Fresh

vs Transfix methods had a significant positive correlation of r=0.91 (p<0.001) and r=0.81
(p<0.001), respectively.
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for all major cell types. A significant positive correlation (r=0.91) between methods was
observed. The cell types assessed are colour-coded as represented by the legend.
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Figure 8: Assessing the level of agreement between Fresh & Transfix
methods in patient samples. (A) Bland-Altman plot of the cell percentage
differences between Fresh and Transfix methods vs the average of the two methods. The
bias (14.82) is represented by the mean of differences, with the upper-and lower levels
of agreement (LOA) displayed as horizontal lines on the plot. (B) The correlation
scatterplot between Fresh and Transfix methods for all major cell types. A significant
positive correlation (r=0.89) between methods were observed. The cell types assessed
are colour-coded as represented by the legend.

2.2 Experimental samples

Similar to patient samples, Fresh and Cryopreservation methods demonstrated a better
level of agreement compared to Fresh and Transfix methods, with the mean of differences
being 0.13 and 12.38, respectively. The range of the limits of agreement were also larger
between Fresh and Transfix methods (-22.22 to 46.97) than in Fresh and Cryopreservation
methods (-14.21 to 14.47). Both sets of methods comparisons showed a significant
positive correlation, r=0.97 (p<0.001) for Fresh vs Cryopreservation and r=0.81 (p<0.001)
for Fresh vs Transfix methods.
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the plot. (B) The correlation scatterplot between Fresh and Cryopreservation methods
for all major cell types. A significant positive correlation (r= 0.97) between methods
were observed. The cell types assessed are colour-coded as represented by the legend.
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Figure 10: Assessing the level of agreement between Fresh & Transfix
methods in experimental samples. (A) Bland-Altman plot of the cell percentage
differences between Fresh and Transfix methods vs the average of the two methods.
The bias (12.38) is represented by the mean of differences, with the upper-and lower
levels of agreement (LOA) displayed as horizontal lines on the plot. (B) The correlation
scatterplot between Fresh and Transfix methods for all major cell types. A significant
positive correlation (r>= 0.81) between methods were observed. The cell types assessed
are colour-coded as represented by the legend.
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3. Effects of long-term storage of CSF in Transfix

Certain subsets of cells appeared to be negatively impacted following 2 week storage of

CSF in Transfix. Clear separation of populations were not possible in Transfix-treated CSF as

compared to freshly processed CSF (Figure 11).

Fresh

V450-A: CD45

5. Non-microglia

CD11b+ microglia
11.8%

0 1 03 lO4 10S
PE-CF594-A: CD11b

Transfix

5]
1073

V450-A: CD45

Non-microglia
100.,0%

CD11b+ microglia
4.37E-3%

0 ].03 l[]4 10
PE-CF594-A: CD11b

5

PE-Cy5-A: CD161

PE-Cy5-A: CDle6l

MAIT cells
2,65%

5/cD1s1+

3 "5
0 10 10 10

BV711-A: Va7.2

5{cDi61+ MAIT cells
1031% ——__ 0.30%

37 93.06%
0 100 10t 10
BV711-A: Vo7.2

"5

BB515-A: CD19

BB515-A: CDI19

B cells
50,6%

CD3- CD19-
49.3%

™7 T Ty T
0 10 1[]4 105

APC-H7-A: CD3

B cells
28.3%

CD3- CD19-
69.0%

0 10 10 105
APC-H7-A: CD3

Figure 11: An example of the effects of two week storage of CSF in Transfix. Fluorescent
signals of certain cell populations appeared to decrease following two week storage in Transfix compared
to Fresh CSF. These observations were apparent in Transfix-treated CSF of both patient and experimental
samples.

4. Duration of storage comparison of Transfix-treated experimental CSF samples

Results are displayed in the heatmap table (Table 9). CSF stored in Transfix for 24 hours
yielded significantly higher CD45" (p=0.05), CD11b™" (p=0.046), CD161* (p=0.046), MAIT
(p=0.05), and Va7.2" (p=0.046) cell percentages compared to the Fresh method. However, in

comparison to 1 week and 2 week storage in Transfix, the Fresh method still yielded

significantly higher cell percentages. Additionally, for the remaining cell populations and

activation marker, the Fresh method yielded significantly higher percentages compared to 24

hours, 1 week, and 2 week storage in Transfix (see Appendix E for p values).
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Table 9: Duration of storage comparison of cell percentages between Fresh vs Transfix
methods

Fresh 24 hour 1 week 2 week

CDA45" cells
CD11b** cells
CD45*CD11b* cells
CD3* cells

vo TCR* cells
CD161* cells

CDA4* cells

CD8* cells

MAIT cells

Va7.2* cells

B cells

NK cells

Classical monocytes
Non-classical monocytes
HLA-DR*

GFAP™ astrocytes

Cell percentages were compared between fresh CSF and Transfix-treated CSF (n=3) stored for 24
hours, 1 week and 2 weeks. Green boxes signify no statistically significant difference between methods,
whereas red boxes signify a statistically significant difference. Boxes demarcated with “X” represent
cell populations that could not be accurately distinguished. Statistical significance was set at 0.05. CD,
cluster of differentiation; HLA-DR, human leukocyte antigen-DR; GFAP, glial fibrillary acidic protein;
TCR, T-cell receptor.

5. Influence on fluorescent signal

Results for patient and experimental samples are illustrated in Figures 12 & 13,

respectively.

Fresh versus Cryopreservation: Significantly higher MFIs for CD19" (p=0.024) were
observed for the Fresh method in patient samples. In experimental samples, the Fresh method
yielded significantly higher MFIs for CD45" (p=0.009) and CD19" (0.001), whereas the
Cryopreservation method yielded significantly higher MFI for CD11b* (p=0.021).

Fresh versus Transfix: In patient samples, MFI values for CD19" (p=0.01) and CD3"
(p=0.001) markers were significantly higher in the Fresh method. Similar findings were also
observed for MFI values of CD19" (p=0.00) and CD3" (p=0.00) markers in experimental
samples. In addition, CD45" (p=0.009) and CD11b* (p=0.00) MFIs were significantly higher
for the Fresh method in experimental samples.
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Figure 12: Difference in median fluorescent intensities (MFI) of cell
markers between methods in patient samples. CD19*, CD11b*, CD3*, CD45",
and GFAP”* cell markers were assessed. Median MFI values are plotted on the y-axis,
with 95% confidence intervals (Cl) represented by the error bars. Statistically
significant differences in comparison to Fresh are illustrated with an asterisk (*,

p<0.05).
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Figure 13: Difference in median fluorescent intensities (MFI) of cell markers
between methods in experimental samples. CD19+, CD11b+, CD3+, CD45+, and
GFAP+ cell markers were assessed. Median MFI values are plotted on the y-axis, with
95% confidence intervals (CI) represented by the error bars. Statistically significant
differences in comparison to Fresh are illustrated with an asterisk (*, p<0.05).
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6. Case presentation

Of the 9 cases in the patient cohort, the only time-linked lumbar and ventricular CSF and
serial samples obtained were from a 12 year old male patient with TBM. Here we report
compartmental differences in percentages of peripheral and brain-derived immune cells
observed over the course of their hospital stay. Only one time-linked sample was obtained on
admission, additional ventricular and lumbar CSF were collected on Day 2 and Day 3,
respectively. Statistical analyses were not performed given the low number of lumbar (n=2)
and ventricular (n=2) samples collected from this patient. Percentage CD45" cells remained
stable over time, whereas percentages CD11b* microglia increased over time. Both CD45"
and CD11b" percentages were slightly higher in lumbar CSF, similar to the routine white cell
count which was 178 000 cells/ml in lumbar CSF and 117 000 cells/ml for ventricular CSF.
GFAP" astrocytes were only found in ventricular CSF with an increase in percentages

observed over time. Data shown in Figure 14.
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CHAPTER 8: DISCUSSION

Immunophenotyping by flow cytometry has become an increasingly popular technique for
the analysis of CSF samples. The application of this technique in clinical research of CNS
pathologies would be particularly advantageous given its ability to rapidly assess various cell
populations simultaneously and provide valuable information on their phenotypes giving a
better understanding of the ongoing immunopathological processes at the site of disease. The
highly perishable nature of CSF following sampling, and low baseline cell numbers, are
however factors that hinder the use of flow cytometric analysis of these samples. Immediate
processing and analysis of CSF samples is impractical, especially in resource-limited settings
with no available flow cytometer on site, and in busy clinical environments where sample

collection occurs at unpredictable times.

Currently used reagents such as Transfix, and serum-containing media only prevent cell
loss for a short period of time. Therefore, finding an alternative method that allows long-term
storage of CSF samples, whilst still being able to identify different cell populations with

accuracy similar to freshly processed CSF, is highly desirable.

In this study, CSF samples were prospectively collected, and the long-term storage effects
of cryopreservation and Transfix on peripheral and brain-derived immune cell percentages
and proportions were assessed by flow cytometric analysis and compared to freshly processed
CSF (current gold standard).

Cryopreserving CSF

Significant differences in viability, CD11b*™*, CD45'CD11b*, and CD3" cell percentages
between Fresh and Cryopreservation methods were only observed in experimental samples
and not patient samples. Although significant, these differences were small, median values of
certain cells were either closely related and, in some cases, higher in Cryopreserved CSF than
in Fresh CSF. Furthermore, these cell populations could still be accurately and clearly
defined in cryopreserved CSF. Overall, the Cryopreservation method demonstrated highly
comparable results to the Fresh method in both patient and experimental samples with small
variation in the results and little bias in the variability (respective mean differences of 3.19
and 0.13). In combination these results suggest that cryopreservation may serve as an

alternative method to running samples fresh.
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Storing CSF in Transfix

Transfix yielded significantly lower percentages of CD11b™*, CD4*, CD8*, non-classical
monocytes, and NK cells, as well as lower percentages of CD69 activation marker in patient
samples. Similar findings were observed in experimental samples, with the exception of
CD8" cells. In addition, Transfix also yielded significantly lower percentages of CD3",
CD161", MAIT cells, classical monocytes, and HLA-DR activation marker in experimental
samples. In both patient and experimental samples, Va7.2*, CD45"CD11b", and B cell
(CD19") populations could not be clearly identified during gating leading to the exclusion of
these cells from the statistical analyses. Transfix showed poor comparability to the Fresh
method, with mean differences of 14.82 and 12.38 reported in patient and experimental
samples, respectively, suggesting large variation in the results with clear biases in variation
for specific cell types from the Transfix method.

The 2 week storage period of CSF in Transfix potentially played a role in the afore-
mentioned findings. The maximum storage periods used in previous studies were 18-72
hours™® 1% and our 24 hour storage of CSF in Transfix yielded significantly higher
percentages of CD45", CD11b*™*, CD161*, Va7.2" and MAIT cells relative to Fresh CSF.
This is similar to the findings of De Jongste et al who reported significantly higher absolute
counts of lymphocytes in Transfix-treated CSF after 18 hours of storage compared to CSF
collected in serum-containing media'®®. Nonetheless, the Fresh method still yielded
significantly higher percentages compared to the 24 hour storage time for CD45*CD11b",
Va7.2* and B cells, and clear separation of these cells were not possible after 1 week of
storage in Transfix. These results suggest that Transfix, even following 24 hour storage, is
not a suitable cell stabilizing agent for markers of major cell populations such as B cells, NK
cells, and monocytes, and minor cell populations including MAIT cells or activation markers.
Additionally due to the fixative in the Transfix, no additional functional assays can be

performed on CSF samples.

Influence on fluorescent signal

Significantly lower MFI values were observed in cryopreserved and Transfix-treated CSF,
however, the difference in mean ranks between the two separate comparisons was greater in
Fresh vs Transfix than in Fresh vs Cryopreservation methods. This could be due to the length
of storage time of cells in cryo-solution (1 month) and Transfix (2 weeks), the freeze-thaw
cycle in the Cryopreservation method, and the additional wash steps included in both
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methods which may have caused a loss of epitopes on the cell. Fixation with formaldehyde,
although advantageous, can mask epitopes through crosslinking and make it more difficult
for antibodies to bind to their target sites. All three methods included a fixation step, but as
shown in a previous study®*®, the timing of this step appears to be of significance. The
fixation step in both Fresh and Cryopreservation methods was included after antibody
staining, the difference in mean ranks was smaller between these methods; whereas in
Transfix, fixation occurs immediately once CSF is added to the tube, and a greater difference
in mean ranks was observed. Therefore, fixation prior to antibody staining may reduce

available epitopes on cell surfaces.

The loss of fluorescent signal in cryopreserved CSF did not, however, appear to negatively
impact on determining cell proportions and cell populations could be easily distinguished,

unlike in Transfix-treated CSF.

Low cell viability in patient and experimental samples

Low percentages of viable cells were observed in freshly processed and cryopreserved
CSF in both patient and experimental samples. This was an unexpected finding, especially for
freshly processed CSF seeing as serum-containing media was added immediately after
collection and processing occurred within an hour. A possible explanation for this in patient
samples could be the presence of exotoxins within CSF. The majority of exotoxins are
polypeptides that are produced by pathogenic Gram-positive and Gram-negative bacteria®’.
Exotoxins are responsible for inducing apoptotic and- or necrotic cell death of host immune
cells during infection'3, Thus, the low cell viability observed in patient samples may be a
result of cells having undergone cell death prior to CSF sampling and may therefore, not be a
reflection of systematic error introduced by the processing methods. The addition of
streptomycin/penicillin to media and cryo-solution may improve cell viability, these
antibiotics were included in the serum-containing media used by De Graaf et al who reported
improved viability in CSF cells'®. Low cell viability in the experimental samples may have
been a result of the multiple freeze thaw cycles the PBMCs underwent; the first occurred
when the PBMCs were isolated and cryopreserved for subsequent spiking, and the second

was during the Cryopreservation method.

Presence of GFAP* astrocytes in experimental samples

Low percentages of GFAP™ astrocytes were quantified in experimental CSF samples,

which was unexpected given that these samples were spiked with peripheral leukocytes only.
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Although the CSF samples were obtained from patients with non-infectious CNS conditions,
85% of this cohort had hydrocephalus. Hydrocephalus is a condition which develops from the
excessive accumulation of CSF in the ventricles which increases the intracranial pressure?®.
The increased pressure on the brain tissue can cause significant damage to brain cells and if
left untreated can be fatal. Significantly elevated levels of GFAP have been previously found
in the CSF of patients with hydrocephalus, which may be indicative of reactive astrogliosis in
response to raised pressure, especially in the ependyma (tissue surrounding the ventricles)**°.
The presence of GFAP™ astrocytes in our experimental CSF samples could, therefore, be a

result of the brain’s response to hydrocephalus.

Patient and experimental samples

Results in experimental samples demonstrated greater differences between CSF processing
methods relative to patient samples. There are a few important considerations to interpreting
these differences. The sample size of patient samples was smaller (n=9) compared to that of
experimental samples (n=20), therefore significant differences in cell percentages in patient
samples may have been missed. Although experimental samples contained much higher cell
counts (approximately 1 million cells/ml) whereas patient samples had a much lower cell
count (127 000 cells/ml), those PBMCs underwent two freeze-thaw cycles which may have
contributed to cell death. Importantly, patient samples were obtained from paediatric patients
and represent the real world context of CNS infection, in that the cells are part of an ongoing
inflammatory disease process. On the contrary, experimental samples represented an artificial
environment as the isolated PBMCs used for spiking were drawn from healthy adult
volunteers. It is possible that the health status and the known differences in the distribution of
cell populations between adults and children!*® may have influenced the results. Given the
goal of applying cryopreservation to paediatric CSF to address questions relating to CNS

infection, the results from patient samples are promising.

Case presentation

Differences in the composition of ventricular and lumbar CSF, especially in conditions of
CNS infection like TBM, have been well established at a protein and molecular level® 4,
Ventricular CSF is drawn from the ventricles located in the brain and provides a more robust
picture of disease processes occurring at the site of disease in the brain. Lumbar CSF is
drawn from the spinal space which is downstream from the brain. Lumbar CSF cellular and
analyte concentrations are therefore subject to degradation as they travel down the brain-
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spinal axis (e.g., expression levels of GFAP differ depending on the proximity to the injury
site, reviewed by Giovannoni and Quintana, 2020; Sofroniew, 2014)% 142, to stagnation of
CSF flow due to spinal inflammatory exudate, and to the contribution of cells and molecules
that represent spinal disease processes. However, the difference in flow cytometric data

between these CNS compartments has not, to our knowledge, been investigated.

In TBM brain-derived biomarker concentrations are higher in ventricular CSF and
inflammatory biomarkers and cell numbers are higher in lumbar CSF given the presence of
concurrent spinal disease? 4% 143 In this study time-linked lumbar and ventricular CSF, and
serial CSF samples were obtained in one TBM patient. Although significance could not be
tested, differences in cell percentages were observed over time and between lumbar and
ventricular compartments. In this study, leukocyte percentages were higher in the lumbar
CSF, which mirrors the higher white cell count and inflammatory protein and molecular
signatures associated with lumbar CSF. On the other hand, GFAP* astrocytes were not found
in the lumbar compartment but were documented in the ventricular CSF, which is plausible
given that ventricular CSF is closer to the site of injury. Furthermore, this patient had
evolving basal ganglia infarcts between their admission and follow-up CT scans, which was
mirrored by the apparent increase in GFAP* astrocyte percentages seen in the serial
ventricular CSF samples taken over the same timeframe as the CT imaging. At a protein

level, elevated levels of GFAP have been associated with larger, more severe brain infarcts?
144

Limitations of the study

While this study is the first to report the effects of cryopreservation on CSF cells, there are
certain limiting factors. The small sample size for patient samples may have resulted in
significant differences in cell percentages being missed. However, this factor was difficult to
control for given that patient recruitment was challenging during the COVID-19 pandemic.
Experimental samples represent an artificial environment and the PBMCs used to spike the
CSF were drawn from healthy adult volunteers, these cells may differ from paediatric patients
that have an ongoing infectious processes. However, the experimental arm was added to
compensate for poor patient recruitment and still provided valuable comparative data.
Absolute numbers of cell populations were not assessed using true count beads in this study;
however, the aim of this study was to assess whether cell proportions and phenotypes could
be accurately identified following cryopreservation or Transfix storage, especially given that
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cell counts have not demonstrated significant associations with outcomes from CNS
infections**®. CD11b was selected as a marker for microglia but it is not specific to brain-
derived microglia, and is expressed by lymphocytes, monocytes, and neutrophils as well, this
likely explains why these cells were seen in experimental samples. A more specific marker

such as Transmembrane Protein (TMEM) 119, should rather be considered for future studies.
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CHAPTER 9: CONCLUSION

Collection and analysis of CSF samples is essential to elucidate CNS disease processes in
paediatric patients, therefore the correct and timely storage of these samples is crucial.
Various populations of immune (peripheral and brain-derived) cells and their subsets could
be reliably quantified in cryopreserved CSF, with different cell proportions well maintained.
This study shows that cryopreservation, at the very least, addresses the increasing need of
finding an easier and more effective way of long-term storage of CSF samples. Downstream
functional assays should be feasible in cryopreserved CSF, unlike Transfix and CSF treated
with serum-containing media, seeing as cells are isolated from the supernatant first before the
addition of cryo-solution. The development of this method is fundamental in promoting
translational research particularly in developing countries faced with high disease burden of
CNS infections and limited laboratory resources. Further, it offers valuable opportunities for
clinical research across a broad spectrum of CNS conditions beyond infection, examples
include traumatic brain injury and brain cancers, and highlights the potential to freeze other
surgical specimens for which the application of flow cytometry is currently limited by
resource constraints and low cell counts. This method also allows CSF samples to be easily
transported between sites in multi-centre studies and shared between research units,

promoting collaborations between institutions.
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APPENDIX A

Table 1: Calculated antibody titres

Antibody MFI (-) rSD (-) MFI (+) Stainindex? Dilution Volume (ul)
factor
CD3 APC-H7 70 101 6429 315 1:120 1.25
CD4 BV510 280 248 11388 22.4 1:120 1.25
CD8 PerCP- 59 42 5154 60.7 1:120 1.25
Cy5.5
CD19 BB515 66 77 6265 40.3 1:480 0.31
CD14 BV605 26 24 721 14.5 1:60 2.5
CD16 PE-Cy7 12 97 859 7.3 1:120 1.25
Va7.2 BV711 96 179 1732 4.6 1:120 1.25
v6 TCR BV 650 60 89 1035 5.5 1:120 1.25
CD45 V450 152 113 7194 31.2 1:120 1.25
HLA-DR 66 137 12351 44.8 1:120 1.25
BV786
CD69 APC 16 30 219 3.38 1:120 1.25
R700
CD56 APCP 9 18 451 12.28 1:60 5
CD161 PE-Cy5° 34 50 1065 10.31 1:60 5
GFAP PE 462 308 2388 296604 1:120 1.25
CD11b PE- 140 177 30389 2677037 1:120 1.25
CF594

Serial dilutions were made for antibodies using the manufacturers’ recommended volume as starting point. All
manufacturers’ recommended volumes were Sul, unless stated otherwise. The stain index was calculated in
order to obtain the optimal antibody titre which was used to prepare the antibody cocktail. Note: only the
dilution factors resulting in the highest stain index are included in the Table. Abbreviations: APC-H,
allophycocyanin hillite; BB, brilliant blue; BV, brilliant violet; CD, cluster of differentiation; GFAP, glial
fibrillary acidic protein; HLA-DR, human leukocyte antigen-DR isotype; MAIT, mucosal associated invariant
T cell; MFI, mean fluorescent intensity; NK, natural killer; PE, phycoerythrin; PerCP, peridinin-chlorophyll-
protein complex; rSD, robust standard deviation.

MFI (+) population—MFI (—)population

aStain Index =
2 xXrSD (-) population

® The manufacturers’ recommended volume was 10pl.
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Figure 1: Flow cytometric data of excluded patient. Only major cell populations are shown.
Patient was excluded from cohort due to low cell viability and cell percentages of major populations.
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Table 1: Percentages of major cell populations per method in patient samples

APPENDIX C

% Viable cells % CD45" cells % CD3* cells % B cells % CD11b* microglia % GFAP* astrocytes
Method F C F T C F T C F C F T C F T C
Patient ID
1.1 37,5 33,2 66,4 48,1 79,8 69,7 20,3 15,7 | 0,67 0,86 2,74 22,7
2.1 54,2 39,7 95,5 91,8 98,7 74,7 66 76,1 8,83 7,82 | 2,64 0,064 | 0,62 21,7 41,7 35
3.1 47,6 38,8 914 64,6 92 81,2 73,1 79,6 40,3 3391 061 0,028 | 1,71 14,1 15,7 9,4
3.2 53,1 42,7 96,3 82,4 99,9 83,3 76,4 82 38,7 349 | 159 3,75E-03 | 4,42 0 0 0
3.3 30 20,4 73,8 37 56,5 82,6 68,4 83,2 37,9 35,7 | 1,53 0,037 | 0,59 25,6 31,8 14,6
3.4 30,9 21,2 79,2 53,9 36,8 80,6 61,5 82,3 36,3 32,9 | 8,06 0,015 | 2,68 22 419 11,9
3.5 45,7 31,9 99,9 54,8 99,5 84,3 80,7 80,6 48,1 49,9 | 5,62 4,61E-03 | 7,58 0 0,096 15,8
4.1 23,2 14,6 83,4 99,1 33,1 46,6 4,45 48,8 33,1 51,7 | 87,1 77,1 | 32,5 1,09 1,56 4,55
5.1 41,8 55,6 21,2 1,8 66,7 45,7 36,4 10,6 | 28,7 32,3 9,24 13,8

Note: Patients 1.1 and 5.1 did not have Transfix data, as there was only enough volume of CSF to be divided across two methods, hence the Fresh and
Cryopreservation methods were prioritized. F=Fresh; T=Transfix; C=Cryopreservation. Abbreviations: CD, cluster of differentiation; GFAP, glial fibrillary

acidic protein; ID, identification.
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Table 2: Percentages of T cell sub-populations per method in patient samples

% yd TCR" cells % CD4"* cells % CD8" cells % CD161" cells % Va7.2" cells % MAIT cells
Method F T C F T C F T C F T C F C F T C
Patient ID
11 1,34 1,25 73,8 72,3 18,4 154 13,1 11,5 6,17 13 0,68 1,02
2.1 4,54 15,3 2,3 70,4 64,2 74,4 17,4 16,7 12,6 445 33,1 54,3 8,39 7,32 0,55 6,48 1,84
3.1 1,32 4,85 0,83 64,2 51,2 68,9 25,2 12 21,6 26,4 8,87 27,2 3,75 6,4 0,51 1,44 0,69
3.2 0,77 0,68 0,63 65,1 56,2 67,4 25,2 7,62 23,1 28,7 4,21 27,5 2,92 4,32 0,63 0,1 0,81
3.3 3,35 3,14 1,19 69,1 41,1 71,3 20,5 8,67 19,8 21,5 6,03 22,2 9,562 7,29 1,28 0,45 0,91
3.4 2,8 2,28 1,57 69,8 47,7 71,5 21,2 13,6 19,7 21,6 6,22 21,9 8,46 6,68 0,88 0,27 0,83
3.5 1,18 1,41 0,53 74,4 37,7 67 13,6 8,99 24,8 25,1 4,6 23,1 17,9 3,59 1,91 0,17 0,51
4.1 1,51 57,6 1,54 64,8 20,5 51,6 19,6 17,1 23,9 43,9 44 42,7 12,4 6,74 16,8 15,3 14,4
5.1 1,96 1,4 61,6 59,4 18,7 17,7 9,66 9,96 25,2 19,6 1,71 0,71

Note: Patients 1.1 and 5.1 did not have Transfix data, as there was only enough volume of CSF to be divided across two methods, hence the Fresh and
Cryopreservation methods were prioritized. F=Fresh; T=Transfix; C=Cryopreservation. Abbreviations: CD, cluster of differentiation; 1D, identification; MAIT,

mucosal associated invariant T cell; TCR; T cell receptor.
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Table 3: Percentages of non T cell sub-populations per method in patient samples

% CD45*CD11b* cells | % CD14*CD16 cells | %CD14 CD16* cells % NK cells % CD69* % HLA-DR*
Method F C F T C F T C F T C F T C F T C
Patient ID
1.1 99,2 99,1 2,99 0 22,4 12,5 83 80,7 | 42,8 451 27,2 35,9
2.1 97,1 99,3 0,7 7,8 096 | 6,08 0| 479 | 523 | 312 | 449 | 395 232| 201 | 184 | 571 | 249
3.1 99,4 98,1 0,44 491 0,86 | 49,1 0,23 | 40,1 | 73,2 | 251 | 716 | 39,6 325|399 | 179 93| 235
3.2 98,4 95,5 0,13 5,66 0,33 | 432 0041 | 372 | 719 | 221| 66,1 | 56,6 2,66 57| 136 | 994 | 165
3.3 98,4 99,3 5,93 3,25 2,68 | 42,1 0| 349 | 623]| 9,59 68 | 42,8 1,06 | 492 | 52,1 | 40,1 | 53,2
3.4 91,6 97,1 4,44 2,57 1,78 | 47,8 0,96 | 39,1 59 14,4 58,6 | 43,6 46 | 484 534 | 40,5 | 56,1
3.5 94,3 92,2 0,39 3,75 0,45 | 34,3 0,071 | 37,7 | 77,2 18 70,6 | 34,4 0,017 | 30,5 21,7 9,84 | 23,1
4.1 12,1 67,4 4,96 8,14 12,8 29,9 54,9 17,3 | 11,6 6,84 12 | 34,6 21,2 | 32,9 11,6 4,71 | 15,9
51 71,1 67 11 14,7 24,9 44 | 37,7 18,9 28,4 33,3

Note: Patients 1.1 and 5.1 did not have Transfix data, as there was only enough volume of CSF to be divided across two methods, hence the Fresh and
Cryopreservation methods were prioritized. F=Fresh; T=Transfix; C=Cryopreservation. Abbreviations: CD, cluster of differentiation; HLA-DR; human

leukocyte antigen-DR; NK, natural killer; ID, identification.
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APPENDIX D

Table 1: Percentages of major cell populations per method in experimental samples

% Viable cells % CD45" cells % CD3" cells % B cells % CD11b* microglia % GFAP™ astrocytes
Method F C F T C F T C F C F T C F T C
Patient ID
6.1 449 40,9 93,9 88,8 96,7 71,1 60,5 67,9 52,5 52,7 8,18 0,051 7,59 0,53 0,52 1,17
6.2 44 35 92,7 89,7 93,6 75,5 64 73,8 42 47,5 11,7 0,029 11 46 58,5 24,4
6.3 43,2 37,5 90,2 83,4 93,7 75,5 60,7 72,7 46,1 49 15,5 0,17 18,3 57,7 78,1 51,7
5,01E-
7.1 49.4 40,9 72 92,6 97,5 71,3 54,5 66,9 30,7 41,2 14,9 03 18,7 2,54 1,93 4,09
5,48E-
7.2 54.6 42,5 73,6 95,9 98,5 68,4 51,6 66,1 29,5 40,9 18,6 03 18,3 1,53 181 2,98
7.3 15.9 12,5 69,5 66,1 74,7 91,5 63,8 90,6 17,5 11,1 | 1,10E+01 5’%%E_ 1,71E+01 | 1,92 0,09 1,25
8.1 455 4 98 | 939 | 985 | 831 | 691 | 767 | 431 | 394 | 7.66E+00 1’22'5' 156E+01 | 07 | 161 | 7,02
4,09E-
9.1 45,6 52.4 97,4 93,5 98,6 78,1 64,4 74,6 50,6 59,1 12,2 03 16,7 2,24 3,65 3,6
10.1 47,9 45,5 69 80,8 92,1 69,4 58,6 63,3 69,4 67,6 3,58 0,021 10,2 1,38 0,14 0,81
11.1 48,4 46,5 76,5 84,7 95,7 71,9 66 66,8 75,4 75,5 1,62 0,12 3,85 1,86 0,67 1,52
12.1 38,5 28,6 97,7 90,9 81,9 77,5 39,2 41,3 7,36 17,7 27,4 53,9
13.1 47,9 45,9 99,4 98,5 99,4 82,2 72,9 79,5 44,3 49,9 7,37 0,029 15,1 0,96 2,92 4,82
14.1 46,4 42,3 99,5 98,5 99,5 81,4 75,5 80,2 44,7 46,5 12,7 0,014 13,4 0,76 1,51 6,14
15.1 41,6 419 91,1 | 89,9 | 943 | 715 | 61,7 | 679 | 51,9 | 541 7,74 0,014 13,6 0,22 | 268 | 1,26
16.1 48,1 46,7 79,8 61 90,5 70,5 57,5 67,6 66,7 70 7,56 0,35 11,3 0,62 0,89 0,8
16.2 48,2 42,5 79,7 55 88,1 71 56 67,9 65,1 70,1 7,22 0,076 11,1 0,53 0,51 0,38
17.1 52,5 444 98,8 96,6 98,1 72,9 59,2 69,5 53,8 58,7 12,9 0,021 14,2 0,47 1,24 0,63
17.2 53,1 44,1 98,8 97,5 98,2 72,3 60,3 69,1 53,7 58,4 13,4 0,023 14,5 0,77 2,04 0,48
18.1 55,5 50,1 98,8 96,3 98,7 72,6 59,6 69,5 54,1 56,2 13,6 0,01 14,6 0,52 0,63 0,74
18.2 35,3 445 99,2 96,3 99 78,4 61,7 68,6 58,5 58,3 4,6 0,02 17 2,96 1,15 0,81

Note: No Transfix data available for Patient 12.1, as stock of Transfix tubes were depleted. F= Fresh; T=Transfix; C=Cryopreservation. Abbreviations: CD,
cluster of differentiation; GFAP, glial fibrillary acidic protein; ID, identification.
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Table 2: Percentages of T cell sub-populations per method in experimental samples

% yd TCR" cells % CD4" cells % CD8" cells % CD161" cells % Va7.2* cells % MAIT cells
Method F T C F T C F T C F T C F C F T C
Patient ID
6.1 079 | 733| 217 88 51| 869 | 727| 126| 845 12| 677| 111 9,26 877 | 116 2,59 1,4
6.2 158 | 636| 013| 737| 461| 688| 185| 311 | 245| 103| 723| 9,62 29,8 251 | 871 8,12 | 554
6.3 14| 125| 0418 | 707| 476| 686| 216 | 289| 246| 138 9,39 12 24,8 234 | 9,32 11,3 6,6
7.1 225| 174 143| 531| 349| 596| 396| 302| 346| 11,7| 7.88| 115 14,8 165 | 7,82 045| 781
7.2 23| 8,03 2,7 63| 39,9| 685| 288| 387| 263 | 11,7| 126| 12,8 248 22,8 7.9 42| 8,46
7.3 78,3 | 0,87 25| 522| 266 | 822 25| 159 | 114 | 346 144| 119 60,2 13| 133 03| 133
8.1 064 | 246| 126| 768| 207| 752 17| 103 | 187 | 114 | 174| 219 24,4 234 | 622 1,41 | 9,63
9.1 05 0,3 07| 796| 122| 856| 177| 126| 116| 118| 045| 107 6,21 108 | 242| 0,088]| 3,07
10.1 111 ] 1,23 04| 877| 607| 89| 741| 333| 981 10| 427 | 8,05 8,35 747 | 0,69 058 | 0,58
11.1 152 | 092| 015| 913| 553| 878| 518| 241 | 887| 879| 318| 4724 9 6,33 | 0,69 1,39 0,3
12.1 0,45 092 | 705 713 | 22,6 22| 11,2 11,1 22,8 226 | 832 7,16
13.1 01| 435| 089| 842| 566| 873 13| 105 10| 949 | 1,75 13 18 213 | 3,14 1,84 | 6,46
14.1 018 | 195| 0,536 | 86,9 63| 842| 108| 164 | 129| 118| 159 133 18,9 183 | 512 1,05 | 521
15.1 025| 191| 049| 917| 641| 892| 385| 139| 593| 797| 177| 972 12,5 11,1 | 1,49 087 | 1,53
16.1 025| 607| 025| 928| 481 | 891| 342| 115| 633| 599 39| 7,83 11,4 104 | 086 1,86 | 1,25
16.2 03] 319| 023| 929| 504| 899| 318| 965| 571| 612| 191| 8,06 11,5 10,7 | 1,01 06| 134
17.1 021| 154| 018| 899 | 325| 822| 757| 103| 146| 112| 575| 123 17,2 141 | 105 1,37 | 7,89
17.2 016 | 275| 0419 | 887 | 518| 825 86| 239 141| 109| 119 | 127 17,2 14,2 9,8 292 | 766
18.1 014 | 052| 012| 873| 294 | 752| 994| 162 | 201| 109 5| 108 16,3 105 | 917 035| 6,111
18.2 016 | 133| 0413 | 894 | 431| 782 | 841 | 184 | 178| 924| 831 | 137 14 10,3 | 6,53 167 | 588

Note: No Transfix data available for Patient 12.1, as stock of Transfix tubes were depleted. F= Fresh; T=Transfix; C=Cryopreservation. Abbreviations: CD,
cluster of differentiation; ID, identification; MAIT, mucosal associated invariant T cell; TCR, T cell receptor.
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Table 3: Percentages of non T cell sub-populations per method in experimental samples

% CD45*CD11b" cells | % CD14*CD16 cells | %CD14 CD16"* cells % NK cells % CD69* % HLA-DR*
Method F C F T C F T C F T C F T C F T C
Patient ID
6.1 91,7 921 | 1,04| 502| 366 665 1,71 | 66,3 | 355 | 253 | 43,2 0,92 0,55 1,15| 2,15 | 1,18 | 2,53
6.2 88,2 885 | 344| 113| 4,33 | 494 1,06 | 482 | 179| 57| 20,8 1,08 0,29 0,39 | 349 | 1,49 | 3,29
6.3 84,4 81,4 | 226| 193] 285| 512 2,93 55| 106 | 7,82 | 982|272 1,44 1,09 | 42| 232| 387
7.1 84,4 808 | 761| 326| 319 313 083 | 618 | 265 | 411 | 239 | 2.2 0,014 445 | 247 | 1,04 | 2,71
7.2 80,6 80,7 | 117| 7,75| 365 30,6 8,96 | 604 | 251 | 544 | 343|135 0,031 35| 272| 115 318
7.3 90,8 871 | 122| 181| 044 78| 0016 | 804 | 334 | 1,89 | 11,1| 2,63 0 21163 | 062 1,31
8.1 93 87,5 11| 692| 362| 57,6 034 | 62,3 | 385| 3,79 | 26,7 0,31 0,014 043| 27| 091 3,32
9.1 87,9 829 | 1,01 11| 053] 487 | 0,011 58 | 31,6 | 1,05 29 | 0,21 0 2,08 084 | 075| 1,17
10.1 96 891| 042| 957| 128| 585 14| 66,4 | 442 | 265 | 396 | 2,94 0,038 22| 14| 098] 2,28
11.1 98,3 9 | 053] 5,09 06| 633 035| 739 | 509 | 545 36 | 1,12 0,02 0,85 | 1,06 | 0,38 | 1,08
12.1 92,6 91,8 | 3,15 6,2 | 57,5 62,7 | 18,6 452 | 0,22 1,37 | 3,37 3,68
13.1 92,5 847| 061] 147| 103| 659 0,31 | 604 | 155 | 3,74 241 0,15 0,012 047 081| 04| 159
14.1 87,2 864 | 109| 444| 087 625 031 607 | 187 | 28| 17,3044 0,018 125| 1,12 | 04| 1,31
15.1 92,1 86,1| 078| 713| 092]| 734 107 | 721 | 405 | 471 | 426 | 1,04 0,019 1,09 | 1,87 | 1,02 | 215
16.1 92,3 885| 081] 152| 045 589 217 | 57,3 | 409 | 364 | 442|176 0,052 | 5,07E-03| 23| 1,39 | 255
16.2 92,7 887| 0,76 | 11,7| 0,66 | 587 13| 551 | 441 | 281 | 452 | 275 0,033 | 5,74E-03 | 2,33 | 1,28 | 255
17.1 87,1 857 | 3738| 147| 248| 579| 0094 | 604 | 46,1 | 358 | 282 | 0,55 0,014 | 3,40E-03 | 2,26 | 0554 | 1,98
17.2 86,5 853 | 3724 | 155 3| 582 0,69 | 59,3 | 419 | 467 | 268 | 0,46 0,055 | 6,25E-03 | 2,07 | 0,69 | 2,09
18.1 86,4 852 | 2,46 56 | 1,34| 615 0,13 | 56,8 29 | 2,11 | 14,7 | 0,72 | 3,20E-03 | 1,28E-03 2| 054 | 14
18.2 95,4 828 | 114| 117| 239]| 735 0,26 | 526 | 226 | 355| 155| 0,6 0,018 | 1,23E-03 | 1,89 | 055 | 157

Note: No Transfix data available for Patient 12.1, as stock of Transfix tubes were depleted. F= Fresh; T=Transfix; C=Cryopreservation. Abbreviations: CD,

cluster of differentiation; HLA-DR, human leukocyte antigen-DR; ID, identification: NK, natural killer.
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APPENDIX E

Table 1: Duration of storage comparison of cell percentages between Fresh vs Transfix

methods

Fresh 24 hour 1 week 2 week
CDA45" cells 0.05 0.05
CD11b** cells 0.046 0.046 0.046
CD45*CD11b* cells 0.046 X X
CD3* cells 0.05 0.05
vd TCR* cells
CD161* cells 0.046 0.05 0.05
CD4" cells 0.046 0.046
CD8* cells
MAIT cells 0.05
Va7.2* cells 0.046 X X
B cells 0.05 X X
NK cells 0.05 0.05 0.05
Classical monocytes 0.05 0.05
Non-classical monocytes 0.05 0.05
HLA-DR* 0.05 0.046 0.046

GFAP* astrocytes

Note: P values are indicated where differences were statistically significant as compared to Fresh.
Boxes demarcated with “X” refer to populations that could not be clearly distinguished during flow
cytometric gating, and therefore were excluded from analyses.
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