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Abstract

The genetic and molecular variations that exist within Glioblastoma (GBM) tumours
determine treatment responses. One way to improve patient outcomes is to optimise

treatment(s) pre-clinically by studying each tumour on an individual basis.

Presented here are the results of an observational study on the maintenance of human
GBM tissue on a microfluidic platform. The device, fabricated wusing
photolithography processes, was composed of two layers of glass bonded together to
contain a tissue chamber and a network of microchannels. A thin mesh layer was
inserted to separate the tissue chamber from the microchannels and prevented

blockage of the chip.

Over an 18-month period, 33 patients were recruited, and 128 tissue sections were
maintained in the microfluidic device for an average of 72 hours (h). Tissue viability
as measured by Annexin V and Propidium lodide assays showed viability was 61.1
% 1n tissue maintained on chip after 72 h, compared with 68.9 % for fresh tissue
analysed at the commencement of the experiment (P < 0.05). Other biomarkers,
including LDH and Trypan Blue assays, supported the viability of the tissue
maintained on chip. Histological appearances of the tissue remained unchanged
during the maintenance period and immunohistochemical analysis of Ki67 and

Caspase 3 also showed no statistically significant differences.

Drug testing with Temozolomide (n=6) and the experimental drug ExoPr0 (n=6)
failed to show any cytotoxic effect on the tissues maintained. Preliminary analysis
also failed to show any significant correlation between the tumour behaviour on chip

and patient prognosis.

This work has demonstrated for the first time that human GBM tissue can be
maintained ex vivo within a microfluidic device. The model has the potential to be
developed as a new platform for studying the biology of brain tumours, with the

long-term aim of facilitating personalised treatments.
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1.1 GBM

1.1.1 Glioblastoma — What’s in a Name?

According to Cancer Research UK, in 2014, 10,981 new brain and central nervous
system (CNS) tumours were registered in the UK.! This figure equates to 34 new
intracranial tumour cases per 100,000 people with an equal split between male and
females. Gliomas — central nervous system (CNS) tumours that originate from
autochthonous glial cells, such as astrocytes, oligodendrocytes and ependymal cells,
make up 81%2 of brain tumours. Of the gliomas, Glioblastoma is the most
prevalent®*, representing nearly half (47%)* of all cases. Glioblastoma, previously
known as Glioblastoma Multiforme (GBM) was originally categorised and named by
Bailey and Cushing in 1925° in the first major classification of brain tumours. The
name Glioblastoma Multiforme was given to highlight the varied histological
appearance within the tumour which is usually composed of a dense cellular
structure with highly mitotic and pleomorphic nuclei, intermingled with necrotic
tissue and proliferating vessels. Though not a true blastoma (blastoma refers to
tumours originating from embryonic cell lines), it is likely that it was called one as
the cells in GBM resemble immature glial cells®, predominantly astrocytes but
occasionally oligodendroglia features can be present!. Commonly, within the same
tumour, there can be markers of various cell lineages®, reinforcing the theme of
heterogeneity that is prevalent within this tumour. Though the adjunct, multiforme is
no longer in use, multiple forms of the disease, remain in existence today. The most
recent World Health Organisation (WHO) classification of tumours of the central
nervous system uses histological characteristics and genetic markers to identify 5
forms of GBM’, while The Cancer Genome Atlas (TCGA) group used genetic
fingerprinting studies, patient demographics and survival to reveal 4 clinically
relevant subtypes®. These classification methods are not mutually exclusive and are
increasingly being combined to characterise an array of genetically and
phenotypically different forms of GBM. Thus, the name remains the same, but the
tumours are extremely diverse, with some, more common in different age groups and

others, less resistant to current treatment modalities.
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Yet, one thing unifies this assorted group of brain tumours. The diagnosis of a GBM
is a devastating one, regardless of its denomination; 97.3% of those diagnosed die
within 5 years.” Such statistics have persisted despite all the advances in tumour
biology, medical sciences, surgical techniques and oncological treatments. All
treatments fail, and disease recurrence remains the rule. The prognosis of GBM is
unchanged in over 90 years!? and regardless of what it is called, successful treatment
of the group of tumours known as GBM remains one of the greatest unfulfilled

ambitions of the 21 century.

1.1.2 GBM by Numbers

In England, the age-adjusted incidence of GBM is 2.05 per 100,000 persons.? In the
UK, between 2007 and 2011, 6451 men and 4292 females were affected, giving an
incidence rate 1.5 times higher in males compared to females.'! Though the disease
can affect patients of all ages, the median age at diagnosis is 62'?> with a reduced
incidence in children and those over the age of 85.!3 Age is, however, a negative
prognostic indicator with older patients less likely to survive, having an almost linear
decline in months of survival with increasing age.'* The disease affects Caucasians
(80% of reported cases)'” more frequently than people of African (5.4%)'> or Asian
(4%) origin* and there appears to be an association with high socio-economic
status.'® Though no definite environmental risk factors have been identified, 5% of
gliomas!”!'® result from the genetic mutations of certain hereditary syndromes,'®

including Neurofibromatosis Type 1 & 2 and Turcot’s syndrome.

GBM can present in any part of the neuro-axis but rarely involves the spinal cord?®
or brainstem. It has a predilection for the cerebral cortex with the frontal lobe
affected 43% of the time, compared with 25% and 28% in the parietal and temporal
lobes respectively; only 3% of tumours involve the occipital lobe?! and less than 1%
of intracranial GBM is within the cerebellum.??> Regardless of site, the most common
presenting symptom of brain tumours is a cognitive disorder?® which is present in
74%-90% of patients,>»?423 likely explained by the diffuse infiltrative nature of the
disease. Seizures are also common, with an incidence of 30%-62% in different

series?® and there is a suggestion that seizures at presentation are associated with a
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favourable prognosis;?”?® this is possibly related to seizures prompting an earlier
presentation (and as such a smaller tumour upon presentation).?® Headaches are
usually present in about 50%?° of gliomas but only occur as the sole symptom in
10% of brain tumours.’® Depending on the location of the GBM, focal neurological
deficit, including speech, motor and sensory disturbances can be forms of

presentation.

Though brain tumours account for <2% of all malignancies®' the excessive mortality
rates associated with a median survival of 12-15 months’> means malignant brain
tumours are a great burden on the individual, with an average of over 20 years of life
lost per patient.?® This is the highest number of years lost per patient when compared
with all other tumours in the UK.3* Chang et al.3* found that brain tumours ranked
fourth in mean total direct medical costs per month at $8,478 (amongst seven
different cancer types). In the UK, prior to the introduction of Temozolomide
(TMZ), it was estimated that management of malignant brain tumours cost £400,010
per quality adjusted life years (QALY).? Furthermore, a look at the employment
status of people with brain tumours and the effect of the disease to the economy
shows that 91% of patients were working prior to their diagnosis of a brain tumour
with only a third ever getting back to work.>® One study estimated all the indirect
costs (sick leave, early retirement, and mortality) of brain tumours in one year to
$197.7 million for the Swedish population ($22.5 million per million of

population).’’

Currently, maximal surgical resection plus radiotherapy with concomitant TMZ is
the standard treatment for GBM.'® Stupp et al.’?> showed in their randomised
controlled trial that the addition of TMZ to the regimen increased survival by 2.5
months compared to surgery and radiotherapy alone. But despite the modest increase
in survival, the nature of the disease, which sees widespread permeation of tumour

cells along tracts in the brain,

ensures that even novel therapies like TMZ fail.
Median survival can range from 9-15 months*>**#! however there are exceptions to

this rule with approximately 2-5% of patients surviving beyond 3 years.*>*3
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1.1.3 Understanding GBM

Though the minority, long-term survivors of GBM, present an opportunity to better
understand the tumour. GBM used to be diagnosed based purely on histology. This
was defined by the finding on histology of gemistocytic astrocytes,
neovascularisation with endothelial proliferation and areas of necrosis with or
without pseudopalisading** (Figure 1.1). Though these features are common within
GBM tissue, basing diagnosis purely on histological features has its pitfalls as
diagnostic concordance amongst pathologists assessing brain tumours ranges
between 40-77%.%47 Increasingly, histopathological diagnosis of tumours are
requiring a new taxonomy that incorporates molecular and genetic alterations in
tumour classification.*® The new WHO classification of tumours of the CNS adopts
this approach to GBM. According to WHO’, the diagnosis of GBM on histology now
warrants clarification of the isocitrate dehydrogenase type 1 (IDH1) gene status;
differentiating between a GBM with an IDH1 wildtype and one with a mutant IDHI.
IDHI1 catalyzes the decarboxylation of isocitrate to a-ketoglutarate and evidence
points to the mutant enzyme converting o-ketoglutarate to the ‘oncometabolite’ 2-
hydroxyglutarate.** Though only one of many genes affected in GBM, there is a
plethora of evidence that supports the concept that GBMs with an IDH1 mutant have
a better prognosis than those with the wildtype.’3>36424553 The genetic and
molecular variability within each tumour is likely to underlie the disparity in GBM
patient survival. To understand the depth of this molecular heterogeneity, The
Cancer Genome Atlas (TCGA) research network group looked at the genes involved
in GBM, with the aim of establishing a comprehensive catalogue of genetic

abnormalities driving tumorogenesis.’
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Figure 1.1: GBM Histology specimen.
This Glioblastoma has marked cellularity with hyperchromatism and pleomorphic nuclei.

Note the prominent vascularity (*) as well as the area of necrosis (*).

TCGA analysed 91 matched GBM-normal pairs for detection of somatic mutations
in 601 selected genes. The genes were selected based on previous molecular studies
that had highlighted significant genetic events in the evolution of GBM. The group
found recurrent mutations that led to dysregulation of three major signalling
pathways: growth factor signalling via receptor tyrosine kinase (RTK) genes, p53
signalling and the retinoblastoma tumour suppressor (RB) pathway; with aberrations

in 87%, 78% and 88% respectively (Figure 1.2).

15



EGFR ERBB2 PDGFRA MET
I l I I

B e () e——Cr) |- ()
\

R RTK/RAS/PI3)K
( AKT )
. ~ signalling altered

in 8800

<

—

Proliferation

Survival I—

Translation

Activated Oncogenes
b. c.

CDKN2B

l—_@
zll——.
)

4 ﬁ cc 2 #
p53 signalling
altered in 8700 —
LMDMZ ’. —
' NIDM4 ‘

‘ ‘ G1/S Progression

—|9|

'I—al— |

—|,§,[

RB signalling
altered in 7800

®|—f

Figure 1.2: Three signalling pathways most affected in GBM tumorigenesis.
a. Receptor tyrosine kinase pathways b. Retinoblastoma Tumour Suppressor (RB) pathway c.
p33 signalling pathways. Red indicates activating genetic alterations, conversely, blue

indicates inactivating alterations. Adapted from McLendon et al. >*

These mutations appear to exist in varying degrees within different GBMs and
particular genetic constellations confer certain cancer phenotypes. Verhaak et al.
furthered the work of TCGA and integrated data from 200 GBM samples with
consistent gene expressions. Using consensus clustering, the group identified four
GBM subtypes based on their genetic profiles: Classical, Proneural, Neural and

Mesenchymal (Table 1.1).%°
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Chromosomes 4 (PDGFRA), 7, 10 7,10 7 (EGFRvIII), 10 17 (NF1)
Mutations PDGFRA, IDH1, TP53 N/A EGFR, TP53 NF1

Cell Markers Oligodendroglial/Proneural Neuronal Neuronal and Stem Cell Inflammatory
Age Younger Older Older Older

Secondary GBM Represented Not Represented Not Represented Not Represented
Prognosis Longer (ot statistically significant) Shorter Shorter Shorter
Intensive Treatment  No Efficacy Efficacy Suggested Reduce Mortality Reduce Mortality

Table 1.1: Genomic expression/alterations and clinical features across Glioblastoma

subtypes.

Key: PDGFRA - platelet-derived growth factor receptor o, EGFR - epidermal growth factor
receptor; TP53 — tumour Protein p53; NFI1 — Neurofibromatosis 1, IDH 1 — Isocitrate
Dehydrogenase 1. Adapted from Verhaak et al.>® & Masui et al.*

The GBM subtypes were validated by an independent set of 260 GBM expression
profiles with significant subtype reproducibility. Each subtype has a distinct set of
mutations that represent its unique path to tumorigenesis, conferring a distinguishing
phenotype. For example, the Classical subtype of GBM is linked with mutations of
Epidermal Growth Factor Receptor (EGFR). This is usually a mutant variant known
as EGFRVIII, where a truncated extracellular domain results in a constituitively
active protein, promoting tumour growth*® along the RTK pathway (as shown in
Figure 1.2a). ‘Classical GBMs’, as well as being more likely to have a EGFRvIII
mutation, are also significantly more likely to occur in elderly patients and all
together, have a poorer prognosis.*® Conversely, the Proneural subtype is more
common amongst younger patients and is nearly always related to an IDH1 mutation.

3349 a5 well as a

IDH mutation is thought to be an early event in glioma formation
positive predictor of survival in GBM,¢ affording patient’s with Proneural GBMs,

who are usually younger (another positive predictor of survival), a better prognosis.’

This type of emerging evidence in tumour biology is promoting a modernised
approach to tumour diagnosis and management, where clinicians and researchers can

target specific abberations in cellular function to develop therapeutic agents.*’ Proof
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of concept is exemplified in EGFR and Anaplastic Lymphoma Kinase inhibition in
non-small cell cancer (NSCLC).>’*% In GBM, new targets include EGFR associated
kinase activity with drugs like Erlotinib®® or with therapies that target the
downstream receptor tyrosine kinase signalling pathways (mammalian target of
rapamycin - mTOR), such as Rapamycin® (Figure 1.3). It is vital to note however,
that these new drugs will not be effective for every patient as the drug responses will
depend on the particular genetic profile or subtype. For example in NSCLC, just
10% of patients have a rapid and dramatic response to Gefitinib (an EGFR inhibitor),
because despite overexpression of EGFR in NSCLC, only a small proportion of these
patients have the specific activating mutation within the tyrosine kinase domain of

EGFR which Gefitinib inhibits.>’

EGEFR Inhibitors:
Gefitinib

Erlotinib EGFR ERBB2 PDGFRA PDGEF Inhibitors:
Afatinib Ima.tn.nb
Canertinib Sumtnub
Pelitinib Sorafenib
Lapatinib Vandetanib
Cetuximab | | |
(Monoclonal Antibody) ‘ '
e T
@ —l ‘\\_RAS P, * &z E‘-"_’If___/' PI(3)K/AKT/mTOR Inhibitors:
= Perifosine
' Temsirolimus
T Rapamycin
(AKT )

Proliferation J_
Survival |—

Translation

Figure 1.3: Metabolic drug targets of the RTK and PI(3)K pathways in GBM.
Figure displays drugs that inhibit EGFR, PDGF and PI(3)K pathways and hence have
potential in treating GBM. Adapted from The Cancer Genome Atlas Research Network™ and

Zorzan et al.*’!

In GBM, despite prevalence within the research community, only a few genetic
molecular markers are standard practice in clinical management. The most
widespread molecular biomarker presently tested alongside histology is the
epigenetic methylation of O°Methylguanine-DNA methyltransferase (MGMT).
MGMT protein, repairs DNA by removing alkyl adducts from the O° position of
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Guanine.*! MGMT methylation silences the gene and hence has a prognostic effect
when TMZ, an alkylating agent is used to treat the tumour. The survival advantage of
a patient with MGMT methylation treated with TMZ can be as high as 9 months.*!
Such disparity in patient response, combined with the known variability in GBM
subtypes, suggests that the ‘one-size fits all’ model for cancer treatment is
incompatible with GBM development and heterogeneity. The evidence demands a
shift to a personalised treatment paradigm that promotes defined treatments that
correspond to specific subgroups which share similarities in tumorigensis and

molecular phenotype.

1.1.4 An Approach to the Gordian Knot

Finding a cure for GBM is more challenging than simply classifying tumour
subtypes or heterogeneity. As far back as the 1920s, Walter Dandy resected entire
cerebral hemispheres in an attempt to cure his patients of GBM.!”%? Removing a
whole hemisphere was to ensure complete excision far beyond the tumour margins
and reduce any chance of recurrence. Unfortunately, these patients still died from the
disease, an indication of how pervasive GBMs are. Autopsies in the 1990s revealed
that up to 39% of GBM patients were dying without any evidence of raised
intracranial pressure.> Again the assumption was that invasive cancerous cells
within the brain were part of the disease alongside the intracranial mass. This has led
to the hypothesis that underlying every GBM is a sub-population of self-renewing
tumour initiating ‘stem-cells’®* that propagate the growth of a tumour. Though
various theories are in competition as to the exact genesis of these cells'’, all theories
are in concordance that this population of cells is distinct from the tumour mass and
diffusely invade the brain along white matter tracts. Along with the issue of glioma
stem cells, treatment for GBM also has to overcome intra-tumoral heterogeneity;
where the same tumour expresses regional differences in molecular markers and
tumour behaviour.®>%® For example, Baysan et al. found an array of glioma stem
cells within resected GBM and brain specimens taken from the same patient from
seven distinct locations and at two different time points, a year apart.®’” The glioma
stem cells showed polyclonal development, with distinct populations based on the

part of the brain/tumour sampled as well as the timing in relation to the patient’s
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treatment. Most importantly, the group were able to show that after treatment,
recurrent tumours represented a tissue-wide expansion of a new set of tumor clones,
progenies of the dominant clone within the initial resected tumor. This
spatiotemporal heterogeneity within GBM explains how the disease is able to modify
its phenotype in response to treatment. The net effect of self renewal, tumour growth,
treatment resistance and thus prognosis is difficult to predict based on just molecular
markers when different regions within the same tumour have different cellular niches
and properties. Not suprisingly, the evidence points to increased intratumour
heterogeneity being linked to higher mortality rates,®® suggestive of the fact that
intratumoral heterogeneity affords GBMs a greater degree of adaptability and tumour
survival regardless of treatment. Glioblastoma is equipped to adapt but yet, current

approaches to treatment are unable to adapt to individual tumours.

In the last 5 years, there were 194 trials registered that were considering therapeutic
strategies to treat GBM'®. As of April 2017, there were 294 ongoing trials
(https://clinicaltrials.gov) looking at GBM and its therapeutic options. Most of the
emerging therapies for GBM are based on sound scientific principles on cancer
genetics and the molecular nuances in GBM development. However, history suggests
that a lot of these trials will fail to show a significant benefit to patient survival. In
fact, a lot of the studies looking at EGFR tyrosine kinase receptors have already
failed to show any benefit, with only a few studies progressing beyond phase 2
trials.%® Patients will continue to die despite all that is known about the disease. Two
of the reasons why many trials investigating GBM will/have failed are proposed

here:

1. Firstly, the process of drug selection/screening is flawed as in vitro models
and pre-clinical trials do not have an optimised model for GBM. Cell
cultures, currently the mainstay of pre-clinical assays, do not recapitulate the
infiltrative nature of the tumour and possess significant molecular and
pathological differences from human gliomas.%®’° Currently, only 2% of all
drug development failures are screened in the preclinical stage.”! Mouse
models’ and patient derived xenografts (PDX)’%7* provide a solution to this

particular issue but are costly and time consuming.
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2. The second issue with the failures in the drug trials is to do with
heterogeneity — trial samples include a heterogeneous group of GBM
subtypes and while some may benefit from the treatment, most do not, giving
an overall response that is not significant. Like people, GBMs are highly
varied and it is unlikely that one drug/treatment modality will be effective
against all. Patient selection should be based on individual tumour behaviour

and not just diagnosis.

Both these issues potentially have a similar solution. The ideal scenario is to be able
to study real patient tumours in the laboratory; freshly biopsied at the time of surgical
debulking, kept in a viable state long enough to analyse response to various treatment
modalities, and offer treatment to the patient based on those results. Just as
microbiologists rationalise their treatments of infections based on culture and
sensitivity, an approach that allows prior drug testing and analysis of human GBM
tissue (AGBM) ex vivo could help improve patient outcomes. As a pre-clinical model,
such a system would effectively mimic the native tumour micro-environment, while
avoiding prolonged incubation periods required with PDX. As a clinical model, it
would allow testing of individual tumour samples within a short time frame;
potentially, allowing key analyses of the tumour to asses for subtype, response to
specific treatment as well as allow stratification of the patients to particular drug
sensitivities. The issue of intra-tumour heterogeneity can be overcome by real-time
measurements of the net response of the tumour to a single agent or combination
therapy. Such a system introduces the desired degree of flexibility to deal with an
adaptive tumour like GBM and would significantly enhance clinical research, aiding
scientists and clinicians in pre-clinical drug development, patient stratification for
drug trials and predicting responses to treatment in the clinic. Currently, no such
model exists. The development of such a model may very well be instrumental in
reducing the mortality associated with the disease and bring the elusive cure closer to

our reach.
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1.2 Microfluidics

1.2.1 Overview

Currently, the scientific community relies on a combination of in vivo animal studies
and in vitro methods like cell and tissue culture in pre-clinical scientific research.
Importantly, these methods are the mainstay of drug development, efficacy and
toxicology. In vitro methods are widely used as they are quick, reliable, cheap’ and
high-throughput” methods, vital in understanding novel drug pharmacodynamics
and pharmacokinetics. However, in vitro studies have less regard for the normal
physiological environment of the cell and do not incorporate the complexity of tissue
architecture’® or cellular signalling in the analysis — failing to recapitulate the right
disease micro-environment and hence providing a simplified understanding of drug
interactions. Animal research is a method that works in parallel to in vitro testing.
Testing of animals can help predict how human cells and tissues will respond to the
same parameters and the scientific community infer much from these experiments,
particularly to provide an insight into toxicology and the safety profile prior to
human testing,””’® while allowing an understanding of drug effects on the whole
organism. However, these studies are also limited particularly with high costs, labour
intensive procedures including breeding of the animals, which is time consuming,’
as well as the moral ambiguity of animal testing. This last point is exemplified by a
survey of 987 people across Great Britain that found 26% believe a ban on all animal
research was necessary, and 74% felt more work needed to be done in identifying
alternatives to animal research.’’ The biggest disadvantage of pre-clinical models
tough, is poor efficacy, with a clinical approval rate for new drugs estimated at
11.8%?8!. The highest failure rates for drugs in development are not during in vitro or
animal studies but during human testing, with peaks in Phase 2 clinical trials where
51% of failures are due to poor drug efficacy and 19% due to drug safety concerns.®?
According to the Pharmaceutical Benchmarking Forum, only 29% of drugs
successfully progressed beyond phase 2 trials (between 2005 and 2010), despite 63%
being deemed viable options from pre-clinical studies.®? In the quest to cure GBM
and other diseases alike, a pre-clinical model, which better predicts human responses
is required to efficiently screen for potential failures, earlier in the product pipeline,

avoiding costly investments in drugs or techniques that are doomed to fail.
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Herein lies the drive towards effective in vitro models that accurately predict in vivo
outcomes. Models that exist outside the organism but accurately mimic in vivo
physiology. Microfluidics (MF) is a fast-growing area of research that allows
experimentation with mimicry of natural conditions; so-called ex vivo experiments.
Fluid flow through micro-devices takes place at a sub-millilitre scale, with Reynolds
number much less than 100,3 where viscous as opposed to inertial forces dictate
flow. This results in laminar flow, with diffusion becoming the predominant form of
molecular interactions; as it is in cells and tissues. The dynamics of fluid at the
micro-scale has been exploited with a variety of biological applications, such as
protein crystallization, polymerase chain reactions (PCR), single cell analysis,
chemotaxis, and evolutionary biology.®> Manipulation of fluid at such small scales
offer a number of distinct advantages including low costs, low consumption of

reagents, shorter processing times,® and greater sensitivities for target molecules.

In comparison to two-dimensional cell cultures, microfluidic systems are a better
physiological mimic of the micro-environment, with regards to fluid forces and shear
stress on the cells. With respect to animal experiments, it has the potential to obviate
the need to breed animals for science, while also avoiding the pitfalls that will
inevitably arise from the physiological differences between animals and humans. Its
application to biological systems has taken off at an exponential rate and created a
completely new field of research, which in 2013 was valued at $1.59 billion.?” This

exciting field is creating a window into the nature of complex biological processes.
Types

MF devices can be categorised into two, depending on the type of flow through the
device — droplet-based microfluidics and continuous flow microfluidics. Droplet
based devices are an important branch of microfluidics that utilise the immiscible
properties of water and oil (or gas) to allow encapsulation of single molecules or
cells within aqueous microspheres of a controlled size. Cells or molecules can be
maintained at ambient conditions for months, with cells cultured within the droplets
viable for up to 7 days.® Each droplet contains on average, one molecule or cell and
depending on the device specification, can be coupled to a number of reactions,
including protein and genomic analysis such as PCR; in this case referred to as

droplet digital PCR. The key here, is in the ability to measure very low levels of
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proteins, cell surface markers and DNA/RNA with higher sensitivities than was

possible with traditional PCR or ELISA techniques (see Figure 1.4a).
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Figure 1.4: Different types of MF devices

a. On a 2.5 x 7.5 cm cartridge, DNA extracted from sputum samples is amplified in the
chambers on the lefi. TB-specific sequences are magnetically labelled in the microfluidic
mixing channels in the centre and detected by passage through the micro-NMR coil on the
right. Copied from Liong et al.** b. Continuous flow microfluidic device housed in an air
permeable PDMS membrane can maintain precision cut liver slices. Adapted from Van

Midwoud et al.*®
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While droplet-based microfluidics is becoming an important tool in analysing
proteins and genetic material, continuous flow-based microfluidic devices are
providing a new way to understand cell and tissue function. These devices involve
continuous flow of nutrients or reactants to a cell or tissue and have been
manufactured to assess all manners of cellular function, ranging from cell

migration,’' embryonic development,’? physiological processes like axonal growth”
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and angiogenesis,”* and disease modelling including, axonal injury,” renal stone
formation,®® and infection.”® Though there are a variety of continuous flow based
devices, with an array of complex channels and networks, the principles remain
simple - a continuous inflow of media or reactants connected via microchannel(s) to
a cell or tissue within a reservoir, which leads to an outlet for effluent collection (see
Figure 1.4b). The use of glass or PDMS in these devices, means they are easily
incorporated into standard microscopes and allow real-time visualisation of
processes.”’ % Unlike static cultures, microfluidics allows continuous nutrient supply
and waste removal, at a rate similar to human capillary flow,'® thus maintaining a
stable culture environment in keeping with the natural in vivo state. Culture of seeded
cells within bioengineered MF devices are able to simulate functional units of human
organs such as the lung®® and liver,” or a physiological barrier like the blood brain

barrier.!!

With increasingly sophisticated microfabrication techniques, integration of a
multitude of functions within one device, can streamline lab processes with a one

>100

stop ‘lab on a chip’'™ with pumps, valves, temperature control and detection systems

all within one point of care device.!9%103
Fabrication

The term chip stems from the original fabrication method of MF devices; a form of
photolithographic etching used to manufacture computer chips.®* This fabrication
technique allows precise design of surface features, shapes and sizes on a micro-
scale equivalent to living tissue/cells. Photolithography is the process of using light
to transfer geometric patterns from a photomask (plate with holes or transparencies
that permit light in a pre-defined pattern) to a light-sensitive photoresist. The exact
sequence of events may vary depending on the substrate but typically involves spin-

coating a thin film of photoresist onto a silicon or glass master. The master material
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is then overlaid with the photomask which shields regions of the photoresist during
exposure to high-intensity ultraviolet (UV) light. In the case of a
polydimethylsiloxane (PDMS) chip, the silicon master acts as a mould onto which
liquid pre-polymer PDMS is poured onto the photoresist pattern, cured and peeled
off. This can then be trimmed, punched and sealed. With glass, the photoresist
pattern is treated with a developer solution and the pattern is etched into the glass
(see Figure 1.5). Ultimately, the fabrication technique allows the creation of micro-
channels of sub-millilitre size within one layer of the device, while, corresponding
holes can be drilled for inlet/outlet channels, prior to the bonding together of the
layers. Fabrication of devices is usually inexpensive and amenable to mass
production and because of the wide array of microfluidic applications, there are a
multitude of different chip designs. This is not always an advantage, though, as the
assorted mix of devices means there isn’t always a cohesive approach to a specific
microfluidic question. For example, a PubMed database search in November 2017,
using the search terms “blood brain barrier model” AND “microfluidics” identified
12 different blood-brain barrier (BBB) microfluidic models, each unique in its own
way. | 0LIOAI3I4105-112 The  gyverwhelming array of different devices and the
boundless applications in existence means the field is not moving in a defined
direction. This could explain why the field is yet to breakthrough into the

mainstream.
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Figure 1.5: Photolithography and the fabrication of MF devices.
a. Chip fabrication using PDMS and glass substrates. b. Chip fabrication with

microchannels etched into the bottom glass layer.
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1.2.2 Application

Though MF devices are capable of a multitude of applications, the use of these
devices as an alternative to in vitro and in vivo experiments, particularly for drug
testing and disease modelling, aligns best with addressing a problem as complex as
GBM. Microfluidic studies have involved all stages of ontological development;
from embryos, to tissue and organ models that provide insightful and previously
inaccessible information. It is beyond the scope of this thesis to provide a complete
overview of all ranges of microfluidic applications so the papers highlighted here are
done to emphasise the level of quantitative detail that can be achieved with MF
applications, as well as to underscore a number of interesting devices that are

astutely fit to purpose.

1.2.2.1 Embryos and Cells

Due to the sub-millimetre scales involved, microfluidics allows the creation of
culture systems on a measure that suits the characteristic diameter of single cells and
embryos. Within the field of assisted reproduction micro-channels have been used
for sperm selection, removal of the zona pellucida, fertilization, maturation and
culture'’. Traditionally, gametes and embryos have been cultured in inert plastic
vessels ranging from test tubes to various configurations of petri dishes®? but there is
a trend towards platforms that utilize smaller volumes of media with a confined
surface area; offering an efficiency in concentrating chemicals involved in
autocrine/paracrine signalling. Faster rates of cell cleavage and production of more
blastocysts have been noted with microfluidic structures when compared to ‘control
embryos’ cultured in traditional culture dishes.!'® Devices have been created to
monitor detailed energy consumption, including the oxygen and glucose
consumption of embryos.!''> With respect to drug testing, Yang et al.''” created a
chip that allowed evaluation of the toxicity and teratogenicity of drugs on zebra fish
embryos using an integrated microfluidic device. The chip had a top glass layer,
etched with a “Christmas tree” gradient generator (Figure 1.6) and seven embryonic
inlet arrays; this was bonded to a middle plate containing an array of independent
embryonic culturing chambers to correspond with the embryonic inlets of the top

layer. The completed device exposed confined embryos to well-defined drug
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concentrations, allowing simultaneous testing of different drug doses in parallel to

culture and real-time monitoring of the cytotoxic effects of the drugs on the embryos.
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Figure 1.6: ‘Christmas tree’ gradient generator integrated into the MF device.

A three-layer microfluidic chip with a top plate with a concentration gradient generator and
embryonic inlet array, a middle plate with a set of independent array chambers (1-7) for
embryo culturing, and a bottom layer. When assembled contains two inlets for different

solutions (medium and medium + drug) allowing different drug gradients to be exposed to

embryos within the culture chambers. Adapted from Yang et al.""’

Developments in research studying cellular mechanics is a good example of how
technical limitations of traditional culture techniques can be overcome with
microfluidic principles. In neurone and axonal development, for example, traditional
techniques usually expose neuronal cell bodies and complex system of axons to a
single culture medium bath. As such, chemical treatments are effective on both the
soma and axons simultaneously, making it impossible to distinguish the impact on
each cell component.!'"® Also without restricting the axons to a confined
compartment, neuronal processes extend in random directions and form extensive
tangles between axons and dendrites, making quantitative analyses of growth very
difficult. Park et al. created a microchip made of three PDMS components that when
assembled allowed confinement of axons to a central soma compartment while
allowing axons to grow into a radial arrangement of six surrounding axon
microchannels.”® The chip was used to study how neurons from embryonic rats
responded to different extracellular matrix (ECM), with a particular focus on axonal

growth. Visualising axons with the aid of Calcein-Am (a fluorescent dye), the effects

29



on axonal growth under microscopy of four different ECM was studied. The benefit
of this device was the specificity it allowed in identifying the effects the ECMs had
on distinct parts of the cell with differential growth depending on whether the ECM
was exposed to the cell body or the axon compartment. When the ECMs were
exposed to the axonal compartment, all four factors promoted axonal growth by
allowing 35-50% greater length, with a particular ECM, Matrigel, as most effective
and Collagen, the least effective. Local exposure of ECMs to the cell bodies, on the
other hand, revealed different results with Matrigel, Laminin and Collagen
treatments promoting the most axonal growth. Kim et al. used similar principles for
high throughput drug screening of axons with a device containing 24 axon
compartments.!'® Other devices have been used to study axonal regeneration after
injury'' and even the process of myelination within axons (with co-culture of

neurones and oligodendrocytes).!?°

MF devices have also been able to mimic and manipulate the cellular
microenvironment to enhance our comprehension of the workings behind cell
movement and migration. With a similar device to the ‘Christmas tree’ gradient
generator used by Yang, Jeon et al created a chip to study neutrophil migration.'?!
Their gradient generator incorporated a branched network of microchannels (50 pum
wide) downstream of chemoattractant inlets. With laminar flow, the multiple streams
of solution created stable gradients of interlukin-8 (IL-8) and their effects on
neutrophil chemotaxis was studied. Smooth linear gradients, as well as complex
gradients with sharp ‘cliff edge’ drops in concentration, were developed and the
group proved the existence of a previously unidentified sensing mechanism that
allows neutrophils to detect a precipitous drop in a chemoattractant despite an
inability to react quickly to a gradual decline. Such detailed insight into cellular
responses is made possible by the stable concentration gradients that can be created
with the scaling down of flow rates. Migratory behaviour is also critical in our
understanding of how cancer cells invade adjacent tissues and metastasise through
the blood, and increasingly more accurate models are being developed with the aid of
microfluidics. Behaviour in breast cancer cells co-cultured in a microfluidic device
was tested with the use of a chip composed of two culture chambers, interconnected
via microchannel arrays.'?? The device allowed different models of mild, moderate

and severe cancer to be investigated and the effects on cancer migration, as well the
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inhibitory effects of chemotherapy agents were able to be tested. Similar work has

123 124

been carried out in lung,' = colon'=* and brain cancer (see Section 1.2.5). The role of
proteins secreted from endothelial cells as well as the importance of the endothelium
in promoting cancerous migration can also be studied in real time using
microfluidics.'? It is fair to say that as the technology to accurately mimic
components of the cellular microenvironment improve, along with the ease of
incorporating the microscope to microfluidic devices, we will gain greater insights
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into how cell polarity,'=° migration, and the metastatic behaviour of cells affect us in

health and disease.

1.2.2.2 Tissue Chips

Beyond understanding detailed cellular machinations, microfluidic devices are also
able to create complex physiological systems. These systems position cells into
three-dimensional structures to imitate functional organs. These ‘tissue chips’ are
able to react in a physiological manner, as well as respond to drugs, cell signalling

molecules and biomechanical stressors.!?’

The ease and precision of device
manufacturing and the complementary developments in bioengineering mean that the
boundaries of possibility are constantly being tested. One of the most frequently
cited publications within the microfluidic literature is that by Huh et al. where a
‘lung’ was reconstituted on a chip.’® Huh and colleagues cultured human alveolar
epithelial cells and microvascular endothelial cells on opposite sides of a thin (10
mm), ECM coated PDMS membrane. Once the cells were confluent, air was
introduced into the epithelial compartment to create an air-liquid interface and more
precisely mimic the lining of the alveolar air space. Stretching of the PDMS
membrane was pressure-driven, accomplished by the incorporation of lateral
chambers, in which a vacuum was applied, producing elastic deformation of the wall
separating the cell-cultured micro-channels from the side chambers (see Figure 1.7).
When the vacuum was released, elastic recoil of PDMS caused the membrane and
adherent cells to relax to their original size. The cyclical respiratory pattern of
physiological breathing was maintained by integrating the device with a computer-
controlled vacuum to produce rhythmic stretching of the tissue-tissue interface. With
an accurate model of the alveolar-capillary interface, the group used the device to

explore the rate of absorption of nebulised nanoparticles into the lung ‘vasculature’
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as well as the effects of living Escherichia coli bacteria on activating the endothelium
to promote migration of human neutrophils through the vascular microchannel. The
biomimetic system was able to reconstitute multiple physiological functions and is in
part responsible for the exponential growth in microfluidic systems aimed at organ
mimicry. Grosberg et al. were able to assess the effects of epinephrine on measured
contractility of cultured rat myocytes, within a ‘heart on chip’ device.'?® Wei et al.%¢
created a MF model of renal tubules and recapitulated the physiological process of

calcium phosphate crystal genesis to gain a better understanding of how pathological
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kidney stones are created in vivo. Other organs including the liver,'= spleen’”” and
bioengineered arteries'3!!32 have been modelled with microfluidic devices. The
possibilities available with such devices rises exponentially when different groups
collaborate with the concept of a Body-on-a-chip (BOC),!3* allowing complex
interactions between different ‘organ’ modules. Though still in its infancy, there are
currently models already described that combine 3-4 different organic
functions.'3*!3> Such models have the hypothetical potential to allow intricate and
accurate in vitro studies, which can completely eliminate the need for animal testing
or patient derived xenografts and provide a time and cost effective approach to drug

testing.
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Figure 1.7: Microphysiological systems.

a. Schematic of part of the PDMS chip devised by Huh et al. in which epithelium and
endothelium were co-cultured on either side of an ECM coated membrane. Physiological
breathing was recreated by applying vacuum to the side chambers causing stretching of the
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membrane. Adapted from Huh et al.”® b. Representation of the BBB chip from Griep et al.

Left sided image shows the chip components including (1) Top layer, (2) Transwell

membrane, (3) bottom layer, (4) Platinum electrodes. Right sided image shows the

assembled chip. Adapted from Griep et al.'"'

One of the major hurdles in treating CNS diseases, including GBM, is the BBB, an
ultra-selective membrane composed of tight junctions between CNS endothelial cells
that blocks access of nearly all polar or large compounds to the nervous system.
Regardless of drug efficacy, countless chemotherapeutic agents and antibiotics are

deemed ineffective in treating CNS conditions as they are excluded by this barrier.
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An accurate BBB model is a welcomed development in the field of neuroscience as it
allows the testing of drugs for CNS penetration and suitability. Griep et al.'"!
cultured immortalised human brain endothelial cells (WCMEC/D3) for up to seven
days in a BBB chip composed of two PDMS membrane separated by a 10 pm thin
transwell polycarbonate membrane (pore size of 0.4 um). Each membrane layer had
a microchannel which was 1 cm in length, 500 pm in width, and a depth of 100 um.
The channel of the top layer was rotated 90° to the bottom layer so that both channels
crossed each other, and the channels permitted flow through the device (See Figure
1.7). Crucial to proper endothelial cell function is shear stress and applied MF
principles meant that the experimenters could manipulate flow rates of media
through the microchannels that created physiologically relevant shear stress values
and optimise the integrity of the model. Tightness of the membrane was measured by
assessing the trans-endothelial electrical resistance via platinum electrodes
incorporated into the device. The clear PDMS chip was visualised via confocal
microscopy and the validity of the BBB monolayer was confirmed by the presence of
stained Zona Occludens-1, a key transmembrane protein, within cell tight junctions.
Yeon et al. used a combination of astrocytes and endothelial cells trapped in micro-
holes connecting two fluid chambers for their BBB model. Another PDMS device,
their BBB model was verified by microscopic confirmation of a consistent cell
membrane layer with expression of Zona Occludens-1, as well as permeability assays
of a number of drugs, with a good correlation with in vivo data.''> Other models
exist, 13114136 most revealing similar insights and allowing detailed conclusions that
can be applied and incorporated into CNS drug development. The gains are beyond
just within neuroscience and some chips are now able to couple multiple
physiological systems, including liver, kidney and blood-brain barrier models to
better understand inter-organ interactions on drug metabolism.'?”-!37 As such, these
‘tissue chips’ are gaining increasing popularity as the microfluidic community comes
to terms with what is possible. The technology is behind the company Emulate Inc.,
a privately held company that has employed microfluidic and engineering principles
in the “development of a wide range of chips and disease models through

collaborations with industry partners and internal R&D programs.”!38

These impressive developments in tissue engineering are invaluable tools in

emulating organs and systems and may be key in ushering a new era of personal
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health medicine. But their necessity only results from the absence of a better model.
Such innovations will not be required if we could preserve tissues outside the body.
If the aim is to mimic an organ, no model can be as accurate as the organ itself,
preserved ex vivo. What better model of the liver could there be, than an actual liver
maintained and studied outside the body? If not the whole organ, perhaps even
functional tissue sections of a liver. Attempts at preserving human organs or tissues
in a working physiological state date back as early as 1903, when the then director of
research of the Royal College of Surgeons devised a reliable pump to perfuse
aeriated blood to excised animal organs.'?’ Fell in 1940 performed successful in vitro
cultures of embryonic organs and immature neonatal tissues'*’ and later in 1959,
Trowell published his extensive research on ‘the culture of mature organs in a
synthetic medium’ where he devised a static culture system housed in an aluminium
gas chamber. Within this device, he was able to culture up to twenty, 2 mm tissue or
organ sections, using histological stains to confirm viability of up to 6 days. The
experiments were repeated on a variety of animal organs, including renal, glandular,
lung and central nervous system tissue.'*! In 1966 Réller et al. published their
experience of culturing 91 human tumour specimens, using a modification of
Trowell’s technique, which were maintained for 4, 7 and 11 days. Scoring the tissue
sections on the morphological appearance of H&E sections, viability of the tissue
was estimated at 43%, based on the tissue retaining histological characteristics of
normal living tissues.'*? Leading on from Trowell’s techniques, several groups
cultured tissues and human tumours with varied success rates,'*"14° but there is still
a paucity of examples within the literature, suggesting that the practise is yet to be
adopted by the mainstream. This may be due to the short culture times and poor
viability of current methods when compared to cell and 3D-cultures. The
introduction of microfluidic principles to tissue culture, however, is instigating a new
wave of exciting developments that is raising the profile of the method as a scientific
model for understanding human biology and disease mimicry. Interestingly and
rather relevant to GBM, the story of tissue culture, or more specifically in these
cases, tissue maintenance, has a significant facet involving the central nervous

system and brain tissue slice.
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1.2.3 Brain Slice on a Chip

The human brain represents 2% of total body weight, yet receives 15% of the cardiac
output and 20% of total body oxygen.!*® The high blood and oxygen requirement
means that brain tissue cannot maintain proper function without adequate

151 The well evolved nature of the

oxygenation for even a few minutes.
cerebrovascular system, means that it is perfectly adapted at providing nutrients and
oxygen to every part of the brain in a highly regulated manner to match the high
metabolic demand of CNS neurones. Sequestering and maintaining tissue outside
this complex environment, requires an accurate reproduction of the in vivo system
for nutrient and oxygen delivery. This remains one of the main obstacles to

overcome when maintaining acute brain tissue ex vivo.

A more defined approach to the problem of brain tissue maintenance was provided
by Huang et al., who suggest that there are 3 key issues that a successful brain slice
culture paradigm must overcome: (1) efficient delivery of oxygen and nutrients with
the successful removal of waste; (2) finite control over (neuro)chemical
environments;  (3) access to modern microscopic and electrophysiological
techniques.'3! Applying microfluidic technology to tissue slices allows for inventive
ways to address these essential concerns, in particular, that of slice oxygenation and

viability.

1.2.3.1 Interface Chamber

The earliest experiments focused on maintaining active tissue sections were on
rat/mice brains, motivated by a desire to minimise disruption of intact neural
networks while studying the tissues of the brain. These experiments attempted to
achieve adequate viability and function by exposing a tissue slice to both media (for
nutrient supply) and air (for oxygenation); a so-called interface chamber (Figure
1.8). The Haas interface chamber, leads on from the works of Fell and Trowell and
was first described in 1979 to provide a stable platform for intracellular recordings
and rapid exchange of perfusion fluids.!>? It consisted of tissue sections mounted
onto a nylon mesh atop a rectangular water bath, which was filled with ‘fluid’ via

polyethylene tubing connected to a three way tap. The perfusion of the tissue was
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passive, via capillary action along the nylon mesh and the group could maintain brain
tissues for up to 12 h. Reynaud et al. developed an interface chamber with similar
principles but with more complex machinery incorporating peristaltic pumps, bubble

153 Decades

traps and thermistor probes to maintain 400 um thick rat brain slices.
later, the interface technique was refined using a flat microfluidic chamber with an
open channel flow of the perfusate.'>* Rather than a nylon mesh, Passeraub and his
colleagues used an array of micro-pillars that upheld the brain slice and maximised
surface contact between the tissue and the artificial CSF (aCSF) perfusate. As with
all interface models, only the inferior surface of the brain slice was in contact with
the aCSF, with the superior aspect aeriated with Carbogen (95% Oxygen/5% Carbon

Dioxide). Using this set up, the researchers confirmed viability of brain slices over 5

h as the tissue slices produced spontaneous epileptiform activity.
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Figure 1.8: Brain Slice and Microfluidic Designs.
a. Interface flow chamber with tissue slice laid on posts and in contact with media (bottom)
and air (top). b. Submerged MF type set-up with a closed system without any direct exposure

to air oxygenation and whole tissue submerged in media.

1.2.3.2 Submerged Chamber

In 1980, only 18 months after Haas first introduced the interface chamber, Nicoll and
Alger developed a competing approach to maintaining tissue slices.'>> Their device
consisted of two interconnected wells, with the tissue slice completely submerged
within the perfusate, firmly placed within a receiving well and enclosed within two
nylon membranes. The so-called ‘submerged chamber’ developed almost in parallel
to interface techniques and would address some of the short comings of Haas’
chamber; particularly, as these devices were able to promote active interstitial flow -

where fluid flow is forced through the tissue, as opposed to the arrangement in
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interface models where a tissue slice wicks medium from the channel below, solely
by capillarity.!>® As a result, these new chambers could address the problem of
central necrosis, where nutrients failed to diffuse into the depth of thick tissue slices.
However, as the brain slice is completely immersed within the media, alternative
approaches to improve tissue oxygenation were also required. Hajos and Mody found
that improved oxygenation of submerged brain slices could be achieved by reducing
the total volume of the perfusion chamber, while increasing the flow rate of the
media solution to improve tissue perfusion.!>” As high flow rates can cause increased
sheer stress and hence damage the tissue, other methods including using hyper-
oxygenated solutions or reducing the oxygen demand of the tissue by lowering the
temperature of the preparation were also necesssary.'>! Another approach to improve
tissue oxygenation is to minimise the thickness of the slice, thereby reducing the
depth of nutrient diffusion, hence most acute brain slices are less than 500pum
thick.">! Despite these modifications, oxygenation can be suboptimal with
submerged devices and a lot of researchers incorporate PDMS or other gas

permeable materials in their device.!3!-138-162

Examples of submerged devices, heavily focused on optimising interstitial flow
include a device which used inlet channels within micro-needles to penetrate the
brain slice.!*® The microneedles perfused tissue slices at a flow rate of 40 ul per hour
and were able to ensure nutrients were infused directly into the tissue; much the same
as how capillaries, delivering oxygenated blood, are embedded within the tissue (see
Figure 1.9a). Unfortunately, viability in this model was not impressive, lasting only
4 h. Another submerged chamber utilised a three-layer PDMS device constructed
with perfusion layers above and below a tissue chamber. The brain slice was held in
place by microposts, arranged in a diagonally-alternating pattern to optimise the flow
of nutrients and oxygenation on either side of the tissue. There were 3 inlet channels
leading to the tissue chamber and the flow within the channels could be varied
independently to maintain a focused laminar flow down the centreline area of the
brain slice, in either the bottom or the top of the slice (See Figure 1.9b).'®* The
experimenters displayed the strength of the device by focusing a stream of Na*-free
solution onto one half of a medullary slice to abolish spontaneous neural activity in
that half of the brain slice, while the other half remained active. Overall viability was

not tested beyond 3 h, but the group could confirm spontaneously produced motor
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output during that time period.
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Figure 1.9: Examples of submerged devices and different methods of improving
oxygenation and tissue perfusion supply.

a. Schematic of flow through MF device as set up in Choi et al.">® with microneedles
piercing and perfusing media through the tissue (green) b. Schematic of flow through MF

device as set up in Blake et al.'®

where the tissue is supported above and below by
microposts and media flow is pushed through channels above and below the tissue. c.
Schematic of flow through MF device as set up in Rambani et al."> This system promoted
flow through the tissue by forcing flow from below the tissue and placing microchannels
around the infusion chamber that facilitated the lateral outflow of culture media into the

withdrawal chamber and thus promoted interstitial flow.
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Able to resolve the challenges of tissue oxygenation within a submerged device,
Rambani et al, created a device that was sealed with a gas permeable membrane.'*®
Their microfluidic device had a unique micro-perfusion chamber that promoted flow
through the entire brain slice. The micro-perfusion chamber consisted of an inner
infusion (culture) chamber, an outer withdrawal chamber; and respective inlet and
outlet ports. A gold electron microscopy grid was used as the substrate to seat the
tissue, which was sealed to the chamber via an adhesive layer of laminin. The
nutrient medium was delivered into the infusion chamber via the inlet port that
projected upwards into the gold plate housing the tissue. The infusion chamber was
in direct fluidic communication with the withdrawal chamber by way of 150 pum
wide microchannels that facilitated the lateral outflow of culture media into the
withdrawal chamber. A gas permeable and water impermeable membrane composed
of fluorinated ethylene-propylene (FEP) was stretched and securely fitted over the
perfusion chamber to ensure gas exchange. Using this method, a convection-
enhanced delivery (see Figure 1.9c¢) of nutrient and oxygen with forced interstitial
perfusion was established with flow characterised by the radial spreading of the
media solution. Slice viability was 84.6% at 5 days using Propidium Iodide (PI) for
staining dead cells. More recently, a similar device has incorporated perforated
microelectrode arrays for easier electrophysiological monitoring while maintaining

the brain tissue.!?°

By improving the viability of brain tissue slices, the ultimate goal of studying long
term processes can be achieved with these cultures. The complex processes involved
in tissue hypoxia were studied in real time with a recreated microfluidic model that
allowed finite control of the tissue microenvironment. With several independent
microchannels located at different regions of the tissue slice, spatial and temporal
variability in oxygen concentrations were manipulated to simulate a stroke.'** As
well as manipulating the oxygen concentration, devices have been created that allow
finite control of the chemical environment with localised chemical stimulation of a
tissue slice available within a device, where perfusion inlet and outlet sites replace
microposts on which the brain slice sits atop.'®! Innovations such as in the case of
Tang et al. incorporate fluid ports amongst the micro-posts that could introduce or
siphon off media contents, to ensure tight control of the tissue slice

microenvironment (see Figure 1.10). Brain sections inserted into the device and
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perfused with an artificial cerebrospinal fluid medium could be exposed to localised
injections of potassium chloride through the ports to induce a spreading
depolarisation within a specific focus of cells. Similar chemical delivery methods

have been used to measure the effects of focal concentrations of cocaine on
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Dopamine release within the tissue slices.
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Figure 1.10: Microfluidic Perfusion Chamber

a. Schematics of the perfusion chamber devised by Tang et al., incorporating an integrated
fluid injection/suction ports for the localised chemical stimulation of the brain tissue slice.
Tissue is placed on top of the perfusion chamber, so that most of the stimulation occurs on
inferior portion of tissue b. Top view and c. cut view of the fluid port which contains one
injection port surrounded by suction ports. The tissue is represented by the pink disc.

Adapted from Tang et al.'®!
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1.2.3.3 Organotypic Slices

The term organotypic slice is used interchangeably with acute tissue slice, likely
because of the subtle differences between the two. To a purist, organotypic slice
refers to the culture of a layer of perinatal tissue attached to a semipermeable

141 glass coverslip (within roller-tube cultures)!®® or in the case of the

membrane,
earliest work, within the anterior chamber of a rodent’s eye.!¢” The tissue is usually
from an animal that is postnatal day 0-12, and though there is evidence of culture

slices from adult animals, the older the animal, the less the tissue survives.'®

During
culture, the slice morphology and cytoarchitecture alters as the tissue mantle spreads
out into a thin layer of 1 to 4 cells.!3"!%® The thinning and re-organisation of the
tissue layer allows culture of the tissue for weeks or even months and is the reason
behind the term ‘organotypic’, since the cultures are altered from the tissue of origin
and as such different to the acute culture techniques mentioned earlier. Organotypic
cultures date back to the 1950s with varied procedures involved in the long-term
study of tissue cultures and electrophysiological parameters. Recently scientists are

adapting organotypic culture chambers with microfluidic add-ons with interesting

effects.

Concomitant culture of organotypic tissues provide great insights into the
development of axons. Berdichevsky et al. performed the co-culture of organotypic
(hippocampal) tissue slices interconnected by microchannels.'® Each compartment
had a separate fluid inlet and outlet site and the compartments were completely
isolated from the other except for series of interconnected microchannels. Slices of
rat hippocampus cortex were maintained in the compartmentalised devices for up to
4 weeks and the axonal outgrowths developed within 3 days of co-culture as viewed
under microscopy. The process of synapse formation was evidenced by the
synchronization of electrical activity within both cultures. Synchronisation only
occurred after 16 days in vitro, proof that it occurred as a result of new connections
as well as highlighting the importance of long-term culture techniques to study long
term processes. Dolle et al were also able to culture interconnected organotypic
slices on a MF device while focusing on the effects of axonal injury by mechanically
inducing strain to the axons. Using a pneumatic cavity within a PDMS MF device,

they were able to increase the pressure within the cavity, stretching and injuring the
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interconnected axons overlying the pressure chamber, creating a platform for
studying the chronic effects on nervous tissue.'”® Similar to submerged chambers
described above, devices have also been manufactured to allow finite control of the
microenvironment of organotypic slices with multiple inlet channels under the

171

semipermeable membrane for long term culture,'”* and recently a microfluidic set up

incorporated a perfused drop organotypic slice with a PDMS microfluidic channel

for the development of high throughput drug screening of tissue cultures.!”?

Though mainly focused on animal brain tissues, the literature on the use of
microfluidic technology shows how a tissue culture paradigm has developed that
allows culture of thick tissue slices for hours to days, with good viability. The
ingenuity encouraged by microfluidic methods has allowed inventive ways to
overcome the challenges of tissue oxygenation in vitro and the finite control of the
microenvironment. Devices have been able to utilise whole tissue cultures to provide

insights into the complex nature of neurobiology, !52:162:173.165,166 giroke 164176
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trauma,” neurodegeneration'”” and the realisation of high throughput drug screening

models to replace conventional methods is near.'”?

1.2.4 Non-CNS Tissues on Chip

Translating the principles of tissue maintenance using microfluidic devices to non-
CNS tissue, has allowed various research groups to mimic normal tissue function in a
variety of organs. Van Midwoud et al. were the first to maintain non-CNS tissues en
bloc within a microfluidic device consisting of two separate inlet and outlet stacks of
integrated PDMS membranes bond together with a polycarbonate clamp.”® In this
system, rat Precision Cut Liver Slices (PCLS ) remained viable for up to 24 h, as
evidenced by Lactate Dehydrogenase (LDH) assay and the stable activity of the
metabolite 7-ethoxycoumarin (a cytochrome p450 mediated metabolite). In vivo,
liver function is rarely in isolation of other tissues and the true power of MF devices
is in allowing a better understanding of the interplay between two different organs,
which the group were able to explore through sequential perfusion of micro-
chambers containing different organ specific tissue slices. In particular, the influence
of the intestine on the production of bile acids in the liver was studied when the

outlet of a micro-chamber containing rat intestinal slice was coupled to the inlet of a
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micro-chamber containing a rat liver slice.'”® When exposed to medium containing
the bile acid, chenodeoxycholic acid (CDCA), the intestine produces fibroblast
growth factor 15 (FGF15), a protein that deregulates the enzyme, cytochrome P450
7A1 (CYP7AT1), responsible for bile acid synthesis in the liver. This downregulation
was reproduced in vitro using an integrated microfluidic platform; with the
expression of CYP7A1 unchanged when rat intestinal slice was perfused in front of a
liver slice in the absence of CDCA (control) but decreased by 60 % with the
introducing of 50 mM CDCA into a system with an intestinal slice. This was
explained by the excretion of the FGF15 protein by the intestine, which was also

measured to have as increased.

Webster et al. publish their experience of whole tissue culture of non-CNS tissue
biopsies in a microfluidic device the same year as Van Midwoud’s liver experiments.
They developed a device made from two layers of glass that enclosed 50 pum deep
micro-channels and a central 3 mm tissue cavity, when bonded together. The device
had 1.25 mm diameter holes to accommodate 3 inflows and 1 outlet tubing. Once
connected to a peristaltic pump delivering gas saturated media, the group were able
to maintain colorectal and neoplastic tissue of 2 mm? for 3 days and asses the
response of the tissues to degrees of hypoxia; measured by the release of vascular
endothelial growth factor into the media. Hattersley et al.'”® adapted the same device
to maintain head and neck squamous cell carcinomas (HNSCC) and progressed the
method further by assessing the response of the tissue to chemotherapeutic agents
over a 7-day period. As well as measuring the LDH release from the effluent, they
analysed Water Soluble Tetrazolium (WST-1) as a marker of metabolic activity.
Evidence of viability was confirmed by low LDH levels and high WST-1
concentrations. Using two chemotherapy drugs — Cisplatin (CDDP), 5- Fluorouracil
(5-FU) and a combination of the two, the researchers could compare the effects of
these drugs on viability assays. Significantly raised LDH release was noted in the
chemotherapy cohorts (highest with the combination of 5-FU and CDDP) compared
to control samples. Cell viability assays with Trypan Blue staining of disassociated
cells confirmed the results with the highest percentage of viable cells seen in the
untreated samples, and the lowest in the samples treated with dual chemotherapy
agents. Building on from this, Carr et al.'®® used the same device to examine the

effects of radiotherapy regimens on the tissue within the microfluidic devices.
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Irradiation was performed using a 6 MV photon beam from a Varian Linear
Accelerator, with the microfluidic device housed inside a Perspex phantom and there
was a significant release of LDH from tissue that was exposed to 20 Gy of
radiotherapy at 24 h (compared to the control). Immunohistochemical staining of the
caspase-cleaved cytokeratin with M30 revealed a significant increase in the apoptotic
index in samples that had been exposed to 2 Gy and 10 Gy of radiotherapy compared
to radiation naive samples. There was also an increment in the apoptotic index
between the two radiation groups with a higher apoptotic index in the group exposed

to a higher dose of radiotherapy.

These proof of concept studies paved the way for a number of follow-up experiments
that confirm that human and animal tissues can be maintained en bloc within
microfluidic devices as viable models for disease and drug testing. Since the earlier
works mentioned above, Astolfi et al.'®' has used a very different microfluidic
device, that catered for smaller tissue sections, with the rationale that sub millilitre
tissue dimensions help to maintain viability by reducing hypoxia in the centre of the
specimen. Tissues of 300 pum thickness, including human ovarian and prostate
cancers, were maintained within microfluidic wells for a period of 8 days, with high
cellular viability, between 50 and 85 %. Exposure of the micro-dissected tissues to
Carboplatin at concentrations of 350 uM for 3 days significantly reduced cell
viability compared to untreated controls. Cheah et al. maintained viable heart tissue
samples from rats and humans for 5 and 3.5 h respectively,'3? Dawson et al. were
able to maintain full thickness bowel tissues of 5 mm diameter within a dual flow

device, with tissue viability maintained for up to 72 h'¥* and Zambon et al. who were

able to maintain adipose tissues for the high throughput screening of insulin

sensitivity.!84

1.2.5 Glioma on Chip

Though there have been a number of experiments in which glioma cells and material
have been the substrate of microfluidic experimentation, there is yet to be a study
that focused on the use of a microfluidic device to maintain primary GBM tissue.

The closest description is with the maintenance of patient derived (GBMS cell lines)
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xenograft tissue slices within a microfluidic device.'®> A bottomless 96-well plate
was modified so that the central 4 x 4 well area was sacrificed to fit a square
microfluidic chip in the centre, ensuring the device only accepted 80 inputs. This top
layer of the bottomless ‘80 well plate’ was affixed to a PDMS layer with ‘through
holes’ that corresponded to the bottomless wells, a microchannel network layer that
connected the through hole to the central layer which contained a microfluidic chip
with 80 parallel open channels. Xenografts were prepared by injecting GBMS cells
(200,000 viable cells) into immunodeficient mice and then biopsied, which were
interrogated on chip. The device allowed for selective fluid delivery to the tissue
slice at several predefined locations of TMZ; and confirmed the disappearance of
green florescent protein (GFP) labelled glioma cells at the sites of TMZ delivery
after 48hours.

Though this is the only example of glioma ‘tissue’ being maintained in a
microfluidic device, there are a number of experiments in which microfluidic
principles have been applied to the understanding of GBM. A number of
microfluidic devices have been used to sort different glioma cells, such as a spiral
device that used inertial forces created within a spiral chip for size dependent sorting
of glioma cells.'8¢ Microfluidic diffusive mixers have also been used to manipulate
the gradients of U887 glial cells to study the effects of spatial and temporal
heterogeneity on tumour development on chip'®” and mimic hallmark
histopathological pseudopalisades.!®® The migratory behaviour of glioma cells have
been studied by a number of groups using microfluidic devices’”!'8-1°!; Huang et
al.’” looked at migration of brain tumour stem cells seeded into PDMS micro-
channels coated with ECM (Figure 1.11a) to study the migratory behaviour of brain
tumour stem cells (BTSC). They showed that the BTSC had the ability to migrate
from a seeding chamber to a parallel receiving chamber through micro-channels and
that migration was aided by the formation of cell polarisation and protrusions.
Subsequently, the cells were enzymatically detached from the microfluidic device
and then isolated into two populations of BTSC; migratory and non-migratory
subsets. The rationale being able to analyse the genetic phenotypes that promoted a
migratory signature, with potential for gene targeting. Able et al. also connected inlet
and outlet reservoirs with microchannels to study the effects of different growth

190

factors on mouse glial progenitor cells'™ while Wan ef al experimented on the

46



effects EGFR blockage has on glioma cell migration using real time microscopy.'®!
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Figure 1.11: Microfluidics and Glioma 1

a. PDMS device with microchannels connecting receiving and seeding chamber to allow
monitoring of glioma cell migration. Cells are placed into the reservoirs and migration
across the reservoirs is observed (adapted from Huang et al’’) b. Configuration of MF
device with four parallel culture chambers used for drug screening (adapted from Liu et

al.l92)

A number of microfluidic devices have been created to test the effects of drugs on
glial cells. Liu et al. '°? used a microfluidic device that contained four parallel cell
culture chambers as well as separate inlet and outlet channels (Figure 1.11b) that
allowed unrestricted flow within the channels, while in turn maintaining rat glioma
cells and exposing them to varied concentrations of Colchicine. Results, with phase
contrast and fluorescent images, showed Colchicine concentration correlated with
cell death. The same group have utilised 3D spheroids to mimic the tri-
dimensionality and cellular density of GBM tissues.'”? Creating an innovative MF
device for cell trapping; by using a gas activated pneumatic microstructure, they
were able to turn 2D posts into 3 dimensional posts and as such, could seed U251
human glioma cells into their MF device, trap the cells long enough to confirm
‘tumour’ formation and then release the cells for collection/analysis. Tumour
viability was confirmed with fluorescent staining of actin filaments, as well as a

steady increase in the diameter of the spheroids. The effects of treatment with
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Vincristine and Bleomycin was revealed as a dose dependent increment in the

number of dead cells as portrayed by PI staining.

Pang et al created an integrated device composed of fluidic channels with pores
within filter units for the capture of single cells (see Figure 1.12a). The filter units
decreased in width by 2 um to capture different sized cells, and the device allowed
single cell capture and subsequent infusion with drugs (Vincristine); and as such was
utilised to assess the correlation between size of tumour cells and resistance to
Vincristine — induced (larger) cells showed greater resistance.'”* Other high
throughput microfluidic screening models have been used to study the effects of
experimental drugs, including the EGFR inhibitor Erlotinib,'*>!%¢ Irinotecan'®’ and

even the interaction of GBM cells with nanoparticles.!*®
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Figure 1.12: Microfluidics and Glioma 2

a. Magnified schematic to represent single cell sorting — cell sorting is achieved by a cell
infusion in the direction highlighted by the blue arrow; large and less deformable cells are
trapped by the larger filter units, smaller cells are captured in the slightly smaller filters
which are 2 mm narrower. Once cell capture is achieved, big valves are closed and reagents
including drugs are introduced in perpendicular direction (red arrow). (adapted from Pang
et al.). b. Integrated device that incorporates exosome enrichment, RNA capture and PCR

for tumour prognostication (adapted from Shao et al."”)
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Integrated microfluidic devices have also been shown to be useful in the study of
GBM cells. Wei et al. were able to capture glioma cells and use their device which
contained a bar code array for cell profiling and asses the effects of different partial
pressures of oxygen on glioma cell regulation.?”® Shao et al were able to integrate all
the features for quick PCR analysis of patient’s MGMT status using tumour
exosomes from the patient’s blood on a ‘lab on a chip’ (see Figure 1.12b),"° and a
similar device was used to effectively screen patient tumour samples for their IDH1

status.20!

Table 1.2 summarises the studies in which microfluidic devices were used to study
Glioblastoma. The literature is extensive and includes well thought out GBM models
on chip, some of which have been validated as promising replicas of GBM in vivo,
allowing the observation of pathophysiological processes and quite a few devices
focused on drug screening models. Yet, these models still pose a risk of being
imprecise because they are based on immortal cell lines and spheroids that lack the
normal matrix protein content, mechanical and microstructural properties, and

growth factors that exist within the tumour in vivo.'¥

Drug screening using these
models will also provide conclusive errors as the cell lines used behave very
differently from the primary tumour; for example, just under 100% of rapidly
replicating glioma cell lines are within active phases of the cell cycle at any given
time, yet the proliferation index of most GBMs in situ is usually less than 20%.2%?
Most chemotherapeutic drugs preferentially target highly mitotic cancer cells as
opposed to normal tissue with lower proliferation indices. Basing treatment response
in vivo on immortal cell lines can overestimate response to treatment and lead to

inefficiencies in the development of drugs. The high mortality and morbidity

associated with GBM demand that other viable options are explored.
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Kuntaegowdanahalli ez al. Created a device under the principle that under inertial forces, neutrally buoyant particles flowing in a microchannel migrate to a single equilibrium position near the inner (central) microchannel wall. The
(2009)'% spiral lab-on-a-chip was used for size-dependent sorting of particles at distinct equilibrium positions. The device exhibited 80% separation efficiency of glioma cells. The technique was comparable to the

rates obtained with commercial macroscale flow cytometry techniques.

Liu et al. (2010)'** A microfluidic device that contained four parallel cell culture chambers as well as separate inlet and outlet channels (see figure 7 a & b) that permitted unrestricted flow within the channels, while in turn
maintaining rat glioma cells in suspension. Cell growth rates persistently increased over 7 days and the effects of different doses of colchicine (chemotherapeutic agent) was measured with fluorescence of

PIL.

Huang et al. (2011)”’ A PDMS chip composed of a seeding chamber in continuation with inlet/outlet reservoirs connected via microchannels to a receiving chamber that mirrors the seeding chamber (see figure 6a). Able to

characterise the initiation, expansion and retraction involved in BTSC and study the genetic phenotypes that promoted a migratory signature, with potential for gene targeting.

Gallego-Perez et al (2012)'** Fabricated a tissue culture polystyrene platform with 5 pm wide microchannels to study the migratory behaviour of glioma cells as well as brain metastases from primary lung and colon cancer patients

using time lapse microscopy at the single cell level. Glioma cells were observed to have the most unidirectional migratory behaviour as well as the lowest velocities.

Able et al. (2012)** A microfluidic device consisting of ‘sink’ and ‘source’ reservoirs connected by a microchannel was used to examine the effects of three growth factors: Hepatocyte Growth Factor, Platelet-Derived
Growth Factor-BB and Transforming Growth Factor-a on the migratory behaviour of genetically modified mouse glial progenitor cells. Significantly, the group identified that counter to intuition,

migration was enhanced by ultra-dilute concentrations of growth factors.

Wan et al. (2013)"" Culture of glioma cells in a microfluidic device with inlets 20 pm that gradually tapered down along the channel to 5 um at the distal end was used to study the effects of an EGFR blockage on glioma cell

growth and migration using real time microscopy.

Wang et al. (2013)"° PDMS chip containing 5 microchannels for 5 distinct assay conditions, each with a corresponding inlet and outlet channel (see figure 7a). U87 cells were cultured in cell capture chambers and the effect of
drug treatment, in this case Erlotinib (an EGFR inhibitor) on '*F-FDG uptake was studied. Direct radio-assays of multiple cells within 30 mins of treatment with Erlotinib, showed significant decrease of

8F_FDG uptake in the U87 cells using a B-particle imaging camera on the chip.

Wei et al. (2013)* Used an integrated microfluidic device that contained a single cell DNA bar code array, for highly efficient glioma cell capture and subsequent profiling of single cell proteomic assays (secreted and
intracellular proteins). Were able to culture glioma cells in different pO2 and asses the effects on protein expression. Identified dysregulation and uninhibitable mammalian target of rapamycin (mTOR)

levels near pO2 of 1.5%

Changa et al. (2014)'%° Microfluidic platform incorporating modified 96 well plate that allowed maintenance of GBM xenograft from mice brain for 7 days. The device allowed for selective fluid delivery to the tissue slice at
several predefined locations through a removable porous membrane resting on top of the micro-channels. Temozolomide (TMZ) was tested in the device on the GBM xenografts and through seven

parallel fluid streams (containing I mM of TMZ).

Pohlmann et al. (2015)'% Microchip used to study glioma cell interaction with nanoparticles. Instilled a cell suspension containing glioma stem cells into a silicon nitride microwell-integrated microchip that contained 10pm
diameter wells for capture of stem cells. Chip was coated with monoclonal antibodies against NOTCH 1 protein to capture glioma stem cells that express NOTCHI protein and once trapped on the

microchip, the interaction of the cells with gold nanoparticles was studied with electron microscopy.

Shin et al. (2015)'% Follow up study (of Wang et al. 2013) with modified design that permits single cell study of *F-FDG metabolism with a positron-sensitive photodiode detector. New chip design allows the trapping of

individual cells and thus analysis of single cells over a 1 h time period.

Liu et al.(2015)'% Created a MF device for cell trapping; by using a gas activated pneumatic microstructure that to turned flat posts into 3 dimensional posts that could seed U251 human glioma cells into their MF device,
trap the cells long enough to spheroid formation and then release the cells for collection/analysis. The effects of treatment with Vincristine and Bleomycin was revealed as a dose dependent increment in

the number of dead cells with PI staining.

Shao et al. (2015)'% Integrated immunomagnetic exosomal RNA platform composed of three units in one (see figure 7c): (1) chamber with magnetic microbeads with affinity ligands (to EGFRVIII) that enrich exosomes; (2)
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chamber containing glass bead filters that adsorb RNA from exosomes with collected RNA eluted and reverse transcribed in PCR chamber; (3) PCR analysis of tumour exosomes from blood were

enriched. Quick (~ 2 h) blood screen for RNA of molecular markers of drug resistance such as MGMT.

Pedron et al. (2015)'%

Utilised a microfluidic diffusive mixer with staggered herringbone features to manipulate the gradients of U87 glioma cells, gelatin and hyaluronic acid so as to produce hydrogels with a steady gradient of
the 3 components of the tumour microenvironment. Once the gradients were formed and established, the group were able to study the effects of spatial and temporal heterogeneity in matrix, cell and

biomolecular content on tumour development.

Aibaidula et al. (2015)*"

Integrated device that contained a lysis chamber where tumour particles were lysed to release proteins of interest (IDH1) into solution, and an immune chamber, containing microspheres immobilised with
anti-IDH1 antibody. 5 mg of tumour samples were inserted into the device for IDH immune analysis. On chip staining of IDH1 mutation with Anti-IDH Antibody and FITC of GBM samples within 30

minutes of tumour sampling.

Pang et al. (2016)"*

Integrated device composed of fluidic channels with pores within filter units (‘“H’ shaped microstructures) for the capture of single cells (see figure 7¢). The filter units decreased in width by 2 um, to
capture different sized cells. Device allowed single cell (U251 GBM cells) capture and then reagent infusion, including media mixed with concentrations of Vincristine; used to distinguish between normal
(smaller) and induced cells (larger). As such, device could differentiate cells according to size and deformability translated to difference in resistance to Vincristine — induced (larger) cells showing greater

resistance.

Mongersun et al. (2016)**

Developed a droplet based microfluidic device for the encapsulation of single U87 glioma cells and subsequent quantification of lactate released from individual cells by measuring the fluorescence of the

end-product of a lactate enzyme reaction.

Fan et al. (2016)"7

A chip consisting of four reservoirs (3 inlet and one outlet) with a Christmas tree shaped channel that decreased gradually from 300 pm to 100 um sprouting a culture array that had 24 culture chambers
(micro-wells) that drained to the outlet chamber. Capture and culture of 3D spheroids of GBM cells (U87) in the micro-wells with development observed on microscopy and fluorescence. Able to screen

the effect of two drugs Ironetecan and Pitavastatin on GBM cells. Created simple, cost effective MF device for high through-put drug screening of U87 cells.

Logun et al. (2016)*®

A device made of three microfluidic channels with trapezoidal barriers between channels. Each channel was 10 mm in length and 1000 pm in width. 300 pm trapezoidal barriers lined the junctions where
two channels met with 100 um spaces between barriers. Able to study the effects of different extracellular matrix models on glioma cell (U87) migration by infusing cells into a central channel, either side

of different ECM-like hydrogel channels. Found U87 cells had a preferential affinity to sulfate rich environments when compared to hydrogel matrices.

Han et al. (2016)*”

The group designed a chip containing an array of 488 hexagonal microchambers with microslits in the peripheral chambers that allowed drug and nutrient flow. Cultured U87 cells loaded into the device
were treated with a range of Doxorubicin concentrations, resulting in an initial decrease in the number of cells at day 3-5, only to repopulate at day 7. The group maintained that this was evidence of drug

resistance of the cells and confirmed this by showing up-regulation of genes involved in relevant to the established mechanism of Doxorubicin action.

Gu et al. (2017)*

Studied the migration of glioma cells and microglia cultured at opposite culture chambers connected by migration channels to better understand the relationship between both cell types in glioma
development and invasion. Discovered that migration was greater when both cells were cultured together as opposed to when only one cell type was cultured, suggestive that there was some
chemoattraction between the cells. By changing concentrations of the different cells, could mimic, the early stages of glioma development (high glioma; low microglia concentration) where it was noted

that microglia contributed to glioma invasion.

Ayuso et al. (2017)'%

A micro-device with a central micro-chamber for GBM cells (U-251) embedded within a hydrogel and allowing three-dimensional migration. On both sides of the micro-chamber, lateral microchannels
filled with culture media allowed diffusion into the micro-chamber. Flow through one of the lateral microchannels was obstructed by media with 1% spheres suspension, creating a nutrient gradient away
from the obstructed channel (see figure 7d). By controlling media flow through the lateral microchannels, could mimic GBM-associated thrombotic pathophysiological conditions. Able to use fluorescent

labelled Ki67 to prove hypothesis that once pseudopalisading is formed GBM cells change from migratory state to proliferative state.

Table 1.2: Glioma and Microfluidics

A summary of studies in which microfluidic devices were significant in the methodology utilised to study glioma cells/tumours (over the last 10 years). A Pub Med

database search using the criteria “glioma” OR “glioblastoma” AND “microfluidics” was screened for relevant studies. Papers (from 2001-2017) which fulfilled 52

the search criteria were included.



1.2.6 Human GBM Tissue Culture

Though there are no examples of GBM tissue cultivated within a microfluidic
device, a few researchers have attempted to maintain human GBM (AGBM) tissue
within static cultures for various periods of time; In 1971, Holmstrom and Saksela
maintained 35 brain tumours, including GBMs by dissecting small pieces of tumours
from operated patients and cultivating them on a matrix of human fibrin foam in a

culture media.2"’

They found that using histological appearances as a marker of
viability, the viability decreased from 85 % at 3 days to 70 % at 14 days. Rubenstein
et al. maintained cultures of #AGBM tissue from five patients, with tumours ‘grown’
in small plastic Falcon culture dishes on top of a small piece of gelatin sponge foam
rested on a steel grid within the central well of a culture dish.?®® The tissue was
maintained within an open system, with the tissue exposed on its surface to an
atmosphere of 3 - 4 % CO2, 96 % Oxygen and exposed to nutrient media diffused in
from the gel foam, changed twice weekly. Using this method, the GBM explants
were successfully maintained for 21-75 days as observed with histological
examination. Although the tissue remained viable, there was a change in the pattern
of the tissue architecture with flattening of the tissue as seen with organotypic
cultures and though mitotic figures and occasional giant cells were present, the
explants did not exhibit focal necrosis, pseudopalisading or vascular endothelial
proliferation that are characteristic of GBM in vivo. The group found the tumour
explants invaded the spaces within the gel foam but most of this invasion was in the
form of tissue outgrowths of the explants where fibroblasts mixed with anaplastic
tumour cells developed beyond the original tissue margins. Another publication from
the same group looked at the electron microscopy appearance of the cells cultured
and found that the cells cultured differentiated to highly fibrillary astrocytes.?”® A
few years later the same group, published their findings on tissue growth using
autoradiography to determine the growth fraction of the tissues and found using
pulse-labelling that as well as tissue maintenance, of the viable tumour, there was

also continued DNA synthesis.?*

With tissue culture techniques established, Saez et al. used the same culture
techniques adopted by Rubenstein to culture GBMs, using their tumours as an

analogue of the in vitro tumour for chemotherapeutic trials in culture.?'® Cultured
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GBMs exposed to 4 days of drug treatment were monitored for microscopic changes,
while measuring the extent of cell damage by measuring the levels of reduced
NADH. Results showed 7 out of 10 GBMs remained viable for at least 11 days and
cytotoxic assays showed a significant increase in reduced NADH in samples treated
with a number of drugs including cyanide and luciferase, compared to samples
untreated. Yuki et al. followed up this work by maintaining #AGBM tissue and mouse
xenografts of 2 x 2 x 1 mm on specialised collagen gel matrices derived from pig
skins and tested the response of the tissues to a variety of chemotherapeutic
agents.’!! They found drug concentration correlated with inhibition of growth as

measured by incorporation of tritiated thymidine.

Despite these pioneering works in the 1970s and 80s, through the next two decades,
there was little progress in the field until 2007, when Ono et al. repeated the works of
Yuki et al by culturing 26 GBM patient tumours on collagen matrices and performed
further chemotherapy sensitivity assays, measuring drug inhibitory rates with 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay.?!? They
matched the response of the tumours to the drugs ex vivo to the survival of patients
who were given the same drugs only to find that there was not a significant
correlation in tumour inhibitory rate of the drug ex vivo and patient survival, despite
being given the same drugs. In 2013, a group cultured slices of GBM explants in 6-
well plates and observed the long term culture of 350 um thick GBM tissues for up
to 4 weeks and showed that the tissues maintained normal tissue architecture as
compared to control samples obtained fresh from the patient and they were also able
to test the tissue response to 50 uM — 200 uM of TMZ, showing a significant
increase in PI positive cells in samples treated with TMZ compared to control.?!3
There was also a significant increase in apoptosis, based on caspase 3
immunohistochemistry (IHC), in tissues that were treated with both TMZ and X-Ray

irradiation.

Recently, #AGBM tissue has been maintained ex vivo to study the effects of Tumour
Growth Factor B inhibitors on sensitising tumours to radiation.?'* This and all the
other studies in which #AGBM tissue has been maintained in a viable state has been
summarised in Table 1.3 and they provide insight into what can be achieved with

tissue explants of ZGBM and their suitability for pre-clinical drug screening.
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Study

Growth of Human Brain Tumour
Explants in Matrix Cultures in
Different Human Sera (1971)

In Vitro Characteristics of Human
Glioblastomas Maintained in Organ
Culture Systems (1973)

Chemotherapeutic Trials on
Human Malignant Astrocytomas in
Organ Culture (1977)

The Kinetics of Human
Glioblastoma Maintained in an
Organ Culture System (1983)

In Vitro Chemosensitivity Test of
Human Brain Tumours using a
Three-Dimensional Organ Culture
with a Collagen Gel Matrix (1994)
Collagen Gel Matrix Assay as an In
Vitro Chemosensitivity Test for
Malignant Astrocytic Tumours
(2007)

Organotypic Explant Culture of
Glioblastoma Multiforme and
Subsequent Single-Cell Suspension
(2011)

Organotypic slice cultures of
human glioblastoma reveal
different susceptibilities to
treatments (2013)

Patient-Specific Screening Using
High-Grade Glioma Explants to
Determine Potential
Radiosensitization by a TGF-f§
Small Molecule Inhibitor (2016)

Culture

Cultured benign and malignant
tumours including 10 Gliomas.

Obtained small fragments from 5
GBM patients for organotypic
culture

Obtained samples from 8 GBM
samples

Obtained small fragments from 7
GBM patients for organotypic
culture

16 tumour specimens from 14
patients. 5 of the patients were
GBM

26 Glioblastoma patients (24
Astrocytomas)

Describes Protocol for GBM
tissue culture

12 GBM patient samples
maintained in culture

7 GBM samples (6 newly
diagnosed and 1 recurrent).

Table 1.3: Cultured Human GBM Tissue

Method

Cultured on matrix of human fibrin foam on a petri dish.
Compared autologous human serum to ‘pooled’ random
human serum as media.

Compared cultures maintained on gelatin foam within a
culture dish with cultures maintained on a small Millipore
filter.

GBM samples on a pledget of gelatin sponge rested on a
platform at the surface of the media.

Tumour specimens placed on a cube of gelatin foam that had
been previously moistened with media. Media changed every 2
days.

GBM tumour specimens placed on a specialised collagen gel
matrix from pig skin. Media changed after 7 days of culture

Tumour samples cut were placed on a collagen gel matrix in
six-well tissue culture plates.

Places GBM explants (2 mm?) into millicell inserts wet with
50 pl of fibronectin. Media replenished every 2 days.

350 um thick GBM samples were cut with a vibratome and
then maintained on a Millipore placed within 6-well plates.
Able to test effects of TMZ and X-Ray radiation.

Samples cultured on laminin-coated filters in the upper
chambers of Transwell inserts. Cultures flattened after 4 days.

Viability/Results

Maintained for 3, 7, 11 and 14 Days. Histological analysis showed better
tissue maintenance with autologous sera

Maintained for up to 75 days. Initial morphology similar to primary
tumour followed by fibrillary differentiation

7 out of 3 GBM cultures were viable over 11- 42 days. Cytotoxic drug
effects noted with Cyanide and Luciferase.

Cultures for 29 days. Pulse labelling experiments confirmed growth
fractions similar to in vivo tumours

Tumours cultured for 14 days and showed tumour cell invasion of the gel
matrix

Growth inhibition between 23 - 42 % with varied drugs including
cisplatin, carboplatin and Etoposide using MTT assay and compared
effectiveness of drugs in vitro with patient survival.

Cultures kept for up to 3 weeks with Ki67 index comparable with original

tumours (18.5 % and 16.7 %)

Maintained morphology on H&E stains for two weeks. Reduction in
proliferation index on samples treated with TMZ and Radiation over 24 h.

Used a Tumour Growth Factor  inhibitor as a radiosensitiser to improve
radiation induced death in 5 of the 7 GBM samples.

Table summarising studies in which hGBM tissue have been maintained or cultured ex vivo. A Pub Med database search using the criteria “glioma”

OR “glioblastoma” AND “tissue culture” OR “ex vivo tissue”, was screened for relevant studies. All relevant papers from 1970 to the present were

included.
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1.3 Study Aims

Microfluidic devices have been used to explore a wide range of biological processes,
from embryological machinations to intricate cellular mechanisms. Devices have
been created that mimic complex organs or facilitate molecular tests. There is
however a paucity of research evidence incorporating AGBM tissue into a
microfluidic device for viability testing. The aim of the current research project is to
establish a microfluidic tissue culture paradigm for the maintenance of human
glioblastoma tissue biopsies. Glioblastoma continues to elude current therapies, and
this is in part to do with genetic and epigenetic markers specific to the individual that
results in molecular heterogeneity. Treatment of these tumours require a personalised
approach that addresses the specific molecules of tumorigenesis in each individual.
Currently, although some models exist?>'”, there is not a realistic or cost-effective way
to examine tumour heterogeneity on a case by case basis. The aim is to translate the
principles established by the research group in the University of Hull in microfluidic
tissue maintenance in liver, colorectal cancer and head and neck tumours into

effective GBM management.
Main Objectives:

e The study aims to compare the viability of fresh GBM tissue biopsied with
that of tissue maintained within the microfluidic device for 3 days and
analyse what factors promote or hinder tissue maintenance on chip,

including:

o Length of tissue maintenance

o Optimal nutrient media used to perfuse the tissue

o Rate of nutrient flow

o The effect tissue flow has on tissue maintenance by comparing tissue
maintained in systems with and without nutrient flow.

o Non-perfusion time i.e. the time it takes from biopsy in theatre, to
perfusing on the MF device.

o The chip design, including adaptations to the device.
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e Understand what drugs can be studied within the microfluidic device,
exploring options such as chemotherapy and radiotherapy as well as

experimental drugs.

e Correlate the results of the ex vivo GBM experiments with patient outcome
data, in particular survival and asses how comparable GBM behaviour on

chip is to in vivo GBM.

e Assess the effect of patient factors, as well as known tumour characteristics,
such as histological diagnosis, IDH 1 status and MGMT methylation have on

tumour behaviour on chip.

The study design and framework are intended to explore the aspiration of a
personalised treatment standard that incorporates patient tumour biology into the
treatment decision algorithm. Current GBM treatment starts with maximal safe
resection and there is on average, 6 weeks between surgical resection and adjuvant
therapy.?'® There is a potential to use this “lag” time to study the individual
characteristics of a tumour biopsy in MF device and to tailor the adjuvant therapy
based on biological testing. More enticing is the possibility of a new pre-clinical drug
model for the investigation of novel therapies to treat GBM. This pilot study aims to
explore the feasibility of the ‘lab on chip’ model being utilised in GBM research and

treatment.
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2.1 Materials

2.1.1 Materials, Reagents and Equipment

Material

2.1.1.1 Microfluidic Device

Araldite 2-Part Epoxy Adhesive
Schott B270 Glass (x 2)
BD Plastipak 3-Part Luer Slip Syringes (20ml)

Cell Strainer (40 um and 100 um Pore Size)
Ethylene Tetrafluoroethylene (ETFE) tubing
Ferrules Graphitised Vespel Ferrule for 1/16"
Fitting

HiQA Coverslips No 1.5 22x50mm
Polyether Ether Ketone (PEEK) Microport
and Microport Adaptor
Polydimethylsiloxane (PDMS)
Polytetrafluoroethylene (PTFE)

2.1.1.2 Reagents

Annexin V-FITC Apoptosis Detection Kit
Bovine Serum Albumin

Carbogen (95% Oxygen, 5% Carbon Dioxide)

Collagenase (type IV; 356ul stock solution)
Cytotoxicity LDH KitPtUs

DNase (type 1; 300ul stock solution)
Foetal Bovine Serum (FBS)

58

Supplier

B&Q, UK

H.V. Skan, UK

Becton Dickinson (BD)
Biosciences, USA
VWR, UK

IDEX, Germany
Kinesis, UK

CellPath, UK
Anachem, UK

Dow Corning, UK
B&Q, UK

Sigma-Aldrich, UK

Thermo Fisher Scientific, UK
Brin’s Oxygen Company
(BOC), UK

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Labtech Int., UK



Lonza Dulbecco’s Modified Eagle Serum
(4.5 Glucose with L-Glutamine 500ml)
Lonza HEPES Buffered Saline Solution
Lonza Penicillin-Streptomycin (10:10UI/ml)
Lonza Sodium Pyruvate

L-Lactate Dehydrogenase (L-LDH)

Trypan Blue (0.4% w/v)

2.1.1.3 Histology/Immunohistochemistry

4% (w/v) Paraformaldehyde
100% Ethanol
Eosin Y

Mayer’s Haematoxylin

Leica Bond Polymer Refine DAB Detection Kit
Leica Epitope Retrieval 1 Solution

Leica Epitope Retrieval 2 Solution
2-Methylbutane

Polysine Microscope Slides

Xylene

Antibodies
Mouse clone MIB1 (M7240)
Rabbit polyclonal D175 (#9961)

2.1.1.4 Drugs

Doxorubucin (DOX)

ExoPr0

Irinotecan Hydrochloride (IRT)
Temozolomide (TMZ)
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Lonza, Switzerland

Lonza
Lonza
Lonza
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich

VWR

Thermo Fisher Scientific
Surgipath Medical Industries,
USA

Leica, Germany

Leica

Leica

Sigma-Aldrich

Thermo Fisher Scientific

Thermo Fisher Scientific

Dako, USA
Cell Signaling Technology,
USA

Sigma-Aldrich
ReNeuron, UK
Sigma-Aldrich
Sigma-Aldrich



2.1.1.5 Equipment

BD FACSCalibur
ClearVue Coverslipper

Eclipse 801 Digital Microscope

EG 1160 Paraffin Wax Embedder
Harvard PhD 2000 Syringe Pump
Infinity 3 Lumenera Microscope Camera

Leica Autostainer XL (Automated Slide Stainer)

Leica Bond III Automated Immunostaining

Platform

LSM710 Fluorescent Microscope
Multichannel Oxygen Sensor Probe

Shandon Finesse 325 Microtome

Synergy HT Plate Reader

2.1.1.6 Solutions

Preparations of Solutions

Annexin V/Propidium lodide Buffer Solution

Disaggregation Solution
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BD

Thermo Fisher Scientific
Nikon, Japan

Leica, Germany

Harvard, UK

Roper Technologies, USA
Leica

Leica

Zeiss, Germany
PreSens, Germany
Thermo Fisher Scientific

BioTek, USA

1 ml of Buffer Solution
(containing HEPES buffer)
mixed with 9 ml of Distilled
Water

15 mL of DMEM media

+ 0.02% (w/v) collagenase
(type IV; 356yl stock solution)
and 0.02% (w/v) DNase
(typel; 300ul stock solution).



Histological Reagents
0.5 % (v/v) Acid Alcohol

1% (w/v) Eosin

5 % Sodium Bicarbonate

LDH Reagents
1% (w/v) Bovine Serum Albumin (BSA)

LDH Control (1 U/ml)

Phosphate Buffered Saline (PBS)

Reaction Mixture (LDH Analysis)
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0.5 ml of hydrochloric
acid is added to 99 ml of
70% alcohol

1 g of Eosin per 100 ml of

alcohol

5 g of Sodium Bicarbonate

dissolved in 100 ml of ddH,O

0.1 g of Bovine Serum

Albumin (BSA) in 10 ml PBS

Mix 2 ul of L-Lactate
Dehydrogenase with 5.5
ml of 1% BSA

2 tablets of PBS added
to 1 L of distilled water

Mix 125 pl of Catalyst
with 5.625 ml of Reaction dye



2.2 Methods

2.2.1 Fabrication and Assembling the Chip

The microfluidic device used in this study has previously been described by the
group in Hull.'”2!7 It was fabricated using standard photolithography and wet
etching techniques. In brief, a photomask containing the layout of the microchannel
network is developed by photo-reduction of a laser printed drawing, with a
computer-assisted design package - AutoCAD® LT software (dutodesk Ltd., UK).
The photomask is aligned onto a 30 mm x 30 mm crown white glass, pre-coated with
photoresist. The pre-coated glass, left in contact with the photomask is exposed to
UV radiation for just over a minute, creating the desired photoresist pattern and
allowing further development and etching in 1% (v/v) hydrofluoric acid at 65° C in a
heated ultrasonic bath. The etched glass chip is then cleaned and thermally bonded
with a corresponding top or bottom layer at 600° C for 3 hours. The completed
device consisting of the two glass plates bonded together is represented in the
diagrams in Figure 2.1. The whole device is 30 x 30 x 4 mm and consists of a thick
top layer (3 mm) in which access holes and a central chamber (diameter 3 mm),
analogous to the bottom layer are drilled. The thinner bottom (1 mm) layer has a
channel network with microchannels 190 pum in width and 70 um in depth, which

diverge into three exit micro-channels.
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Figure 2.1: The basic units of the Microfluidic Device

a. Inlet and outlet (access) channels as well as a central channel were drilled into the top
glass layer. Channel networks were etched into the bottom layer, producing channels 190
um in width and 70 um in depth. The tissue chamber was sealed with a microport and
PDMS filled adaptor. The tissue chamber has a volume of approximately 20 uL. Adapted
from Hattersley et al*'® b. Pictures of the chip. Note: Two outlet holes glued with glass

coverslip.

This basic unit required further modifications, prior to tissue analysis. First, a
circular mesh cut out of a 100um pore size cell strainer (VWR) with a diameter to
match the tissue cavity (3 mm diameter) is secured into the bottom of the tissue
cavity chamber, forming a semipermeable barrier between the microchannels and the
tissue cavity. A PEEK microport (4Anachem) is sealed with epoxy to the surface of
the top glass layer such that the circular tissue cavity could be enclosed using an
English-threaded adapter (4nachem). The adapter contains a hollow central portion
which is filled with PDMS (Dow Corning) to allow gaseous exchange into the tissue
compartment. The fabricated device microchip is finalised by connecting 0.8 mm
(internal diameter) by 1.58 mm (external diameter) Ethylene Tetrafluoroethylene
(ETFE) Teflon® tubing (Anachem) to the inlet and outlet channels with epoxy
adhesive and a graphite ferrule. To ensure a watertight seal, the PDMS filled adapter
was enveloped with a length of polytetrafluoroethylene (PTFE) (B&Q) tape to ensure
an adequate watertight seal within the microport hub. For these experiments, only
one inlet and one outlet channel was required to allow direct flow in and out of the

chip (the other two outlet channels were sealed using a microscope glass coverslip
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and epoxy glue). The completed device was sterilised within a sterilised with 70%
(v/v) ethanol/distilled water flushed through the tubing and channels for 15 minutes
at 10 ul min™!. At this instance, any leaks were identified and sealed. Once sterilised
with alcohol, the device was irrigated for 30 minutes at a rate of 5 ul min™' with the

standard supplemented media and thus ready for tissue maintenance.?'’

2.2.2 Tumour Samples

Case notes, clinical imaging and MDT outcome of potential participants admitted to
the Hull Royal Infirmary (Hull and East Yorkshire NHS Trust) were reviewed to
identify cases where a GBM tumour was suspected. In particular, patients with a
ring-enhancing intracranial mass on magnetic resonance imaging (MRI), without
evidence of systemic disease on a Computed Tomography (CT) scan were
approached to be included in the study. Prior to surgery, informed consent was
obtained, once participants had read the patient information sheet and any questions
raised had been answered. All patients included in the study gave written permission
to allow a sample of tissue from their resected tumour or a sample from surplus
tissue during diagnostic biopsy, to be utilised in microfluidic studies. This was under
the remit of Local Research Ethics Committee and NHS Trust R&D approval (IRAS
Project ID: 196595). Consent was obtained either on the day of surgery or the day
before and usually, the patient was reviewed prior to their operation to ensure they
were happy to proceed. Copies of the patient information sheets and consent forms

are available in the Appendix.

Inclusion criteria
Patients > 18 undergoing a diagnostic procedure or planned tumour resection where a

sample of brain tumour tissue is expected to be taken by the surgeon; the principal

diagnosis is suspected to be one of GBM.

Exclusion criteria
Participants lacking capacity to give informed consent.
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2.2.3 Experimental Set Up

2.2.3.1 Culture Medium

The completed standard media was composed of Dulbecco’s Modified Eagle
Medium (DMEM), fortified with 4.5 g/L of glucose supplemented with 10 % (v/v)
heat inactivated Foetal Bovine Serum (FBS), as well as a penicillin (0.1
U/ml)/streptomycin (0.1g/ml) mixture. In addition, the media contained a final

concentration of 5 mM Sodium Pyruvate and 25 mM HEPES were added.

The efficacy of the standard media at maintaining the GBM tissue was compared to
two alternative culture media. The first, exosome depleted media, was supplemented
with exosome-depleted FBS (10 % (v/v)) as opposed to standard FBS; with all other

supplementations identical to the standard media.

The second alternative media was an artificial cerebrospinal fluid (aCSF) solution
which was composed of final concentrations of 119 mM NaCl, 26.2 mM NaHCOs3,
2.5 mMKCIl, 1 mM NaH>POs4 and 1.3 mM MgCl, diluted in 1L of ddH-»O,
supplemented with 10 mM of glucose and insufflated with 5% C0O2/95% O for 10—
15 min. The solution was completed with the addition of 2.5 mM of CaCl,.2?°

2.2.3.2 Tissue Maintenance

Microfluidic devices were assembled and tested for leaks 1-5 days in advance, so as
to ensure their availability on the day of surgery. At operation, during tumour
resection and once appropriate specimens had been collected for histological
assessment, the most cellular portion (i.e. avoiding necrotic tissue) was acquired
(either under direct vision with a microscope or with the aid of neuro-navigation and
a biopsy needle) and immediately placed in a 50ml polypropylene tube containing
the maintenance media. The sample was transferred in a safety box directly to the
laboratory (approximately 20 minutes away from the hospital). Within a sterilised
Class II Biological safety cabinet, samples were sectioned into 10-15 mg slices.

Sections were placed into the central chamber of the microfluidic device and sealed
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with the microport adaptor. The tumour containing chip was connected to a 20 ml 3-

Part Luer Slip Syringe (BD) containing the appropriate media.

The assembled device was attached to a calibrated PhD 2000 Syringe Pump
(Harvard) within a Perspex box with a thermostat regulated temperature of 37° C.
Media was infused into the chip and tissue at a rate of 4 uL min!(a picture of the set-
up is detailed in Figure 2.2). In conjunction with tissue maintained within the
microfluidic device, a piece of fresh GBM tissue was prepared for histology and
immunochemistry, enzyme assays, and tissue disaggregation, in preparation for flow

cytometry studies.
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Figure 2.2: Experimental Set-Up
a. Schematic of microfluidic set up (Adapted from Dawson et al’®). b. A picture of the

assembled microfluidic chip and c. The device with GBM tissue, connected to syringes and

syringe pump.
2.2.3.3 Protocol

The standard protocol involved infusing the tissue continuously for 72 h. Effluent
samples were collected every 2 h (into a 1.5ml polypropylene tube) during the day
and the overnight samples were collected over a range of 12-18 h; collected effluent

samples were stored at 4° C for subsequent analysis. Interruption of infusions was
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occasionally necessary to change media, add drugs or lysis solution. Infusions were
stopped after 72 h and tissue samples were removed from the device for post-chip
analyses. Used chips were disassembled, sterilised in 70 % (v/v) alcohol/distilled
water overnight, autoclaved at 126° C and 1.4 Bar for 22 mins (and stripped of any
excess glue). The glass components were placed in a furnace at 500° C for 2 hours

prior to repeat use.

2.2.3.4 Static Tissue

A number of tissue samples were also studied in parallel to the tissue on chip; with
tissue maintained for the same time period in an Eppendorf containing media. In
these experiments, the weighted tissue was prepared in the same manner as the ‘chip
tissue’ within a sterilised Class II Biological safety cabinet; sectioned into 10-15 mg
slices and then sections were placed into a 1.5 ml or 15 ml Eppendorf with a specific
volume of media and then housed in the same Perspex Box as the microfluidic tissue.
The amount of media used to maintain the tissue was based on the microfluidic
experiments and to ensure tissues were exposed to the same amount of media, the
tissue was allowed to sit in 480 ul of media. The media was changed every 2 h;
collected and stored at the same time, the microfluidic effluent was collected.
Overnight, samples were maintained within media for longer periods of time and
with this, were sat overnight within larger volumes of media, more specifically, 3.36
ml of media (to match the same amount of media that was flowed through the
microfluidic tissue over 8 h — 4 ul per hour for 14 h). At the end of the 72 h period,
the tissue was removed from the media solution and analysed in the same manner as
the microfluidic tissue were. Similarly, the collected media samples were analysed

for LDH levels as described in 2.2.4.3.

2.2.4 Post Chip Analysis

Samples removed from the microfluidic device underwent a number of different
analyses: 1) they were placed in 1.5 ml of 4% paraformaldehyde for histological
preparation; 2) were maintained in a lysis solution for 24 h to assess the amount of
LDH retained within the tissue and 3) were disaggregated with a tissue

disaggregation solution to allow single cell analysis with flow cytometry. The
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effluent samples collected during the experiment were analysed using an LDH assay

to estimate cell death.

2.2.4.1 Histological Preparations

A standard operating protocol for histological preparations was utilised with
modifications as directed by the histological department at Hull Royal Infirmary.??°
Samples for histological analysis were treated with 4% (w/v) paraformaldehyde for
at least 18 h to allow penetration through the entire tissue. After this, samples were
dehydrated in increasing concentrations of alcohol: 1 h in 70% (v/v ethanol/distilled
water) alcohol, followed by an hour each in 80%, 90%, 100% alcohol and then 50%
(v/v) pure alcohol/Histoclear solution. The sample was then left in 100% Histoclear
for 24 h and subsequently immersed in liquid wax for 2 h (the wax is changed once
after an hour) and then allowed to set within wax in a histology tissue cassette in an
EG 1160 Paraffin wax embedder (Leica, Germany). Cassettes were placed on the

Shandon Finesse 325 Microtome (7Thermo, USA) and 5 um thick sections were cut

and allowed to dry on polylysine microscope slides.

Haematoxylin and Eosin

Haematoxylin & Eosin (H&E) is one of the most essential staining techniques used
in the histological analysis of tissue sections.??!??2 As the name suggests, it works on
the basis of two primary dyes — Haematoxylin and Eosin. Haematoxylin is a
basophilic dye; a product of a complex formed between aluminium ions and
haematin. The aluminium in this case, holds the acidic properties and acts as a
mordant, affixing the haematin as it binds to negatively charged substances within
the cell, such as DNA and RNA. As a result, the haematin/aluminium complexes
bind and stain nucleic acids. This is usually a dark blue/purple stain and usually
represents the nuclei of a cell. Eosin is an acidophilic dye and it binds to positively
charged amino acids, present on most proteins within the cytoplasm of cells.??® As
such, the pink stain of eosin, usually represents the cytoplasmic contents of a cell.
The combination of both dyes in a tissue specimen allows characterisation and

interpretations of cellular and tissue architecture.
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H&E staining was performed by University College London’s Advanced Diagnostics
Laboratory using the Leica Autostainer XL (Leica, Germany) automated staining
platform. Briefly, slides were dewaxed in the oven at 60° C for 5 min. They then had
2 washes in Xylene (each for 2 min), followed by rehydration with immersion in a
series of graded alcohols (100% - 70%). After a 2 min tap water wash, nuclei were
stained in Mayer's Haematoxylin (Surgipath Medical Industries, US) for 6 min,
differentiated in 1% acid alcohol for 2 sec and blued in tap water for 3 min and 30
sec. Cytoplasm counterstaining was performed with 1% aqueous Eosin (7hermo
Fisher, UK) for 1 min and the slides were washed for 10 sec prior to dehydration in
graded alcohols (95% - 100%). Dehydrated slides were finally rinsed in 2 changes of
Xylene and mounted with a coverslip using ClearVue Mountant (Thermo Fisher,

UK) with the ClearVue Automated Coverslipper (Thermo Fisher, UK).

Immunohistochemistry

IHC refers to the microscopic identification of specific antigens within tissues by
staining with antibodies labelled with pigmented markers.?** The process involves
exposure of tissue sections to a primary antibody specific for a protein epitope. The
tissue is then treated with a secondary antibody which has a high specificity for the
first antibody (the two antibodies are usually from different animal species). The
secondary antibody is biotinylated, which means it is coupled with biotin (vitamin
H). After washing away any unbound antibodies, the tissue is incubated with an
avidin/horseradish peroxidase (HRP) complex. As biotin binds strongly to the four
binding sites on each avidin molecule, this concentrates the HRP complexes to the
site of the secondary antibody.??3??¢ Subsequently the presence of the antibodies, and
thus the antigen, can be visualised by the action of HRP on the chromogen, 3,3'
Diaminobenzidine (DAB), transforming the substrate into a brownish precipitate that

is deposited in the tissue at the site of the reaction (Figure 2.3).
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Figure 2.3: Principles of IHC

(1) Detection of an epitope by a primary antibody. (2) After the epitope-antibody binding
event, a biotinylated secondary antibody binds the primary antibody with high specificity. (3)
Avidin/Biotin/HRP Complex bound to secondary antibody. (4) A chemical substrate (DAB) is
added which is reacted on by HRP to produce a coloured precipitate at the site of the whole

epitope-antibody complex.

Within this study, the THC was performed by University College London’s
Advanced Diagnostics Laboratory. Staining was performed, using the Leica Bond III
automated immunostaining platform (Leica, Germany) in conjunction with the Leica
Bond Polymer Refine DAB detection kit (Leica, Germany), as per the manufacturer's
guidelines. This kit contains a peroxide block and protein blocking agents.
Dewaxing, epitope retrieval and peroxide blocking steps are all performed in an

automated manner.
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The following primary antibodies were used:

MIB1: a monoclonal antibody directed against Ki67; a nuclear protein associated
with cellular proliferation. Ki67 IHC involved on-board epitope retrieval for 20
minutes at 99° C using Leica Bond Epitope Retrieval 2 solution (Leica, Germany).
Endogenous peroxidases were blocked with hydrogen peroxide (as per the kit) for 5
minutes at room temperature. The primary antibody MIB1 M7240 (Dako, USA) was
diluted 1/120 in Leica Bond Primary Antibody Diluent (Leica, Germany) and applied
for 15 minutes at room temperature. Leica Bond rabbit anti-mouse post primary
reagent was applied for 15 minutes at room temperature followed by Leica Bond
anti-rabbit Polymer for 20 minutes. Leica Bond DAB was applied as for 10 minutes
and 0.5% copper sulphate DAB enhancing solution was subsequently applied for 5
minutes. The final step involved applying a Haematoxylin counterstain for 30

seconds at room temperature.

ASP175: polyclonal antibodies against Cleaved Caspase 3; commonly considered a
critical “executioner” of apoptosis. Caspase 3 IHC started with on-board dewax at 97
° C and on-board epitope retrieval for 30 minutes at 99° C using Leica Bond Epitope
Retrieval 1 solution (Leica, Germany). Endogenous peroxidases were blocked with
hydrogen peroxide for 5 minutes and the primary antibody ASP175 D175, #9961
(Cell Signaling Technologies, USA) was diluted 1/300 in Leica Bond Primary
Antibody Diluent (Leica, Germany) and applied for 40 minutes at room temperature.
Leica Bond anti-rabbit polymer was applied for 20 minutes, followed by Leica Bond
DAB for 10 minutes. 0.5% copper sulphate DAB enhancing solution was applied for
5 minutes at room temperature and a Haematoxylin counterstain 30 seconds at room

temperature finalised the process.

The THC process was monitored with the use of positive and negative control
samples. Positive controls included examine a tissue type that is known to expresses
the protein of interest. In this instance, human tonsillar tissue was used as per
manufacturer’s guidelines. The negative tissue control was based on a tissue that was
processed as normal except for the exclusion of the primary antibody and is vital in

identifying non-specific staining.
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Once finalised, all H&E and THC slides were viewed by the principal investigator
using an Eclipse 801 microscope (Nikon, Japan) and digital images were acquired
with an Infinity 3 Microscope Camera (Roper Technologies, USA) using Image Pro
Premier Software (Media Cybernetics, USA). Digital images of the IHC slides were
analysed using ImmunoRatio, a free web based application for automated image
analysis of immunostained tissue sections.??’2?° Proliferation and apoptotic indices
were calculated as the number of positively stained cells divided by the total number
of cells, multiplied by 100. For each slide, this was performed on a randomly chosen
high-power field (400- fold magnification) image that contained positively stained

cells.

Review of all histological and immunohistochemistry images was performed under
the supervision of Dr. Robin Highley (Consultant Histopathologist, Hull & East
Yorkshire NHS Trust).

2.2.4.2 Flow Cytometry

Flow Cytometry allows information on cell populations to be obtained by converting
the light scattering and fluorescent properties of cells into electronic impulses that
can be processed by a computer. This is achieved by a fluidic system that presents
cells sequentially to an argon laser beam (488 nm) for interrogation; the laser causes
temporary excitation of the cells and subsequent emission of a characteristic
wavelength of light.* Each cell’s distinct signature is registered within the
cytometer as the light ‘scattered’ is dependent on the cell size (Forward-scattered
light — FSC), granularity or internal complexity (side-scattered light — SSC) and the
fluorescent nature of the cell. Mirrors and optical splitters route specific emissions
from the cells to photomultiplier tubes (PMT) that detect specific ranges of light. For
example, the PMT that detects Fluorescein Isothiocyanate (FITC) only detects light
within the range of 515 nm to 545 nm. All of this feed to an electronic system that

converts the light impulses into data, processed by a computer (see Figure 2.4).
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Figure 2.4: The workings of a Flow Cytometer.

Cells with varied cell size, granularity and fluorescent properties are illuminated with a
laser and the light emitted by each cell is recorded by PMTs (coloured boxes) which convert
the light signal into a specific electrical impulse that allows cell stratification of the cell

population.

Annexin V and Propidium lodide

The Annexin V-Fluorescein Isothiocyanate (FITC) Apoptosis Detection Kit (Sigma
Aldrich, UK) is based on the translocation of phosphatidylserine (PS) from the inner
to outer plasma membrane of cells, that occurs during apoptosis.??! Annexin V is a
Ca?" dependent phospholipid-binding protein with a high affinity for translocated PS.
Translocation of PS also occurs during cell necrosis and as such, the measurement of
bound FITC-labelled Annexin V (green fluorescence) is coupled with a dye
exclusion test. Propidium lodide, a (red) fluorescent molecule that intercalates with
DNA, is unable to cross through intact cell membranes, making it a valuable stain for
identifying necrotic cells, as well as those at the end stages of apoptosis. While
Annexin V staining only occurs in apoptotic cells, PI staining will be seen in any cell

with a disrupted cell membrane. With flow cytometry, the cells can be stratified into
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three distinct populations — intact cells (FITC-/PI-), apoptotic cells (FITC+/PI-) and
necrotic cells (FITC+/PI+).23?

The analysis in the setting of GBM, required the tissue to be cut and dissociated into
single cells following the removal of fat, blood and necrotic areas with a scalpel. The
tissue was further cut whilst covered in media using criss-cross actions and
periodically rotating the petri dish. The dissected tissue was added to a 1.5 ml
polypropylene tube containing 1 ml of a tissue disaggregation solution (300 pul of
0.02% DNase type I and 356 pl 0.02% collagenase type IV in 15 ml of DMEM
media). The tissue was kept in an incubator at 37° C for 2 hours on a tube rotator.
The disaggregated solution was then filtered through a 40 um cell strainer (VWR,
UK) and the collected solution centrifuged at 400 x g for 5 min. The supernatant was
discarded, and the pellet mixed with 1 ml of the HEPES buffer solution provided
with the Annexin V-FITC Apoptosis Detection Kit (Sigma Aldrich, UK). Both
Annexin V (5 pl) and PI (10 pl) were then added to a 500 ul of the cell suspension,
allowed to mix for 15 min in the dark and the solution analysed within a BD
FACSCalibur flow cytometer (BD, UK). Data acquisition was performed with the
BD CellQuest Pro software and allowed the production of a dot plot chart that
plotted the cell signals with relation to their emission spectrum. Gating based on
side-scatter detection was applied to eliminate cell debris and doublet formation. For
these experiments, Annexin V was labelled with FITC, which has a maximum
emission at 530 nm, and this was measured on the flow cytometer with the FITC
channel FLI, which detects wavelengths between 515-545. PI has a maximum
emission at 620 nm and the red channel /L3, which detects light with wavelengths of
670 nm, was used to detect PI. Though the FL2 channel (detects light within 564-606
nm) can also detect PI, its range of detection overlaps with the emission of FITC and
hence, FL3 was selected because of the improved separation of fluorescence (see
Figure 2.5). Using the clustering of cell events, the graphs could be sectioned into
four distinct populations — cells with minimal or negative Annexin V and PI (low
FL1 and FL3 - healthy); cells which are positive for Annexin V but with the cell
membrane still intact and hence, excluding PI (high FL1 but low FL3 — early
apoptosis); cells that have undergone irreversible apoptotic changes that mean the

cell membrane has lost its integrity and is permeable to PI (high FL1 and FL3 - late
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apoptosis); and lastly cells that have not gone through the apoptotic pathway and
died via necrosis (low FL1 but high FL3 - necrotic).

7:‘ “

T T T
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Figure 2.5: Emission spectra for FITC and Propidium Iodide

There is a region of overlap between 550 and 650 nm between the emission spectra of FITC
and PI; hence FL3 which detects emissions at 670 nm was used instead of FL2 (which
detects 564-606 nm wavelength) to specify PI.

2.2.4.3 LDH Analysis

Cell viability was also assessed using a colometric cytotoxic assay - Lactate
dehydrogenase (LDH) Cytotoxic Kit (Sigma Aldrich, UK). LDH is an intracellular
enzyme that is released from cells into the culture medium once cell damage occurs.
As it is a stable enzyme, its presence in the assay can be used to evaluate cell or
tissue death.?3*23* The kit was used per the manufacturer’s protocol on the effluent
that was collected from the microfluidic device. It works on the principle that LDH
in the collected medium catalyses the reduction of NAD+ to NADH/H+, while
converting lactate to pyruvate. The catalyst, diaphorase concomitantly transfers H+
from NADH/H+ to the tetrazolium salt iodotetrazolium chloride, which is reduced to
a formazan dye (see Figure 2.6a). As cellular damage increases, there is an increase
in the release of LDH and thus LDH activity in the effluent was directly correlated to
the amount of formazan produced. Red formazan has a maximum absorbance at
around 490 nm and the degree of absorbance by the effluent at this wavelength is an

indirect measure of cell damage/injury. The LDH Kit contains all the substrates and
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enzymes in this reaction, including a reaction dye (containing lodotetrazolium
chloride and sodium lactate) and a catalyst solution (containing a mixture of

Diaphorase and NAD+).?%3

a.
Lactic Acid /EH\\ Pyruvic Acid
NAD- NADH/H-
Formazan Diaphorase Tetrazolium
(red)
b.
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Figure 2.6: Understanding LDH Analysis

a. Reactions catalysed by LDH and Diaphorase utilised in LDH quantification. b. Typical
set up of 96 well plate for LDH analysis. Key: LDH = LDH Control (1 uw/ml); BSA = 10%
(w/v) Bovine Serum Albumin; Mix = Reaction Mixture; Coloured Wells = Collected Samples

in triplicates.

Effluent flowed through the microfluidic device was collected at set time points

(usually, every 2 hours) and stored at 4° C until the experiment completed. Once all
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effluent samples had been collected, a 96 well plate was prepared (see Figure 2.6b):
adding 50 pl of 1% (w/v) BSA in PBS into every well except for the top 3 LDH
control wells (A1-A3) and those used as a reaction mixture control (A7-9). LDH
control (100 pl; made by mixing 2 pl of L-Lactate Dehydrogenase with 5.5 ml of 1%
BSA) was added into the three LDH control wells. To prepare a 50% LDH control,
50 ul was taken out of each of these wells and added into the previously described
BSA solution into wells B1, B2, B3. This was repeated until a range of
concentrations from 1 to 1/128 were obtained (see figure 2.6b). Collected effluent
samples (50 ul) were also added into corresponding wells, in triplicates, followed by
50 ul of the reaction mixture (Reaction Mixture: 125 ul of catalyst with 5.625 ml of
reaction dye). The plates were kept in the dark for 30 min and then the stop solution
(Hydrochloric Acid) was added. Plates were subsequently placed on a plate shaker
for 30 secs at 250 rpm and once clear of any bubbles, the plate was read on a
Synergy HT Plate Reader (BioTek, USA) at 490 nm, using the Bio-Tek KC4
application (BioTek, USA). The results of the assay were analysed using Microsoft
Excel 2017 (Microsoft, USA).

For the determination of viability after perfusion a number of GBM control samples
in devices, were perfused with 10% (v/v) of the Lysis Solution from the Cytotoxicity
Detection Kit (in DMEM media). The Lysis Solution was introduced 1 hour before
the termination of the experiments (for example, if the device was run for 72 h, the
lysis solution was introduced at 71 h, allowing an extra hour to obtain the released

LDH from the effluent).

2.2.4.4 Trypan Blue Staining and Cell Counts

Trypan Blue is a molecule that is impermeable to the cell membrane and as such, can
only enter a cell if the membrane is compromised. Upon entering the cell, it binds to
intracellular proteins, thereby staining the cell its characteristic bluish colour.
Because of its specific properties, cell viability can be measured by a trypan blue

exclusion test.23¢

The disaggregated tissue cell suspension (10 pl) was mixed with 10 pl of 0.4%

Trypan Blue Solution. The mixture was pipetted onto a haemocytometer and the
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viable percentage was calculated by dividing the number of viable cells (cells that
excluded the dye/unstained) by the total number of cells (stained and unstained)

multiplied by 100.237

2.2.4.5 Drug Treatments

Effect of cytotoxic drugs on the GBM tissue was tested with two drugs:
Temozolomide (TMZ) and ExoPr0.

Temozolomide is a prodrug that is converted into the active drug MTIC (5-(3-
methyl-(triazen-1-yl)imidazole-4-carboxyamide in physiological pH, without hepatic
activation.??®2°  Previous studies have shown that the plasma and CSF
concentrations of TMZ are approximately 100 pM and 10 uM, respectively.?%?! As
such within this study, a final concentration of 100 uM of TMZ initially dissolved in
DMSO (10 mg of TMZ dissolves in 1 ml of DMSO) was used to treat GBM tissues
maintained on chip after optimising the tissue on chip for 24h. At 24 h, the 100 uM
TMZ/media solution was perfused at a rate of 4 pl/min for 24 h. As the half-life of
MITC is 2 h,?** the TMZ solution was replenished after 24 h and the tissue perfused
for another day, ensuring that the GBM was exposed to 48 h of TMZ perfusion. A
GBM control sample was also exposed to the corresponding volume of DMSO

(0.2% v/v) to ensure that any presumed drug effects were not as a result of DMSO.

ExoPr0 is an exosome product derived from CTX, a conditionally immortalised
human neural stem cell line currently being developed by the company ReNeuron.
Preliminary studies within the ReNeuron group has shown efficacy of the drug in
treatment of GBM cell lines. To test the efficacy of ExoPr0 in treating GBM tissue,
various concentrations of the drug were added to exosome-depleted media. As the
use of exosomes to treat GBM is still in the pre-clinical stages, the doses were per
manufacture guidance and ranged from 1x10° — 2x10'! particles within 20 ml of

media.

79



Figure 2.7: Summary of viability assays performed
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2.2.5 Statistical Analysis

Statistical analysis was carried out using Graph Pad Prism (Graph Pad Software,
USA). A combination of paired and unpaired t-tests was used to determine statistical
significance between fresh tissue assays and assays within the microfluidic device as
appropriate. A p value of <0.05 was considered to be significant and thus reject the
null hypothesis that the differences in the results were due to chance. All graph error
bars display the standard error of the mean, except where indicated. Statistical
analysis support was provided by Dr. Chao Huang of the Hull and York Medical
School.
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3.1 Optimisation and Results

3.1.1 Overview

A total of 148 GBM tumour specimens (obtained from 33 patients) were maintained
within a microfluidic device. The average wet weight of the tumour samples was
12.1 mg (+/- 2.2 mg). Tissue maintenance was for an average of 70.2 h (+/- 6), with
2 experiments that ran for the shorter length of 48 h, and 2 devices maintained for
longer than 72 h; one for 5 days and another for 7 days. Effluent collection occurred
every 2 hours during the working day and was left overnight for an average of 12-18
h. A further 22 tissue samples were maintained as static cultures within a 1.5 ml
polypropylene tube, with media replenished every 2 hours during the day and left
overnight without any change of the media for 12-18 h. The static culture
experiments were used as a control, to compare the effects of tissue culture, without
microfluidic flow and as such, the volume of the media used, and the timings of
media exchange corresponded with effluent collection from the microfluidic devices
that were running in parallel. The static culture tissues were on average, heavier than

the microfluidic tissue at 14.5 mg (+/- 6.3 mg).

3.1.2 Assessment of Viability

3.1.2.1 Annexin V and PI

For each patient recruited into the study, both fresh tissue and chip tissue were
disaggregated into single cell suspensions as described in section 2.2.4.2. The
Annexin V and Propidium lodide assay was performed and analysis with flow
cytometry produced a dot plot of 10,000 cellular events with each cellular event
represented by a point on the chart, the location of which was determined by the
presence or absence of Annexin V and Propidium lodide. Figures 3.1-3.3 show an

example of chip tissue that was processed using the method.
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Figure 3.1: Dot Plot (patient 16008) produced on CellQuest Pro software representing
flow cytometric analysis of Annexin V and PI distribution.

The chart shows the proportion of cells (from a total of 10,000 cells) that are labelled with
Annexin V and/or PI. The x axis denotes FL1 and represents cells emitting light around 530
nm, corresponding to FITC —labelled Annexin V. FL3 (y axis) corresponds to cells emitting
light at 670 nm, which in this case would be cells with intracellular PI. NB: The scales are

logarithmic.
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Figure 3.2: Dot Plot (patient 16008) representing flow cytometric analysis of Annexin V
and PI distribution sectioned into quadrants.

Using the clustering of the cell events the dot plot produced can be sectioned into four
distinct populations — healthy/live (AV-/PI- in Green), early apoptosis (AV+/PI- in Yellow),
late apoptosis (AV+/PI+ in Orange), necrosis (AV-/PI+ in Red).
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Figure 3.3: Flow Cytometric analysis represented as a Histogram
The percentage of the total cells in each quadrant is calculated and plotted onto a histogram
to better visualise the different cell populations. This can be used to determine the

population of cells that are healthy (AV-/PI-) in Green and thus measure viability.

3.1.2.2 LDH Assay

All patient samples within the microfluidic device and those maintained with static
culture techniques were analysed for LDH release. The LDH assay was performed as
described in section 2.2.4.3. The results of the assay were used to calculate the
average absorbance for a certain period of time. As the effluent samples were
analysed in triplicate the average of the 3 samples was obtained. This average was
then subtracted from the average absorbance from the reagents used, e.g. the
absorbance from the BSA control and the reaction mixture control. This final figure
was plotted as an absorbance value against the hour it was collected from the start of

the experiment. A worked example for patient 16024, Sample 1 is below -

The absorbance figures for the effluent sample collected at 2 h were:
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Triplicate samples - 0.478, 0.477 and 0.497. The average was 0.484.

From this figure, the background absorbance (average absorbance of reagents — BSA
and reaction dye) is subtracted:

0.484 —0.047 = 0.436

This figure is plotted as the absorbance value against the time it was collected. The
same process is repeated for each effluent sample collected over the length of the
experiment. Note that overnight samples were not changed as frequently as every 2 h
and instead changed on average every 14 h. The initially high LDH absorbance is
thought to be related to tissue damage resulting from tissue dissection and handling,

which settles once the tissue has acclimatised to the chip environment. '8¢
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Figure 3.4: LDH absorbance in 72 h (AU — 490 nm).
LDH absorbance compiled from effluent samples collected every 2 hours and 12-18
(overnight). The graph shows an initial high absorbance value that plateaus to a low

absorbance value for the rest of the experimentation period.

3.1.2.3 Histology

Histological analysis of specimens was obtained for all patients recruited (fresh
tissue and chip tissue). All wax embedding of tissues was performed by the principal
investigator. The initial protocol for tissue sections and staining was a manual
process that was optimised after the 12" patient to include a ‘blueing’ process, as the

quality of the slides were inadequate (see Figure 3.5). After the 18" patient and
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despite amendments to the protocol, there was not a significant improvement in
quality of histological slides and as such, the services of UCL Advanced Diagnostics
Laboratory (UK) were sought for all histological and immunohistochemical
preparations. The finalised protocol is summarised in section 2.2.4. H&E sections
were developed for 30 patients. Immunohistochemical analysis was processed for the

last 16 patients (both Ki67 and Caspase 3)

Figure 3.5: Optimisation of histological techniques.

Comparison of initial H&E protocols a&c with final protocols b&d. Note the greater
contrast in colour between nuclei (Haematoxylin) and cytoplasm (Eosin) in finalised
protocol, providing greater differentiation (a&b x100 Magnification, c&d x 400
Magnification).

3.1.3 Optimisation of Experimental Technique

3.1.3.1 Operative Sampling

Tumour samples were deemed appropriate for specimen acquisition during surgery
based on macroscopic appearances and knowledge of the relationship of the tumour

to normal brain. Sampling errors were defined as tissue without evidence of GBM on
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histological examination. This occurred once, amongst the 33 patients, with
histological examination not showing any evidence of GBM tissue; the analysis was
consistent with normal brain (see Figure 3.6). There were 3 instances where the bulk
of the tissue obtained contained perilesional tissue and there were 2 occasions where
the tissue contained minimal or no nuclei, likely representing tumour necrosis. These

findings were consistent in histological analysis of both fresh tissue and chip tissue.

Area of densely
packed cells (GBM),
bordered by
perilesional/normal
tissue

Figure 3.6: Variations in Histology from 4 different GBM patients

a. Specimen without obvious cancerous tissue, most consistent with normal brain (x200
Magnification); b. Anuclear specimen, likely representative of a dense area of tumour
necrosis (x100 Magnification); ¢. Grossly uniform tissue specimen with high cellularity,
vascular proliferation, consistent with GBM (x100 Magnification); d. Tissue with localised
area of densely packed cells with high cellular pleomorphism and mitotic activity, adjacent

to areas of perilesional tissue (x100 Magnification)
Despite strict adherence to the inclusion and exclusion criteria, 5 of the 33 patients

did not have a diagnosis of a GBM, including one patient who had a non-glial

tumour (a Grade 1 Schwannoma, which mimicked a GBM on imaging).
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3.1.3.2 Non-Perfused Time

On average the time between obtaining the sample and perfusing the tissue within
the microfluidic device was 69 mins (with a range of 40 - 120 mins). The timing
shortened with experience with the last 10 sample acquisitions being perfused within
60 mins of surgical resection (with a mean of 56.2 mins +/- 15.8). Optimisation
experiments were carried out to see if the length of time prior to processing the tissue
affected viability; fresh tissue was disaggregated immediately, and an Annexin V/PI
assay was performed. These results were compared with assays on tissue that was
left in nutrient media for an hour prior to starting the same process. The viability of
tissue processed immediately was 81.4 % (+/- 11.7) compared to tissue that was
processed an hour later 62.9 % (+/- 5.7). A paired t-test showed that the difference
between the matched pairs (n=3) was statistically significant; P = 0.043. However,
there was no correlation between the non-perfused time and viability when samples
were analysed (n = 28) using Pearson’s correlation coefficient with an r? value of
0.027 and P value of 0.41, indicative that the variance between timing of chip
processing and viability is not shared. Figure 3.7 summarises the data on the length

of time the tissue was without perfusion.
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Figure 3.7: The effects of processing time on tissue viability
a. Viability of tissue processed immediately (Fresh) and that processed an hour later (1 h
Wait); p value = 0.043 (n=3). b. Scatter graph showing correlation between length of time

taken to process tissue and viability. Pearson’s correlation —* = 0.027; P = 0.41.

89



3.1.3.3 Nutrient Media

To assess the efficacy of different nutrient media solutions in maintaining GBM
tissues ex vivo, the standard media, utilised as the media solution in 98 microfluidic
devices, was compared with exosome-depleted media (n = 22) media and an artificial
CSF solution (n = 8). There was no statistical difference in cell viability when tissue
and effluent maintained with standard media was compared with tissues maintained
with exosome-depleted media, nor when the standard media was compared to aCSF.

The results of the differing media types are summarised in 7able 3.1 and 3.2.

Standard Media  Exosome- T-test (Wilcoxon)
FBS Depleted Media n=7
Exosome-Depleted
FBS
Viability (%) 49 (+/- 30.7) 31.6 (+/- 19.5) P=0.19

Table 3.1: Exosome-Depleted Media as a media substitute.

Table comparing the viability in tissues maintained in standard media and those maintained

in exosome-depleted media.

Standard Media aCSF T-test
FBS (Wilcoxon)
n=3§8
Viability (%) 73.3 (+/- 28.8) 65.6 (+/-27.1) P=0.05

Table 3.2: aCSF as a media substitute.

Table comparing the viability in tissues maintained in standard media and those maintained

in aCSF.
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3.1.4 Optimisation the Chip

3.1.4.1 Flow Rate

Previous studies that utilised microfluidic devices to maintain human tissue had used
flow rates of 1 pl/min?*3, 2 ul/min!79218:244245 and 4 pn1.246 As this was the first time
biopsies of brain tissue had been maintained within the device, there was uncertainty
about the optimal flow rate for tissue maintenance and as such flow rates through the
chip were altered between 2 ul/min (n = 49) and 4 ul/min (n = 79). There was a
statistically significant difference between the viability of the tissue maintained
within the devices, as measured with Annexin V and PI; with tissue perfused at a rate
of 4 pl/min having significantly higher viability (66.2 % +/- 26) than tissue
maintained with flow rates of 2 pl/min (44.6 % +/-28.1); P = 0.0314. The effect of

flow on viability is summarised in Figures 3.8 and 3.9.
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Figure 3.8: The effect of flow rate on tissue viability (matched pairs)
Matched pair samples (n=3) from the same patients assessing the effects differing flow rates

(2 ul and 4 ul) had on tissue viability (assessed with Annexin V and PI).
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Figure 3.9: The effect of flow rate on tissue viability (whole cohort)
Viability of tissues perfused with 2 ul/min (n= 49) and 4 ul/min (n =79) as measured by
Annexin V and PI assay. There was a statistically significant difference in the viability of the

cells with a P value of 0.03 (unpaired t-test).

3.1.4.2 Blockages and Leaks

In total, 20 out of 148 devices, either blocked or leaked to the extent that the
experiments were abandoned. Blockages meant experiments were not able to run
their course and results could not be interpreted accurately. To limit this problem, the
microfluidic device required an adaptation. Optimisation of the microfluidic device
required the introduction of a nylon mesh to separate the tissue culture chamber from
the microfluidic channels. This idea incorporated aspects of the perfusion chamber
devised by Rambani et al, where the tissue was placed on a gold electron
microscopy grid."”® The current experiment, introduced the nylon mesh after the first
11 patients had been recruited (38 tumour samples). This increased the efficiency of
the devices; with chip disruptions of 44.7 % (17/38) prior to the introduction of the
mesh reducing to 3.3% (3/90) after the mesh was introduced. On 3 occasions, prior
to the introduction of the mesh, there was no tissue in the device at the end of the

experiment, with the likelihood that that the tissue had been flushed through the
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device. Though this was rare, it highlighted the importance of a physical barrier
between the microchannel and the tissue chamber. As well as reducing the incidence
of device disruption, tissue viability was significantly improved (unpaired t-test — P
= 0.019) after the introduction of the mesh. Figure 3.10 compares tissue viability

with and without the mesh within the device.
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Figure 3.10: Tissue viability before and after the introduction of the mesh into the chip.
There was a significant increase in the viability of the tissue with the introduction of the

mesh — With Mesh; n = 90 and Without Mesh, n= 38 (Unpaired t-test; P = 0.019).

3.1.5 Static Tissue Culture

3.1.5.1 Static Tissue Viability

Static tissue cultures were used as control conditions to compare the effect of
microfluidic flow on tissue maintenance. 22 tissues were maintained in static culture
conditions with media replaced every 2 hours during the day. To ensure conditions
were comparable to the chip tissue, the same volume of media was used as that used

to perfuse the chip tissue, e.g. experiments with chip tissue maintained with 2 pl/min
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would have 240 pl of nutrient media every 2 h. This was doubled when the flow
rates within the chip tissue was doubled to 4 pl/min and an equivalent volume used
to maintain tissue that was kept overnight. The media in which the static cultures
were maintained were collected and stored for LDH analyses at the end of the
experiment run as described in section 2.2.3.4. When matched pairs were compared
(n =9), there was a statistically significant difference (paired t-test - Wilcoxon) in
the viability of chip tissue compared with static tissue maintained over 72 h, with a
mean viability of 73.6% (+/- 26.5) in chip tissue compared to static tissue, which had
a mean viability of 52.1 % (+/- 30.8). P = 0.036). Figure 3.11 displays this
graphically.
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Figure 3.11: Differences in viability between chip tissue and static tissue
Matched pairs (n=9) comparing viability of chip tissue with static tissue using Annexin V'

and PI assay. Mean viability for chip tissue was 21.5 % greater than static tissue.

3.1.5.2 Static Tissue LDH Release

There was a distinct difference in the LDH absorbance in the effluent collected from
static cultures when compared to chip tissue. Figure 3.12 demonstrates LDH

absorbance curves of matched pairs (the 12" and 215 patient) of chip tissue and static

94



tissue demonstrating representative LDH absorbance with reduced absorbance levels
after an initially high absorbance with chip tissue compared with erratic and high

absorbance in tissue without microfluidic flow.
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Figure 3.12: The differing patterns of LDH absorbance from effluent samples collected
from chip and static tissue

a. LDH absorbance over 72 h period with tissue maintained within the microfluidic
device compared to LDH absorbance over 72 h period with static tissue culture

(Patient 16012) b. Same comparison for Patient 16021.
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3.1.5.3 Histology of Static Tissue

There was a difference in the histological appearance of tissue maintained without
microfluidic flow. H&E sections of 3 patients in which all three tissue types (fresh,
chip and static) were compared for histological differences showed that static tissue
lost part of the structural integrity of the extracellular matrix and took on a “woolly”
appearance with large holes in the tissue. There was also a consistent reduction in the
intensity of eosin staining, which could indicate a reduction in cytoplasmic proteins.
Ki67 staining of the static tissue compared with fresh and chip tissue showed
reduced staining in static tissue, suggestive of reduced cellular proliferation of this
tissue. Figure 3.13 demonstrates comparable images from a patient with GBM with
histological slides for fresh, chip and static tissue and highlights the different

proliferation index in the different tissues.
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Figure 3.13: Representative images of tissue sections from the 8" patient — GBM IDH
Wild Type (all at x400 Magnification)

o  GBM sections from fresh tissue (a. H&E d. Ki67 IHC proliferation index of 11.3)

o GBM sections from chip tissue (b. H&E e. Ki67 IHC proliferation index of 5.1)

o GBM sections from static tissue (c. H&E f. Ki67 IHC proliferation index of 2.2).

Note the reduced intensity of eosin (red/pink) staining in the tissues on the top row (fresh
tissue > chip tissue > static tissue) that may be related to reduced extracellular

matrix/cytoplasmic content.
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3.1.5.4 Further Histology Studies

To assess the pattern of tissue degradation once removed from the body, tissue was
stored in media for 1, 2 and 3 days without changing the media and then processed
for histological analysis. Tissue maintained its cellular and structural architecture for
the 3 days without any media change or flow. Immunohistochemical analysis of
proliferation with Ki67 staining did not show any nuclei staining for any of the days,

indicative of a lack of cellular proliferation after 1 day (Figure 3.14).

Figure 3.14: Images of tissue sections from the 27" patient (GBM = IDH Wild Type)
stored for 1,2 and 3 days.

o  GBM sections from tissue stored in media for 1 day - a. H&E (x100 Magnification)
d. Ki67 Immunohistochemistry without any nuclei staining positive for Ki67 (x400
Magnification)

o  GBM sections from tissue stored in media for 2 days - b. H&E with typical areas of
necrosis and pseudopalisading (x100 Magnification) e. Ki67 Immunohistochemistry
without any positive nuclei staining (x400 Magnification)

o  GBM sections from tissue stored in media for 3 days - c. H&E (x100 Magnification)
[+ Ki67 Immunohistochemistry (x400 Magnification)
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3.1.6 Summary of Optimisation Techniques

Summary of optimisation techniques are displayed in Figure 3.15.
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Figure 3.15: Summary of optimisation experiments detailing analysis undertaken and

number of devices established.
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3.1.6 Discussion

3.1.6.1 Recruitment and Sampling

All patients recruited into the study were managed according to the National Institute
of Clinical Excellence (NICE) guidance, with case discussion in a dedicated neuro-
oncology multidisciplinary team meeting, pre-operative MRI with and without
gadolinium administration, image guided microsurgical resection and post-operative

MRI within 72 h of surgery to asses extent of resection.*’

For recruitment, pre-
operative MR scans were studied for features consistent with a diagnosis of GBM,
these included: a heterogeneous mass on T1/T2 images, mass effect from tumour
bulk, contrast enhancement on T1 weighted images, peritumoral oedema and central
necrosis; all in the absence of a primary systemic cancer.?*¥23! The sensitivity and
specificity of pre-operative MR in diagnosing a high-grade glioma (anaplastic and

251 with a similar

GBM) has previously been reported as 72.5% and 65% respectively,
margin of error when MR is used to distinguish anaplastic gliomas from GBM.?>? As
such, errors in diagnoses based on MR are inevitable and though the aim of the study
was to examine solely GBM tissue ex vivo, 5 of the 33 patients recruited did not have
a GBM diagnosis on formal histopathology. Due to the processing time of
histological sections and slides, this is only apparent after the patient has been
entered into the study and the tissue maintained within the chip. More insidious and
difficult to measure is that some of the samples taken from patients, even those with
a confirmed diagnosis of GBM, when examined histologically, did not contain
representative portions of the GBM tumour. Sampling errors are intrinsic to the
method and particularly unavoidable in this setting due to the heterogeneous nature
of the tumour itself, therefore, these tumours were included in the analysis. This
could explain some of the variation within the viability assays on chip and is likely
compounded by the heterogeneity that exists in different tumours. Within the
recruited cohort, there were a mixture of patient ages, sex and IDH 1 types and this is
likely to translate to mixed GBM phenotype within the cohort; with each of these
tumours behaving in a unique manner from the next. As well as tumour
heterogeneity, samples obtained were taken during microsurgical resection of the
tumour based on the surgeon’s knowledge and experience as to what part of the

tumour represented the most viable/cellular portion. Despite instructions to provide
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non-necrotic tumour and to avoid supplying the study with normal brain tissue, it is
difficult for the surgeon to be able to determine with absolute certainty, the
microscopic appearance of a tumour at surgery. There was also a wide range of
necrosis among tumours sampled, with some of the tumour masses on MR imaging
composed of up to 45.5% necrosis, making it more likely that necrotic material could

be sampled in these cases.

Non-diagnostic sampling errors, of around 10 %, occur even with stereotactic
biopsies, which are calculated to a submillimetre precision level?*23° and so it is not
surprising that errors in tissue sampling may occur in a study such as this where a 1 —
2 cm tissue section is resected. Evidence suggests that diagnostic yield is increased
by the number of samples obtained, as well as the number of sites biopsied.?>* The
current study, guided by ethical considerations, only obtained a small portion of the
gross tumour specimen, from one area of the tumour, after adequate samples had
been obtained for clinical diagnosis and molecular marking. As such, tissue
maintained in chip, could have included varied amounts of necrotic tissue or only
partially invaded brain tissue; the degree in which this occurred is difficult to
quantify as only 1 or 2 tissue specimens were processed for histological analysis,
with the assumption that those tissues processed were representative of that
particular tumour on chip. Indeed, histological analysis did identify at least 5 samples
that contained areas not representative of cellular GBM. Regional heterogeneity
means that the behaviour of two chips containing tissue from the same patient and
even from the same region of the tumour could behave very differently as the tissue
behaviour in the chip will be determined by the predominant tissue type within that
particular chip. As such, results of individual chip tissue need to be approached with
caution and large standard deviations are to be expected, with a lot more weight
given to the mean tissue response. Looking forward and beyond this preliminary
study, an approach would be to obtain multiple biopsies from different parts of the
tumour mass at surgery (including samples from the tumour-brain interface);
analysing the samples both on chip and histologically to better understand the
relationship between histological findings and tumour behaviour on chip, as well as

the behaviour of cells/tissue in various parts of the tumour.
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3.1.6.2 Warm Ischaemic Time and the Effect of flow

The length of time in which a tissue remains without perfusion with blood or media
is referred to as the warm ischaemic time (WIT).2*® The term is commonplace in
transplant surgery and highlights that the tissue, while un-perfused is not cooled for
cryopreservation. In the current study, there was no correlation between the WIT of
the tissue and viability, when assessed with regression analysis. This was despite the
fact that there was a statistically significant difference in the viability of tissue
processed immediately, and that processed after an hour delay in 3 experimental runs
(See Figure 3.7a). Studies looking at the effects of WIT on tissue have found that the
length of time without perfusion has an impact on the health of the tissue. Hosgood
et al found that excised porcine kidneys with a WIT of 15 mins, had significantly
better renal function (including creatine clearance, oxygen consumption and renal
blood flow) when the tissues were re-perfused, than kidney tissue exposed to 90 or
120 mins of WIT.?*7 Significantly the group found that the negative effects of warm
ischaemic time were most marked in the first hour of reperfusion with particularly
higher levels of Neutrophil Gelatinase-Associated Lipocalin, a marker for acute
kidney injury, during this time.?>® Similarly, longer ex vivo WIT has been linked with

259 while

reduced cell viability and lower engraftment rate of lung tissue xenografts,
being shown to have detrimental effects on the histological and morphology of
tissue.?® All the papers cited define a critical WIT of 90 — 120 mins and this may
explain why there was no significant effect on WIT of GBM tissue as only two

samples had a WIT of greater than 90 mins.

By utilising microfluidic principles, the current study perfused tissue with a
continuous influx of nutrients as well as removed waste products at a constant rate.
Earlier iterations of this device had maintained human tissues successfully with a
flow rate of 2 pl per min. A different dual flow device maintained human bowel
explants at higher flow rates of 4 pl per min with low levels of LDH release.?®!
Studies on animal brain slices maintained much smaller tissue sections (350 - 500
um thick) within a wide range of flow rates between 0.3 pl — 17 ml per

min,!138159162.163 The rate of perfusion is specific for each device and should be

appropriately adjusted depending on the nutrient media used, as well as the tissue
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type and thickness. Normal cerebral blood flow is approximately 50 ml per 100 g of
tissue per minute but in GBM the cerebral blood flow can range between 39-82
ml/100 g/min.?%? This equates to a rate of 4-8 pl/min per 10 mg of tissue; a rate that
was matched during our experiments with flow of media at 4 pl per min for GBM
tissues of an average wet weight of 12.1 mg. With higher flow rates, there is a
theoretical risk of increased tissue damage from shear stress'>! but in the current
study, the flow increment did not have a detrimental effect to the tissue with respect
to tissue viability and LDH released. In fact, there was a statistically significant
improvement in tissue viability with flow rates of 4 ul per min compared with 2 ul
per min. The benefits of continuous flow of nutrient media flow over static tissue
cultures has been stressed in previous studies. Originally, Reid et al. found that
electrical activity within hippocampal brain slices from rats failed if the flow

263

underneath the tissue stopped for over a minute.”> Rambani et al. proved that

viability of their brain slices was significantly better if the tissue was perfused at 20

ul per hour compared to un-perfused tissue slices'’

and recently Killian et al were
able to show that perfusion of brain tissue correlated with an improvement in tissue
maintenance as measured by viability of the cells, as well as the thickness of the
tissue mantle, which thinned significantly with un-perfused tissue during
experimentation.!>® These results were similar to the findings in this study where
tissue maintained with flow outperformed static tissue cultures in terms of cell
viability, LDH release and morphological appearance. Nonetheless, the results of
tissue maintained in static culture and that of tissue left in media for days without
any replacement of the media is striking and reinforces the results of previous AGBM

tissue cultures and highlights the resilience of GBM tissue and cells outside the

body; making this tissue an ideal candidate for ex vivo studies.

3.1.6.3 Nutrient Media

During the study, three different media solutions were used to maintain the GBM
samples, with no significant difference in the viability or LDH released. Studies
involved in culturing human brain or GBM tissue have used a variety of nutrient
media but have mainly included a balanced salt solution, supplemented with 10-20
% of FBS.208209.264210212 Thege studies all reported adequate viability of the

maintained tissues, even with static culture techniques. AGBM cell cultures have also
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been grown into tumour spheroids or cellular monolayers with media supplemented
with FBS.?93266 A number of examples, in the literature, of U87 cells cultured using
similar nutrient media attest to the benefits of media supplemented with
serum,’8-200.267.268 The literature on the media used for the culture of GBM tissue and
glioma cells aligns with the work done on the microfluidic device with acute tissue
sections from liver, head and neck cancers and colorectal cancer; all maintained
within the device with DMEM media (High Glucose 4.5g/L without L-Glutamine)
supplemented with 10% FBS.!180-218.243245 A quch, the GBM samples in this study
were maintained with the same media and supplements as those used on previous
microfluidic tissue systems. However, inconsistences in the results of the first 10
GBM patient samples maintained on chip demanded a review of the nutrient media

used, amongst other factors, to improve viability of the GBM specimens.

The historical development of nutrient media used for acute brain tissue slices date
back to the works of Nicoll and Alger on interface chambers who cultured rodent
brain tissue slices using a balanced salt solution (Earle’s Solution).'>* Stoppini et al.
characterised a nutrient media solution that introduced the addition of HEPEs buffer,
horses serum and Hank’s solution in modified Eagle media for culture of brain
slices.'*! However the use of serum containing media in brain tissue was called into
question as research showed a trend for serum containing media to promote glial
proliferation over neuronal growth.?6°7! Most cell types require some serum for
optimal growth in culture as the serum contains crucial energy substrates, hormones,
growth factors, cytokines, and carrier proteins.?’??7> With this in mind, Brewer et al.
developed a serum-free media (Neurobasal), which when supplemented with a
medium supplement (B27), contained essential factors for improved neuronal cell
growth within organotypic slices. A caveat to this was that the media had a negative
effect on the glial cells and glioma cells.?’* The group felt that the positive effects of
Neurobasal were due to the reduced osmolarity, high glutamine and the elimination
of toxic ferrous sulphate. However, Eugéne et al. found that the Neurobasal/B27
medium performed poorly in the maintenance of human temporal lobe tissue and as
such, developed a new nutrient media with lower levels of glutamate and an enriched
mixture of D-glucose, lactate and pyruvate.?’> Schwarz et al. showed that human
cerebrospinal fluid (CSF) solutions (obtained from patients with normal pressure

hydrocephalus) performed better at maintaining human organotypic slices and
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increased survival of neurons, intact network and cellular function compared to slices
kept in media based culture.?’® Importantly, the group also showed that glial cells
remained intact when cultured with human CSF. Similar results were found using
human CSF solutions on rat hippocampal brain.?’” With various recipes of aCSF in
existent,?’® and various brands commercially available, the use of artificial CSF
appears to be an alternative nutrient media for scientist who culture acute thick brain
slices.!31-137:164279 [ the current study, artificial CSF was prepared using a recipe
from a reputable 1ab??° and the efficacy of this solution, as an alternative nutrient
media, was tested in 8 GBM samples and compared against the media containing
FBS. Though there was no difference in viability of the matched pair samples, it
appears that serum-containing media is as effective as aCSF media solutions in

maintaining GBM tissue (See Table 3.2).

It is important to note that although the tissue being maintained in the chip originates
from the brain, the tumour itself is glial in origin and as such, utilising media that
favours neuronal cells over glial cells such as serum-free media is likely to be
detrimental to the growth/maintenance of GBM tissue. Interestingly, two groups
have successfully maintained #GBM tissues in static cultures using medium that did
not contain serum, or human/artificial CSF. Instead, the groups utilised media
composed of Hank’s Balanced Salt Solution supplemented with N-
hydroxysuccinimide and L-glutamine.?'*?'* This nutrient media solution offers an
alternative solution that can be explored in future research aimed at optimising the

maintenance of GBM tissue.

The use of serum containing media, also exposes the GBM tissue to exosomes, that
are naturally occurring within serum. Exosomes are vesicles of endocytic origin,
released from cells into the extracellular space and are involved in cellular signalling
to modulate the extracellular milieu.?®"?8! Though there are wide range of
extracellular vesicles, including microsomes and apoptotic bodies, exosomes are
usually 40-120 nm in diameter, formed from the inward budding of multivesicular
bodies, and contain mRNA, cytoplasmic and membrane proteins.?®?> Their
significance in essential biological processes is becoming more apparent with
increasing evidence of their role as “couriers” in delivering protein and RNA

messages to cells they come into contact with.?®3 Exosomes have been reported to
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284 285 286

transmit transcription factors,=** oncogenes,**> growth factors and their receptors,

mRNA and infectious particles?®’

into recipient cells and thus can be regarded as
multifunctional signalling complexes for controlling fundamental cellular and
biological functions. In cancer, exosomes secreted from cancer cells, are involved in
reprogramming the environment to favour tumorigenesis and are involved in priming
distant tissues for metastatic invasion.?®¥2%° In GBM, exosomes have been shown to
be involved in immune modulation, metabolic regulation and angiogenesis.?8! As the
scientific community comes to terms with the implications of exosomes, a few
groups have begun to explore therapeutic avenues. Exosomes derived from
mesenchymal stem cells have been shown to promote recovery of cardiac myocytes
after cardiac injury, as well as enhance angiogenesis and reduce the degree of
fibrosis.?®3 ExoPr0, is an experimental drug that has been shown in pre-clinical
studies to significantly reduce proliferation of GBM cell lines.?*® The drug company
ReNeuron developed a process for purifying exosomes from stem cells and are
looking to start phase one clinical trials on the background of successful in vitro
studies. In order to test the efficacy of the drug ExoPr0 on #GBM tissue, the standard
media was supplemented with exosome-depleted (instead of FBS), to examine the
effects of media without exosomes on the tissue, prior to drug treatment. Previous
work has found exosomes within serum to be crucial in the proliferation of cardiac

291 and skeletal muscle.?”> Aswad et al. cultured a number of cells,

progenitor cells
including human U87 glioblastoma, human, HeLa cells and neuroblastoma cells in
two different media; one containing 10% (v/v) FBS and the other with 10% (v/v)
exosome-depleted FBS. The results showed that, the exosomes were internalised into
the cells and (except for U87 cells) promoted growth. Cell lines grown in the
presence of exosome-depleted media had significantly reduced growth rates when
compared to cells grown in media containing exosomes.?*?> For an unknown reason,
the glioblastoma cell lines were resistant to the negative effects of exosome depletion
and growth was comparable to that of U87 cells grown in media containing
exosomes. This finding can be extrapolated to support the current study, where there

was no difference in the viability of GBM tissue when maintained with exosome free

media as compared to normal FBS media.
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3.1.6.4 Blockages

To prevent recurrent blockages of the device, the chip was modified by inserting a
mesh layer to form a semi-permeable membrane between the tissue and the micro-
channels. Such a modification can have a significant effect on the direction of flow
within the device. Previously, flow within this device has been characterised with
computational studies to show that Reynold numbers are less than 1 with viscous
forces dominating over inertial energies, promoting a flow that is laminar.”*> As
such, the introduction of the mesh layer, has the potential to restrict the nutrient
media from perfusing the tissue, or even disrupting the laminar flow and introduced a
degree of turbulence. Yet, tissue maintained in the device after the introduction of
the mesh was significantly more viable (with Annexin V and PI assays) and released
comparable levels of LDH. The tissue mesh also significantly reduced the rate of
chip blockage and improved efficiency of the device, with the optimised set-up
having only 3 out of 90 device blockages. With a model that allows successful
maintenance of GBM without blockages or leakages in 96.6% of cases, the use of
the method as a viable pre-clinical model can challenge current options such as
patient derived xenografts, which currently have an engraftment rate that can be as

low as 22%.2%3

Uncertainty arises as to why the tissue viability improved with the mesh as opposed
to without and this will require further investigation. One possibility is that the mesh
may have acted as a wick, drawing up nutrients down a concentration gradient and
improved the tissue perfusion, similarly to the pattern of nutrient supply seen with
interface chambers used to maintain brain tissue slices.'”>!>* Flow studies carried out
utilising fluorescent labels to assess tissue penetration with and without the mesh
were inconclusive (see Appendix 3) due to the auto-florescence of the tissue, likely

294-29 which is associated with autofluorescence of brain tissue

due to lipofuscin,
within the same spectrum of the fluorescent marker used PKH26. Further studies
with appropriate fluorescent markers as well as fluid flow modelling would allow
evaluation of the distribution of flow and guide device modifications. Alterations to
the direction of flow, from the parallel axis of the tissue to flow that is perpendicular
to the tissue has the potential to improve viability of tissue. Vukasinovic et al.

describe the advantages of forced convection interstitial perfusion for long term
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maintenance of tissue slices over superfusion and capillary wicking of tissue placed
above a porous membrane.'>® Future experiments could compare forced convection
with passive diffusion to better understand the parameters involved in tissue
maintenance. Such a modification would require only minor amendments to the basic

units of the device and how it is assembled.
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4.1 Analysis of GBM Tumours using a
Microfluidic Device

4.1.1 Study Results

4.1.1.1 Overview

A total of 36 patients were approached for recruitment over a 21-month period (April
2016 - October 2017). Recruitment was stopped at the 18-month period to allow
adequate time for data interpretation and analysis. One patient refused consent into
the study and two patients were excluded as they were unable to give informed
consent due to reduced cognition. In total 33 patient tumour samples were available
for analysis. Sample acquisition was performed by 8 different surgeons and ranged
from large 2 cm tissue slices of debulked tumour to biopsies obtained using a
kerrison rongeur or a needle biopsy. Tumour samples placed within the MF device
were from a cohort summarised in Table 4.1. The average age of the group was 59.2
years (+/- 11.7; Range 38-81). Of the 33 patients whose samples were analysed on a
chip, 25 had a histological diagnosis of Glioblastoma. A further 3 had mixed features
of Glioblastoma and an Anaplastic Astrocytoma. Five patients had a diagnosis that
was not GBM, including a Schwannoma, a Gemistocytic Astrocytoma, an Anaplastic
Oligoastrocytoma and 2 Anaplastic Astrocytomas. Of those that were GBM, all had
the IDH 1 wild type gene. MGMT methylation was only tested in 7 patients, out of
which, 1 patient was verified as having methylation status. Two patients had a TERT
mutation, which is associated with an overall poorer prognosis.?’’” Within the cohort,
a biopsy was performed for 2 of the patients with another 31 patients having a
surgical debulking of the tumour. Biopsy was usually performed for cases in which
the diagnosis was uncertain or where the tumour was located in an eloquent area that
meant surgical debulking carried greater risks than benefits for the patient. Table 4.1

displays the demographics of the patients included in the study.
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Patients Recruited (n = 33) No.

Age 59.2
Sex (M : F) 23:1
WHO Grade Tumour
GBM IDH1 Wild Type 23
GBM IDH Status Unknown 1
Gliosarcoma !
3

Anaplastic/GBM IDHI Mutant
Anaplastic Oligoastrocytoma IDHI Mutant*

Schwanomma Grade 1*

Anaplastic Astrocytoma IDHI Wild Type* ?
Gemistocytic Astrocytoma IDHI Mutant*
Primary Tumours 29
Recurrent Tumours 4
Surgical Resection
Debulking 31
Biopsy z

Table 4.1: Histological types and demographics of patients included in the study.

* Indicates non-GBM Tumours

4.1.2 Viability of GBM on Chip

4.1.2.1 Annexin V and Propidium Iodide

Flow cytometry analysis of matched pairs (n = 26; though there were 28 GBM
samples, only 26 had matched paired analysis of Annexin V and PI) of fresh and chip
tissue samples showed mean viability of 68.9% (+/- 29.8) and 61.1% (+/- 28.3),

respectively. Though the mean difference between the two groups was less than 8%,
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this difference was statistically significant when analysed with a paired t-test; P =
0.01 (Figure 4.1).
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Figure 4.1: Histogram of flow cytometric analysis of Matched Pairs (Fresh Tissue and
Chip Tissue), used to quantify healthy cells (AV-/PI-).

Histogram of 26 matched pairs of tissue (Fresh Tissue vs. Chip Tissue) to show the fate of
disaggregated cells after Annexin V and PI staining and stratification with the Flow
Cytometer. The difference in healthy cells (AV-/PI-) between fresh tissue (68.9%) and chip
tissue (61.1%) was statistically significant with a paired t-test; P = 0.01.

Stratifying the results according to diagnosis allowed an analysis to see if other
tumours within the cohort behaved differently to tissues confirmed to be GBM. This
showed that GBM tissue viability (n = 27) was greater than lower grade tumours (n =
5), with a mean viability of Grade 1-3 tumours at 31.8% (+/- 17.2), compared to
GBM tissue which had a mean viability of 60.1% (+/- 28.8). This difference was
statistically significant with a P value (t-test) of 0.01 as exemplified in Figure 4.2.
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Figure 4.2: Histogram of viability according to tumour grade.
Bar graph comparing the viability (determined by Annexin V and Pl) of GBM (n= 27)
tissues on chip with tumours other than GBM (n = 5). P = 0.01.

4.1.2.2 Trypan Blue

In parallel to the Annexin V/PI viability assay, trypan blue staining of cells and
counting on a haemocytometer allowed visual confirmation of cell viability via dye
exclusion. This was performed on the disaggregated cells from fresh tissue and chip
tissue (n = 19), with 6 fresh tissue and chip tissue matched pairs. The results from the
6 matched pair samples revealed mean cell viability of 73% (+/- 14.2) for fresh tissue
and 61% (+/- 26.4) in tissue that had been maintained within the microfluidic device
for 72 h. The differences between the two means was not statistically significant (P

= (.16; paired t-test — see Figure 4.3).
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Figure 4.3: Fresh and Chip Tissue viability according to Trypan Blue.

Mean cell viability as measured with trypan blue stained cells from disaggregated fresh
tissue (n=6) and chip tissue (n=6); 73 % and 61 %, respectively. t-test showed no significant
difference; P = 0.16.

In total, 19 trypan blue cell viability assays were performed which when compared to
the Annexin V/PI assays showed a positive correlation, with an r? value of 0.78,
suggestive that there is a strong linear relationship between the two methods of

assessing viability (see Figure 4.4).
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Figure 4.4: Correlation between two viability assays.
Comparing viability according to trypan blue (x axis) with viability according to Pl/Annexin

V (v axis). There was a linear relationship between the two tests with an v’ value of 0.78.

4.1.2.3 LDH Absorbance

4.1.2.3.1 LDH released into effluent

The pattern of LDH release from chip tissue has already been summarised in section
3.1.2.2. This is primarily one in which there is an initial peak in LDH absorbance
(previously attributed to tissue dissection and handling) followed by a low and steady
state of absorbance.!” Figure 4.5 surmises the average LDH released at set time

points during all experiments and confirms this pattern of LDH release.
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Figure 4.5: Average LDH absorbance over 72 h time period.

Graph displaying the average absorbance values for each time point from all experiments
e.g. the average absorbance of all effluent samples collected at 2 h (first value on graph)
after the start of the experiments was 0.84 AU. 4 h after the start of the experiments, the
average absorbance from the effluents collected was 0.54 AU etc. The graph confirms the

trend of an initially high LDH absorbance, followed by a low and stable absorbance value.

4.1.2.3.2 LDH absorbance after infusion with lysis solution

Proof that viable tissue remained at the end of experimentation was achieved by
lysing the tissue on chip with the lysis agent and assessing for an increase in LDH
absorbance. This was performed on 8§ GBM samples run within the microfluidic
device; all at the 71% hour. The introduction of the lysis solution usually led to an
increase in the LDH released (measured by absorbance), exemplified in the 6%
patient, where there was a 4-fold increase in the amount of LDH released after the
introduction of the lysis solution (see Figure 4.6a). Analysis of all the effluent
samples collected immediately after introduction of the lysis solution revealed on

average, a 3-fold increase in LDH (see Figure 4.6b).
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Figure 4.6: Effects of tissue lysis on LDH Absorbance
a. LDH absorbance over time in the 6" patient, where there was a 4-fold increase in LDH
absorbance after introduction of the lysis solution. b. Mean LDH absorbance an hour prior

to, and an hour after the introduction of the lysis solution in 8 experimental runs.
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4.1.2.4 H&E

Maintaining tissue within the microfluidic device for 72 hours did not disrupt the
tissue architecture when H&E sections were compared to fresh tissue samples. In
particular, there was no difference in cellular architecture within peripheral portions
of the tissue section compared to the central portion suggestive that there was
diffusion of nutrients to the whole specimen within the device. Figure 4.7 compares

fresh tissue with tissue maintained in the device for 72 h.

Fresh

Figure 4.7: Representative images of H&E sections of GBM tissue
o  GBM sections processed immediately from the patient (a. x100 magnification b.
x400 magnification)
o  GBM tissue sections after maintenance within the microfluidic device for 72 h (c.

x100 magnification d. x400 magnification).
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4.1.2.4 Immunohistochemistry

Similarly, immunohistochemical markers were relatively well preserved on chip over
the 72-h period when compared to fresh tissue. Figure 4.8 is an example of Ki67
staining of fresh tissue that was maintained for 72 h on chip. Proliferation indices
ranged from 0.7 - 41%. The average proliferation index amongst 14 matched pairs
(fresh and chip tissue) was 16.6% (+/- 15.5) for fresh tissue compared with 15.9 %
(+/- 17.7) for chip tissue. There was no statistical significance between the two

means. Figure 4.9 displays the results in a graph format.

e S 4 100:Am

Figure 4.8: Representative IHC of GBM tissue (Ki67; n = 14)
e GBM sections straight from the patient (a. x100 magnification b. x400
magnification)
o GBM tissue sections after maintenance within the microfluidic device for 72 h (c.

x100 magnification d. x400 magnification).
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Figure 4.9: Proliferation indices (Ki67 staining) of Fresh Tissue and Chip Tissue
Average proliferation index for Fresh tissue (stained immediately) and Chip tissue (stained

after 72 h in the microfluidic device) n = 14 paired tissue samples. P = 0.74

Caspase 3 staining of tissue, (13 matched pairs) did not show any difference between
fresh tissue and chip tissue. There was marked nuclear staining of Caspase 3 in fresh
tissue and chip tissue with average apoptotic indices of 38.9% (+/- 23.9) and 44.4%
(+/-21.3), respectively. This pattern of staining, though described, is not as common
as the more cytoplasmic location of Caspase 3.2°® There was again, no statistical
difference in apoptotic indices (paired t-test; p value 0.14). Figure 4.10 & 4.11

summarises these results.
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Figure 4.10: Representative IHC of GBM tissue (Caspase 3; n = 13)
o GBM sections straight from the patient (a. x100 magnification b. x400
magnification)
o  GBM tissue sections after maintenance within the microfluidic device for 72 h (c.

x100 magnification d. x400 magnification).
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Figure 4.11: Apoptotic indices (Caspase 3 staining) of Fresh Tissue and Chip Tissue.
Average apoptotic index (Caspase 3 staining) for Fresh tissue (stained immediately) and
Chip tissue (stained after 72 h in the microfluidic device); n=13 paired tissue samples. P =
0.14

4.1.3 Drug Treatment

The effect of two drugs on ex vivo GBM tissue was assessed. The drugs tested were
the alkylating agent TMZ and various concentrations of exosomes in the form of the

drug ExoPr0.

TMZ was tested on 6 patient samples. Viability was not affected by the perfusion of
the GBM tissue with 100 uM TMZ over 48 h when compared to tissue perfused with
the DMSO control or the standard media. Mean viability was 47.2% (+/- 22.5) with
TMZ treatment, compared to 53.2 (+/- 25.6) with the control and 42.7% (+/- 26.9)
with the standard media. A one-way ANOVA analysis revealed that there was no

significant difference between the three mean viabilities; P = 0.49. As well as there
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being no difference in the viability, there was no difference in histological

appearance of the tissue (H&E and IHC —n = 2).
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Figure 4.12: Effects of TMZ on GBM on Chip.
Tissue viability of 6 matched samples (with Annexin V and PI assay), perfused with standard
media (blue), DMSO (ved) and 100 uM of TMZ (green).

Although there was no difference in the average viability of the tumour samples
treated with MGMT, compared to controls, one patient’s (16028) tumour appeared to
respond to drug treatment with viability in the tumour treated with TMZ at 54.7%,
compared to 60.5% with DMSO and 74.4% with standard media alone (see Figure
4.13).
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Figure 4.13: The effect of TMZ on GBM from Patient 16028.

Viability (% of Live Cells)

Fresh Tissue

Standard Media
DMSO (0.2 % viv)
Temozolomide (100uM)

Graph displaying the effect of TMZ in the one patient with a clear stepwise reduction in
viability (assessed with Annexin V and PI assay) and corresponding increase in apoptosis
(AV+/PI-). Note increased apoptosis with DMSO, which is even greater with TMZ (dissolved
in DMSO,).

Analysis of 6 GBM tissue samples perfused with the experimental drug ExoPr0 were
compared to tissue perfused with exosome-depleted media. There was no significant
difference in viability specimens were compared, nor when compared to tissue
perfused with standard media. One-way ANOVA analysis did not reveal any

statistically significant difference in mean viability (see Figure 4.14).
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Figure 4.14: Effects of ExoPr0 on GBM on Chip.
Tissue viability of 6 matched samples (viability assessed with Annexin V and PI assay),

perfused with standard media (blue), exosome-depleted media (red) and ExoPr0 (green).

Of note, there was no change in the histological appearance of the tissue that was
treated with TMZ or ExoPrO0 (compared to controls), nor a difference in the
proliferation or apoptotic index of the tissue when tested with

immunohistochemistry.

4.1.4 Correlation with Clinical Outcomes
Data analysis was completed just under 3 months after the last patient was recruited.

At the time of writing, 13 of the 33 patients recruited had lost their lives to their

disease. Figure 4.15 1s a Kaplan Meier curve predicting the survival trend for the
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study. All the deaths occurred in patients with a Grade 4 Glioma, except one patient
who had a histological diagnosis of an Anaplastic Astrocytoma (Grade 3) but with an
IDH Wild Type Mutant, which is associated with an aggressive phenotype and
poorer prognosis.> Survival was between 72 and 460 days. There were 5 patients
with recurrent disease; one who was having his 3" operation for GBM and four
having surgery for the second time. Of the five recurrent patients, two remained
survivors at the time of analysis. Recurrent patients included in the study had their
time of survival calculated from their initial operation. All patients recruited in the

study only had one operation during the study period.
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Figure 4.15: Patient Survival.

Kaplan-Meier Analysis of patient survival within the study (cohort size n=28).

The extent of tumour resection, according to post-operative MR scans, was recorded
for all the patients as there is clear evidence that this has a significant impact on the
prognosis.??*=% Of note, two patients had biopsies and five patients had subtotal
resections of their tumour (<78%). All of the patients except one received adjuvant
therapy; this patient had suffered a significant infarct at the time of surgery and was
not deemed fit enough for further therapy. Fifteen patients had standard post-
operative therapy in the form of radiotherapy (60 Gy in 30 Fractions) with
concomitant TMZ. With standard therapy, TMZ was given daily at 75 mg/m? during
radiotherapy (5 days a week), followed by 6 cycles of adjuvant TMZ chemotherapy
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at 150-200 mg/m? for 5 days in each 28-day cycle (5/28 d). The remaining 14 had
either dose-dense TMZ (smaller, daily doses) or non-TMZ chemotherapy; this
occurred mainly with patients who had recurrent tumours. 7able 4.2 summarises the
age, extent of resection and adjuvant therapy, as well as performance status of the

various GBM patients recruited, at the time of data analysis.
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Age EOR (%) ChemoRadiotherapy Post-Op Days WHO
Performa
nce Status

54 >90 40/60 Gy + Temozolomide 40mg 460 5
38 >80 PCV Chemotherapy (Palliative) 316 5
68* >80 Dose Dense Temozolomide 151 5
65 >80 Standard Therapy 160 5
76 >80 Significant Infarction — Poor Performance Status - Palliation 74 5
69 >80 Standard Therapy (Developed Intracranial Abscess) 369 5
67 100 Standard Therapy 460 0
81 <78 Radiotherapy 40 Gy in 15 Fractions with Adjuvant Temozolomide 90 5
30 <78 Standard Therapy 439 1
70 >90 40 Gy in 15 Fractions with Concomitant Chemotherapy. 254 5
47 >90 Lomustine followed by PCV Chemotherapy. Stable disease. Treated with Avastatin 424 2
65 >80 Dose Dense TMZ 394 5
67 >90 Standard Therapy 319 0
53 Biopsy Standard Therapy 291 1
51 >90 Standard Therapy 285 0
56 >90 PCV Chemotherapy 407 5
57 100 Standard Therapy 270 0
51 >90 Standard Therapy 242 0
55 >80 Standard Therapy 228 1
68 <78 Dose Dense TMZ 162 5
49 <78 Developed Hydrocephalus - VP Shunt. Adjuvant Chemotherapy for 12 months 157 5
74 >90 Standard Therapy 185 1
64 >90 Standard Therapy 152 0
54 >90 Standard Therapy 144 1
59 >90 Standard Therapy 144 0
42 Biopsy Dense Dose TMZ 78 5
62 <78 Dose Dense TMZ 123 3
63 >90 Standard Therapy 116 0
65 >90 Standard Therapy 72 1

Table 4.2: Extent of tumour resection, adjuvant therapy and performance status of GBM patients recruited into the study.

* Indicates a patient diagnosed with Anaplastic Astrocytoma but with an IDH wild type gene, giving a phenotype very similar to GBM.
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Key:

EOR = Extent of
Resection;

Post-Op Days = Number
of days from surgery to
the end of the
study/death;

TMZ = Temozolomide
WHO Performance
Status:

0 — Asymptomatic

1 - Symptomatic and
Ambulatory

2 — Symptomatic (<50%
in Bed)

3 — Symptomatic (>50%
in bed)

4 — Bedbound

5 — Death (patients in

italics).



When correlating the viability of chip tissue (measured with Annexin V and PI flow
cytometry) with patient survival, there was no significant difference in the viability
of tissues from survivors when compared to tissues from those who died (non-GBM
diagnoses were excluded — see Figure 4.16). Viability of tissue from survivors was
lower than that of those who died; 54.5% (+/- 28.1) and 66.7% (+/- 30.7),

respectively, but there was no statistically significant difference between the two

groups.
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Figure 4.16: Histogram comparing viability of survivors with viability of deceased

patients.

Comparison of tissue viability (with Annexin V/PI) with patient outcomes, tissues from
patient survivors (n = 15) had reduced viability compared to GBM tissue from patients who
did not survive (n = 11) their disease (54.5% vs. 66.7%). There was no statistically

significant difference between the groups (unpaired t-test; P = 0.38).

When the number of days survived (from date of surgery) was plotted against
viability, there was no correlation between the two parameters. The r? value was

0.005, suggestive that there was a non-linear relationship between the two (see

Figure 4.17).
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Figure 4.17: Correlation of patient survival with tissue viability.
Graph plot of surviving days versus viability in patients who died during the experimental

period.

It should be noted that there was a disparity in confounding factors known to have an

305

impact on patient survival between the two groups, such as age,””” post-operative

32 304

therapy,®? extent of tumour resection’®* and number of previous operations®?®. In
particular, post-operative chemo-radiotherapy appeared to play a role in survival, as
only 1 of the 13 (7.7%) patients that died received standard therapy, whereas 14 of
17 (82.4%) that survived received standard therapy. One of the more sensitive
markers of GBM prognosis is the extent of tumour resection,?*% and it was
possible to stratify the performance of tissue on chip according to the extent of
resection. When analysing only patients that had greater than 90% of their tumours
resected, there is a trend towards reduced viability in tumours from patients that

survived (n = 5), compared to patients that died (n = 5; see Figure 4.18).
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Figure 4.18: Viability in patients with maximal (>90%) resection.

Comparing viability (using Annexin V and PI assay) of tissues in which greater than 90% of
the tumour was resected. There was a greater difference observed when the extent of tumour
resection was controlled between the two groups with viability 16.3% greater in tumours
obtained from deceased patients (n= 5) as opposed to survivors (n = 5) (Unpaired t-test - P
=0.38).

When comparing the performance of recurrent tumours (n = 4) with that of primary
tumours (n = 22), there was a trend towards improved viability (79% +/- 15.3 vs.
57.5% +/- 29.9) as measured with Annexin V/PI flow cytometry. Similarly, IDH
Wild Type tumours retained greater viability on chip than the IDH mutant tumours
(76.7% +/- 22 vs. 55.7% +/- 13.4). However, there was no statistically significant

difference when the groups were compared with a t-test (Figure 4.19).

129



100~
—~ 80+
L
©
(&)
2 604
=
(T
o
a. X
> 40-
E
S
> 20-
0- .
Primary Recurrent GBM
100+
. 80+
L
©
(&)
o
2 604
-
b ©
S
2 40+
=
S
> 201
0=

IDH Wild Type IDH Mutant

Figure 4.19: Viability of different GBM subtypes.

a. Comparing viability (measured with Annexin V and PI assay) of recurrent tumours (n =
4) with that of primary tumours (n = 22) — No statistically significant difference (unpaired t-
test; P = 0.017). b. Comparing viability (with Annexin V and PI assay) of IDH wild type (n =
20) with IDH mutant tumours (n = 4). Results were not significantly different; P = 0.08 as

analysed with unpaired t-test.
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4.1.5 Discussion

4.1.5.1 Overview

The current study maintained 128 GBM tissues from 33 patients within a
microfluidic device for 3 days. The bespoke device was made from two layers of
glass thermally bonded to incorporate connected micro-channels and a tissue well;
facilitating the continuous perfusion of GBM tissue with nutrient media. Cell
viability assays, including Annexin V and PI, LDH release, Trypan Blue dye
exclusion as well as histological and immunohistochemical analysis confirm that
viable tissue was maintained during the assigned time. Results of tissue viability and
morphological appearances were comparable to that of tissue that was analysed
immediately after excision from the patient. The model was used to test the effects of
chemotherapeutic agents on GBM tissue ex vivo but failed to demonstrate any

cytotoxic effects within 3 days, when compared to controls.

The microfluidic device used in the present study has been established in the
maintenance of a variety of tissues including animal liver biopsies,”!® human
colorectal cancer specimens?**3%7 and head and neck cancers.!”%!39245 Hattersley et
al kept liver tissue from rats in a viable state within the device for 70 h and showed
that tissues retained normal morphology on H&E sections as well as viability,
measured with LDH release and urea and albumin synthesis.?** The group expanded
on the applications of the device by maintaining head and neck squamous cell
carcinomas for 7 days, proving tissue was viable with LDH and a tetrazolium
proliferation assay.!” Similarly, Bower et al. found that PI and Trypan Blue staining
in head and neck cancer tissues maintained on chip for 48 h, was comparable to

tissue that was processed immediately from the patient.?*3

This is the first time that human glioblastoma tissue has been maintained in any type
of microfluidic device. Previous studies focused on maintaining #GBM tissue, date
back to the 1970s and utilise static culture techniques in culture dishes that required
the culture media to be replenished every 1-4 days.?’-2%3%8 More recently, a number

212

of groups have maintained #GBM tissues on collagen gel matrices®'= and on

membrane culture inserts (Millipore)?!32!* but none of these experimental models
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have applied continuous tissue flow. Compared to previous experiments, the length
of tissue culture in the current study is considerably shorter, with only 2 tissue
sections cultured for more than 3 days; one for a week and another for 3 weeks.
Rubenstein et al. were able to culture GBM explants from 5 patients for up to 4
months?%2% and showed that tissue architecture and cytological features were
conserved. The group also confirmed that DNA synthesis occurred in a small
fraction of the glioma cells using pulse labelling with tritiated thymidine (*H-TdR).
However, viability, cell death or apoptosis, was not measured to correlate the
histological and pulse labelling experiments with cell survival. Ono et al. cultured 22
GBM tissues for 7 days and treated the tissues with a variety of chemotherapeutic
agents, and though the group were able to assess the inhibitory effects of the drugs,
they did not report on the viability of the untreated tissues.?'> Merz et al. maintained
12 GBM tissue for over 2 weeks and though they showed that histological
appearances were maintained over that time period, the group did not report on any
viability assays, and how these compared to fresh tissue.?’* To the author’s
knowledge, the current study, is not only the largest series of AGBM tumours
maintained as whole tissue sections, but is also the first time that the combined
analysis of histology, immunohistochemistry and cell viability assays have been used

to gain a comprehensive understanding of the fate of GBM tissue cultured, ex vivo.

4.1.5.2 Annexin V and Propidium Iodide as Biomarkers

The use of annexin V and propidium iodide as markers of viability and cell death
was first used to study irradiated lymphocytes where it was found that the method
accurately quantified the number of cells in apoptosis and necrosis when compared
to DNA-flow cytometry and electrophoresis.’>> Recently Ji et al. used flow
cytometer analysis with annexin V and propidium iodide assays to study human lung
cell adenocarcinomas and validated the method by showing that an upregulation of
apoptosis—associated genes such as Caspase 3, 9 and PARP with Western blots
correlated with increased levels of apoptosis as measured by annexin V. 3% A

number of other studies have used the technique in cell viability measurements®!0-312

and more specifically in glioma cell cultures.3!3-31
Recent examples with microfluidic tissue culture include Astolfi e al.'3! who utilised

Annexin V and 7-Aminoactinomycin D (7AAD) for viability of cells dissociated
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from tissue, and Bower et al.’* used PI to measure viability of individual cells,
similarly from disaggregated tissue. Bower found that viability within the
microfluidic device was less than 40% but the results were comparable to the fresh
tissue from the patient. Astolfi et al, found that tissue maintained within their device
had measurable viability above 80%. Despite the different methodologies, (Astolfi
used 7 AAD, instead of PI and Bower did not have a marker for apoptosis) the
viability results of 61.1%, obtained in the current study, is midway between these
two results and more importantly, is not too dissimilar to the viability of fresh tissue,

which had a mean of 68.9%.

Confirmation of the accuracy of results obtained with the Annexin V/PI assay was
achieved with the positive correlation with the results of the Trypan Blue dye
exclusion test. With the trypan blue assay, the dye acts in a very similar manner to
PI; unable to penetrate the intracellular compartment of healthy cells, allowing a
visual confirmation of the number of viable cells. Unlike the Annexin V/PI assay,
however, Trypan Blue will not identify cells in early apoptosis (with intact
membranes) and as such may overestimate the viability. Similar to this study, Bower
and Astolfi found that flow cytometer results for viability were concordant with
microscopic measurements of viability (Bower — Trypan Blue; Astolfi — Fluorescent
microscopy with PI for necrosis and CellTracker™ Green CMFDA for live cells)

and lend further support to the method as a valid assessment of cell viability.

Of some concern in the accuracy of the Annexin V/PI assay was the fact that on four
occasions the viability of the tissue on chip was greater than that of the fresh tissue.
There are a variety of explanations for this; the first is that the number of cells left at
the end of the microfluidic experiment is not an accurate reflection of the cells that
were present at the start of the experiment. There is evidence from previous iterations
of this microfluidic device in head and neck cancers, of cells that are washed away
off the tissue into the effluent media (with a viability of 72%).!7° As such, the cells
that are dissociated for single cell analysis at the end of the experiment represent
only the cells that remain within the tissue. The viability of those cells could be
greater than that of the original tumour specimen, as it is likely that viable cells are
more likely to remain within the tissue bulk as opposed to necrotic cells. The second

point to consider is that though the fresh tissue and chip tissue are matched pairs
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from the same patient and from the same tumour region, due to regional
heterogeneity, different segments of tumour, containing varied amounts of necrotic
material may have been maintained on chip. Viability could be significantly different
from fresh tissue, as the tissues are quite different. Finally, one must also consider
the possibility of tumour proliferation within the GBM tissue as a reason for the
higher cell viability in chip tissue compared to fresh tissue, although this has not
been examined and there was no clear evidence from the study of cells actively

dividing.

The viability as measured by flow cytometric analysis with Annexin V and PI of
disaggregated tissue provides a useful measure of viability of cells within the tissue
as it accounts for all cells within all tissue layers. The assay however does not
specify what cells are being analysed, and though it is possible to differentiate the
cells by cell specific markers and cell size, this was not carried out. Further studies to
evaluate the cell surface markers and size of the cells analysed will improve the

confidence in the method.

4.1.5.3 LDH as a marker of cell death/injury

The use of LDH as a marker of cell death is a well-established scientific method that
stems from the stability of the LDH enzyme?®'® and its high intracellular content.
Though LDH is replenished intracellularly, there is no cellular re-uptake of
extracellular LDH.?>'® As such there is no distortion of the released LDH, and
because of the linearity of the assay, it can be used to enumerate cell death from
necrosis.’!” LDH has been used as a biomarker of cell death in the study of neuronal
cells and glioma cells alike and has correlated with cellular injury/viability when

compared with trypan blue staining of cells.?**

The results in this study were similar to previous reports of tissue maintained on
chip; 80246318 with an initially high rate of LDH absorbance in the first 10 h of tissue
maintenance that normalised to a low and steady release of LDH for the remainder of
the experiment. Previous reports have stated that this initial peak in LDH is likely
related to cellular damage from tissue handling and dissection.?#3244261 However,

since the peak in LDH can last for up to 18 h after commencing tissue perfusion, and
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after the tissue was last handled, it is likely that this is not the sole reason for the
initial peak in LDH absorbance. The negative effects of short periods of ischaemia,
though proven not to correlate with GBM viability in these experiments, may explain

some of the tissue damage that is seen in the first few hours of perfusion.

Transplantation surgery has dealt with the negative effects of re-perfusing tissue with
the term reperfusion injury coined to explain the paradoxical damage that occurs
when tissue that has been ischaemic for a period of time is perfused. With complex
and interconnected pathways, reperfusion injury is theorised to occur as a result of
the generation of mitochondrial reactive oxygen species. This trigger a host of
signalling networks that result primarily in vascular endothelial damage but also

319321 One of the pathways implicated involves Protein

damage to the parenchyma.
Kinase C, which has been shown to be activated during ischaemic and reperfusion
periods within the brain.3?? Bright et al. studied the effects of Protein Kinase C (the 0
isoform) in instigating reperfusion injury and found that organotypic brain slices that
were deprived of oxygen and glucose for 40 mins retained greater viability if treated
with a selective inhibitor of 0 Protein Kinase C during reperfusion. Particularly the
protective effects were only achieved if the inhibitor was given during reperfusion of
the tissue, with little effects if given during the ischaemic insult. The protective
effect against reperfusion correlated with reduced level of apoptosis and reduced
cerebral infarction in live mice when the experiment was carried out in vivo. Zhang
et al.*?* found supportive evidence with hippocampal neurons which were subjected
to 2 hours of oxygen and glucose deprivation, only to find significantly worse

viability when the cells were re-perfused, with greater reperfusion time leading to

worse viability.

The effects of reperfusion injury are typically worse immediately after reperfusion,
as was seen in the study by Hosgood et al. who found the highest levels of kidney
injury occurred in the first hour after reperfusion of kidney tissue after up to 90 mins
of WIT.?”7 This is a similar trend experienced in the microfluidic tissue culture
paradigm, with the highest levels of tissue damage (according to levels of LDH
absorbance) observed during the first effluent samples (the first 2 hours). This theory
is further supported by the results of the static tissue cultures in which despite there

being a more erratic rate of LDH absorbance in static tissue, unlike the tissues
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maintained with flow, the peak in LDH absorbance was not in the first 2 h but
occurred subsequently suggesting that the high LDH absorbance in this case is more
to do with re-perfusion. Though not conclusive, the role of reperfusion injury in early
cellular damage in tissues maintained within microfluidic devices offers the
possibility for further studies; particularly, the application of techniques that
minimise reperfusion injury, including the use of ischaemic preconditioning

techniques as well as mediators of oxidative stress.?!%-321,324

The LDH absorbance curves provided a detailed representation of the pattern of
absorbance and this can be extrapolated to represent LDH release over the course of
the experiment. Each graph showed how LDH is released (surmised from the
absorbance) from individual GBM tissues and the recurrent pattern observed
provides robust evidence that low levels of LDH were released from the tissue after
an initial surge of LDH at the start of experimentation. This pattern is clearly
demonstrated in Figure 4.5 and the absorbance pattern allows comparison between
two representative samples on chip, as well as between chip tissue and static tissue
(see Figure 3.12). The LDH absorbance graphs, however, do not provide quantitative
data that allows comparisons between fresh tissue and chip tissue as it only provides
data on what happens to the tissue once within the device. To measure and compare
viability with LDH, the amount of LDH released (or maintained within tissues)
needs to be quantified. This can be done by measuring the absorbance of known
concentrations of LDH to develop a calibration curve for each experiment;

interpolation can then be used to determine an LDH concentration / mg of tissue.

For example, each 96 well analysis plate could also contain known concentrations of
LDH (ranging from 1 — 0.01 U/ml), and this would be used to generate the
calibration curve. Figure 4.20 is an example of such a graph that plots known
concentrations of LDH (x axis) against the recorded absorbance (y axis). The
logarithmic equation of the curved trend line is used to calculate the amount of LDH
released in the effluent/solution. The background solutions in the assay (e.g. BSA) is
subtracted from the average absorbance (of the triplicate samples of each specimen
time point at 490 nm and the final figure is substituted into the equation for the

amount of LDH released in Units (U) per millilitre of media. This figure is then
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divided by the wet weight of the tissue to obtain the units of LDH released per

millilitre per gram of tissue.

1.8 -
1.6 -
1.4 -
1.2 -

1 y = 0.3094In(x) + 1.8559
0.8 | R? =0.9025

0.6 -

Absorbance at 490 nm

0.4
0.2 -

0 0.2 0.4 0.6 0.8 1 1.2
LDH Concentration (U/ml)

Figure 4.20: LDH Calibration Curve.

Graph plotting known concentrations of LDH against absorbance of the solutions. The trend
line of the curved graph is used to produce an equation that can allow calculation of LDH
concentrations in the test sample effluents from their absorbance values. NB: Only figures
on the linear part of the curve (between 0.34 — 1.2 on the y axis — blue highlight) can

reliably be used in conjunction with the equation to calculate LDH concentration.

A worked example to demonstrate how this could be used is shown below, using the

Calibration curve in Figure 4.20.

The absorbance figures for the effluent sample collected at 23 h is:

Triplicate samples - 0.471, 0.526 and 0.469. The average is 0.49.

From this figure, the background absorbance (of reagents — BSA and reaction dye) is
subtracted:

0.49 —0.053 = 0.44. Note this value is >0.34 Absorbance units (490nm)
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This figure is then substituted into the re-arranged equation to quantify the units of
LDH based on the calibration curve (x — 1.8559)/0.3094:
(0.49 — 1.8559)/0.3094 = -4.56

The inverse log (exponent) of this figure gives the units of LDH within the sample:

Exp (-4.56) = 0.010377 U per ml

This is then divided by the wet weight of the tissue in grams (0.013g for this
sample):

0.0103/0.013 = 0.79 Units per ml per gram of tissue

Importantly, using this method, care must be taken to ensure that absorbance values
are not used if above or below the linear part of the calibration curve (in Figure 4.20,
this corresponds to between 0.34 and 1.2 AU — 490 nm on the y axis) as these will
result in unreliable calculations. If such values are given the samples will need

appropriate dilution and re-assaying to determine accurately the LDH concentration.

Being able to quantify the LDH levels as described above would allow the rate and
total amount of LDH released per gram of tissue to be calculated. Furthermore, by
culturing dissected tissues for 24 h in a 10% (v/v) LDH lysis solution, majority of the
tissue cells could be lysed, forcing the release of all intracellular LDH into solution.
The total amount of LDH released from lysed fresh tissue at the start of the
experiment could then be compared to the LDH released from lysed chip tissue, at
the end of the experiments and used as a marker of how well chip tissue retained
LDH throughout the tissue maintenance period. Dawson et al. performed similar
experiments while maintaining human bowel tissue on a dual flow device and found
that after a 72 h period in their device, chip tissue released the equivalent of 80% of
what was released from fresh tissue.?*® A similar analysis could be incorporated into

future research and used as a surrogate marker of viability.
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4.1.5.4 Immunohistochemistry

Ki67

Ki67 is a ubiquitous protein that is expressed within the nucleus of cells that are
within the active phases of the cell cycle - G1, S, G2 and mitosis.*?* The protein is
not present within quiescent or resting cells (Go) and has developed to be a good
indicator for active cells, with the potential to proliferate. The exact role of Ki67 in
the cell is not fully understood and though it is linked with active phases of the cell
cycle. There is no clear evidence that cells that stain for the active protein are

destined to replicate.3?

A high Ki67 index has been used often to quantify the proliferative index of tissues,
particularly neoplasms. There is evidence to suggest that this correlates with clinical
outcome and can predict aggressiveness of a tumour such as it does in breast

cancers.??’

This trend is also seen in glial tumours, with GBM having higher Ki67
proliferation indices than grade 2 and 3 gliomas have. Various studies report mean
Ki67 indices in GBM of between 15-20%%2330 which is similar to what was found
in the current study where a mean Ki67 proliferation index of 16.6% was observed
with fresh GBM tissue. There was only a 1 % difference in the proliferation index
between fresh tissue and tissue maintained on chip, suggestive that the GBM tissue
were able to maintain their proliferative capacity for at least 3 days within the
microfluidic device. The half-life of the Ki67 protein is between 60-90 mins.3?333!
The staining present in the chip tissue represents cells that are active, even within the
last few hours of the experiment. This was in contrast to tissue that was kept within
static culture for 1 to 3 days without any replenishing media in which, even after 1

day, the Ki67 index dropped to 0, compared to matched tissue maintained in chip for

3 days that had an index of 4 (see Figure 3.14).

Ki67 has previously been used as a marker to assess quality of GBM xenografts and
in this instance, has been found to correlate with the proliferation index of the parent
tumour.’*? Ki67 was also used to estimate the effect of radiotherapy on GBM
explants maintained ex vivo and found to reduce significantly in treated samples
when compared to untreated samples.?'* Results from this study did not identify any

appreciable difference in the immunohistochemistry of the tissues treated with TMZ
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when compared to the IHC of control tissue. This may be related to the reduced
concentration of the drug, or the short length of drug exposure. Further experiments
can focus on the effects on Ki67 of varied drug concentrations and length of

‘treatment’.

Caspase 3

Cleaved Caspase 3 is another ubiquitous protein that is synthesised as the inactive
form or procaspase.>3® It is part of a family of proteins that are involved in the
initiation (caspase 8, 9 and 10) and execution (caspase 3, 6 and 7) of programmed
cell death. Initiator caspases trigger effector caspases, which in turn cleave
intracellular substrates and lead to the morphological and biochemical changes
unique to apoptosis.>** Caspase 3 is thought to be the final executioner protein in the
apoptotic pathway and is best correlated with apoptosis in humans.?3* Unlike Ki67,
its expression is predominantly cytoplasmic, although, on occasions it can be present
within the nucleus.>** Previous Caspase 3 apoptotic index in GBM has been
estimated to be at 17.7%,3¢ which is considerably lower than in the current study.
Other studies have cited apoptotic indices as high as 50% in GBM tissue,**” and the
figure of 38.9% within fresh tissue in this study is within the range of results present
in the literature. This study’s apoptotic index is also comparable to the estimates of
apoptosis measured by the Annexin V and Propidium assay; which showed that a
total of 30.7% of the cells were undergoing either early or late apoptosis. Similarly,
the apoptotic index of chip tissue of 44.4%, correlated with the total number of cells

undergoing apoptosis as quantified by flow cytometry (38.4%).

The slight discrepancy between the immunohistochemistry and flow cytometry
results is likely related to the different methods of measuring apoptosis but may also
be to do with the fact that the majority of activated caspase 3 staining in this study
was intranuclear. Nuclear predominant staining of caspase 3 is uncommon, but
known to occur due to nuclear translocation of cleaved caspase 3 substrates.?34338
Evidence suggests that the sub-units of the protein initiate nuclear morphological
changes essential to apoptosis but there is also another school of thought that
highlights a role for caspase 3 distinct from apoptosis. Intranuclear activated caspase

3 has been identified in rat and mice brain within glial cells without any active

apoptosis quantified by terminal deoxynucleotidyl transferase-mediated dUTP nick-
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end labelling (TUNEL).33%340 The exact role of caspase 3 in this setting is still being
clarified, although some evidence appear to show that caspase 3 has an active role in
the motility of GBM cells in the absence of cellular stress;*? as cell motility of GBM

cells was reduced by inhibition of caspase 3.

Despite the uncertainty of any additional roles activated caspase 3 may have had in
the GBM tissue, the immunohistochemical profile was very similar for fresh tissue
and tissue maintained on chip for 72 h, with no statistical difference between the two
tissue types. It may be that caspase 3 activation is not a major mechanism of cell
death in TMZ treatment and thus other immunohistochemical markers could be
investigated such as Caspase 9 and Bax?**®. TUNEL assays have also been used
successfully with glioma cells and GBM tissue and this is another viable option for

future research into GBM apoptosis on chip.34!-342

4.1.5.5 Drugs

T™Z

There was no discernible effect of drug treatment on the GBM tissue despite 48 h of
perfusion with TMZ. The viability was unchanged in most samples and in a few
instances, even greater in the treatment samples, compared to the control. In one
sample TMZ treatment was accompanied by a reduction in viability and an increase
in early apoptosis of the cells. This, the anticipated response was, however, only
present in one of the tissue samples, and, as such, the mean viability was unchanged.
As per the histopathology policy in the Hull and East Yorkshire NHS Trust, MGMT
methylation status is only clarified in patients above the age of 70; this translates to 7
patients within the cohort having a diagnosis of their MGMT methylation status. Of
the 7 patients, one patient was found to have methylation of their MGMT gene. This
patient’s tumour (16026) also happened to be treated with TMZ and despite the
favourable methylation status, there was no obvious treatment effect with TMZ. The
MGMT status of the one patient (16028) whose tumour appeared to respond to TMZ

was unfortunately not identified.

Though the lack of a response in GBM tissue within the microfluidic device to TMZ

treatment could be interpreted as a failure of the method to predict clinical response,
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there is yet to be conclusive evidence that the parent tumours themselves respond
significantly to the drug. Though Stupp identified an improvement in survival with
Temozolomide, the survival benefit provided by the drug, given with concomitant
radiotherapy, was 2.5 months when compared to radiotherapy alone.*? Also it is
important to note that TMZ does not significantly prolong the survival of patients
without methylation of the MGMT promoter,>** and research estimates MGMT
methylation in GBM at 30-60%.3** As such, there is a chance that the lack of a
response to TMZ may be related to the MGMT methylation status of the treated

samples making tumours less sensitive to the drug.

The length of exposure to TMZ is also likely to have played a part in the lack of a
response. Previous evidence of the treatment effects of TMZ in AGBM tissue
maintained ex vivo has been provided by Merz et al., who identified an increase in PI
labelling of GBM tissue cells cultured in TMZ for 72 h and 96 h as compared to
controls. This was also associated with an increase in the apoptotic index (measured
by caspase 3) of TMZ treated tissue.?!3 Aspects of the methodology by Merz et al.
draw comparisons to the current study that may explain the inconsistency in results.
The first is the dosage and length of TMZ treatment (50 - 200 uM for 72 - 96 h) used
by Merz et al., which is a higher dose and longer time period than in the current
study (100 uM for 48 h). The second concern is that the tissue and drug incubated by
Merz et al. was with standard culturing techniques in a culture medium without flow,
which meant that the tissue was maintained in a stagnant concentration of TMZ.
With microfluidic flow, there is constant delivery and removal of the drug, which
means that the concentration around the tissue is always changing. Particularly with
a drug like TMZ, which has a relative short half-life,>*? after the first few hours, there
is a steady decline in the active drug concentration. Previous reports suggest that
drug sensitivity measured at tenfold the peak plasma concentration corresponded
better with that measured with a nude mouse assay in xenograft tumours.3*>34¢ The
current study used the approximate peak plasma concentration of TMZ, and though
there are reports of similar dosage in pre-clinical trials,?4!343347348 3 higher dosage
appears appropriate in microfluidic drug testing where the drug is constantly being

washed away.

142



Perhaps most important, though, is the small number of experiments in which TMZ
was infused through the microfluidic device. A greater number of tests need to be
carried out, with a likely longer duration of treatment, to clarify the drug response on

chip.

ExoPr0

The drug ExoPr0 is still in the experimental phase and this was the first time it had
been used in the treatment of #AGBM tissue. There was no difference in viability in
tissues treated with ExoPr0 when compared to untreated tissues. This finding is
probably in keeping with the limited available data on the effects of ExoPrO on U87
cells, as the main therapeutic effect is obtained only after 21 days of treatment.
Culturing microfluidic devices for 21 days is yet to be tested and the viability of the
tissue is likely to be significantly affected for tissues maintained for this length of
time. One of the samples was cultured for 21 days using static culture techniques,
and this was treated with ExoPr0 for the 21-day duration but unfortunately, the
viability of the tissue (as well as the control) was less than 1 %, making it impossible

to ascertain any meaningful drug effect.

4.1.5.6 Clinical Correlation

The results of the study show that GBM tissues can be maintained within a
microfluidic device for at least 72 h with good viability comparable to fresh tissue.
There appears to be a trend towards improved viability in tumours from patients who
died from their disease when compared to tumours from survivors. There was,
however, no association between the number of days survived and the viability of
tumour samples. Further evaluation of clinical parameters identified various
uncontrolled variables, such as patient age, IDH status, extent of tumour resection
and adjuvant therapy, that determine survival and as such affect the correlation. For
example, there was a high proportion of patients who survived more than 250 days
that had greater than 90 % of their tumours resected, as well as benefitted from the
standard/optimum adjuvant therapy. There is clear evidence that the extent of tumour
resection has an independent impact on survival, an effect that is just as significant as
treatment with the drug TMZ. Sanai et al. showed a survival advantage of 3.5

months in patients who had complete macroscopic resection of their tumour when
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compared to patients who had a >78 % resection.’®® When the extent of resection
was controlled as a variable, it amplified differences between the tumours obtained
from patients that survived their disease and tumours from those that did not.

Nonetheless, there was no statistically significant difference between the groups.

The lack of a clear clinical correlation between tissue viability on chip and patient
survival may be in part to do with the fact that the patient’s general health after the
tumour has been resected, including their age, performance status, and the extent of
tumour debulked; all have an impact on survival. Viability of the tumour ex vivo,
however, is purely to do with the inherent nature of the disease (which varies with
tumour heterogeneity) and the ability of the microfluidic device to maintain GBM
tissue. As such, it is unlikely that an accurate prediction of patient survival could be
achieved based on the performance of the tissue on chip, as the tumour ex vivo
doesn’t embody any of the patient’s risk factors. In simple terms, a patient’s survival
is determined by the difference between the patient’s risk factor profile (that
determines how well the patient can defend themselves against the deleterious effects
of the tumour) and the inherent tumour biology (which determines the lethal effects
of the tumour). Patient survival is probably not the best correlate to tissue viability

on chip because survival is so multifactorial.

The performance of the tissue on chip can be used to deduce the aggressiveness of
the GBM tissue as well as predict the ease of treating a tumour. When patient risk
factors, are controlled for, the performance of the tumour on chip bores out some
association with patient survival in terms of viability, despite no statistical

significance.

As is the case in GBM, the cohort of GBM diagnoses contains a heterogeneous
population and even though genomic profiling was not performed, the different ages
and different survival data suggest that the group could be stratified into the four
distinct GBM subtypes: Classical, Proneural, Neural and Mesenchymal. The
inclusion of 5 recurrent GBM tumours makes it likely that these tumours will display
a more mesenchymal phenotype, as glioma stem cells following therapy display
phenotypic transition from Proneural to Mesenchymal subtype, leading to disease

281

recurrence and a more aggressive tumour.”®' The recurrent tumours were more
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sustainable and viable tumours on chip than the primary tumours (though this
difference did not reach statistical significance). Also, in keeping with the trend that
more aggressive tumours were more likely to have better viability is the finding that
GBM tumours had higher viabilities than the low grade tumours. There was also
improved viability in the IDH wild type tumours, which are known to have a more
aggressive phenotype.*® Though also not showing a statistical significance, a trend
was identified amongst IDH wild type being more viable ex vivo. As such, the
method was able to predict aggressive tumour phenotypes such as IDH 1 Wild Type
and Recurrent tumours in terms of viability. Further experiments with a larger cohort
are required to clearly elucidate the associations and clarify the usefulness of the

method in predicting the aggressiveness of GBM tumours.
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5.1 Conclusion

5.1.1 Discussion of Findings

A diagnosis with Glioblastoma equates to a poor prognosis regardless of treatment.
Conventional therapy (surgery, radiotherapy and chemotherapy) affords a modest
survival benefit of approximately 12 months compared to patients who are left
untreated.?*>3% To improve the outcome for patients diagnosed with GBM, a more
effective pre-clinical model and patient-specific screening methods are required to
customise treatment to individual molecular signatures. The aim of this study was to
explore the application of a microfluidic device in the maintenance of ZGBM tissue
ex vivo; as a simple and cost-effective GBM model that translates the in vivo tumour
phenotype into a controlled laboratory setting, where treatment modalities can be

tested with minimal contamination of tumour behaviour or response.

128 GBM tissue samples (of 10 — 15 mg), were maintained for 3 days using a
microfluidic device, made from two pieces of glass, bonded together to contain a
network of microchannels; continuously perfused with nutrient media. The device in
the current study was a modification of an established design previously used for the
maintenance of a variety of tissue types.!80244245 The modification, the addition of a
mesh layer between the tissue cavity and the microchannel, prevented chip blockages
and ensured the efficacy of the device to 96.6% in supporting the tissue for the

prescribed time frame.

Viability assays showed comparable results to tissue taken fresh from the patient.
LDH absorbance assays revealed that GBM tissue maintained on chip had an initial
surge in LDH release, only to stabilise to low and steady levels throughout the
maintenance period. This may be related to a tissue reperfusion injury after a period
of warm ischaemia time. Other aspects of the tissue maintained on chip were
comparable to the original tissue, including histological and immunohistochemical
evaluation. The results of viability assays and histological assesments were in-
keeping with previous results of tissue maintenance in microfluidic devices, as well
as previous experiments focused on maintaining #GBM tissues in static culture

paradigms. The effects of fluid flow on GBM tissue viability was also examined
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against controlled samples, maintained without microfluidic flow; with continuous
tissue perfusion improving viability, reducing the rate of LDH release and preserving

the histological appearance of the tissue.

During the study, the effect of 100 uM of Temozolomide was tested on 6 patient
samples without an obvious cytotoxic effect on the tissues. There was no obvious
correlation between patient survival and tissue viability, but this may be related to
the many confounding factors including patient age, extent of resection and adjuvant

therapy.

The results obtained from this pilot study add to the ever-increasing knowledge on
microfluidic tissue culture and the emerging work on ZGBM tissue maintenance ex

vivo; providing a platform for future research on GBM tumour models.

5.1.2 Limitations

A total of 33 patients were recruited for the study and though a reasonable number of
tumour samples were available for analyses, the small patient sample size increases
the likelihood of a type II statistical error, where the null hypothesis is accepted to be
true despite a real difference between variables being present. This is particularly
true for the sub-group analyses where differences between patient groups (e.g. alive
vs. deceased, IDH subtypes, recurrent vs. primary tumours) showed a trend towards
statistical significance. The current study is an observational study, and the power of
the study was not quantified; as such, the statistical analysis should be interpreted
with caution. However, with the relevant data obtained from this study, a power
analysis can now be carried out to provide guidance on sample size and improve

confidence in the statistical analysis.

The current life-expectancy of patients treated with a GBM is approximately 15-18
months, and at the time of writing the thesis, half of the patients recruited into the
study were still alive. Future analysis of the mortality trend will allow a clearer
perspective of the results; the current cohort can be followed up until after the last
mortality and the complete data set can be evaluated for any meaningful correlation

between tissue performance on chip (viability, LDH release) and length of survival.
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The lack of a definite drug response to TMZ, the current drug of choice for GBM,
needs further investigation. Though a variety of reasons exist as to why a response
was not identified — including drug dosage and length of exposure; a response to
treatment is vital if the model is to be applicable to GBM patients. Drug assays to
test TMZ activity in the effluent, as well as from the tissue, were not performed and
will need to be completed prior to further drug tests to better understand the response
of GBM tissue ex vivo to TMZ. Experiments were stopped (due to insufficient time)
prior to more detailed testing of drug response such as exposing the tumour to

different dosages, different cytotoxic agents, and for different lengths of time.

5.1.3 Further Research

Sampling

Sampling errors could be reduced by sampling multiple areas of the tumour and
maintaining the tissues concurrently to ascertain global tissue response on chip. This
would also average out the discrepancy that occurs from inter-tumour heterogeneity.
Samples from at least 3 different regions of the tumour would need to be obtained
and at least one 10 — 15 mg piece of tissue from each area sampled should be
maintained on chip to obtain an average tumour response/behaviour. Drug response
of tumours from different areas of the tumour would allow a practical assessment of
the effects of intra-tumoral heterogeneity. This could be combined with DNA
sequencing and genetic profiling to identify GBM subtype and any reported

variations tested ex vivo.

Chip Design

The effects of changing the direction of flow within the chip to one that is
perpendicular to the tissue is thought to improve viability by enhancing the diffusion
of nutrients and this method can easily be adapted to the microfluidic device. Such a
modification can also ensure that nutrient media is delivered directly to the tissue
before coming into contact with mesh layer. This would optimise the amount of
nutrients or drugs that reach the tissue and may improve viability or drug responses.

Figure 5.1b outlines the design modification which has already been developed.

148



Other modifications to the device include the use of Millipore inserts as a barrier
between the tissue compartment and the microfluidic channel, or the introduction of
other media solutions without serum.?!3 Modifications could easily be carried out and

tested to suit the requirement of the model and to improve the quality of the method.

a.
Circular Mesh to prevent chip blockage ‘N
30 mm
b.
Influx of nutrient 4mm {
media directly into
tissue cavity /)
microport to ‘
minimise the mesh
disrupting fluid flow — 7
e g
30 mm

Figure 5.1: Redesigning the chip.
a. Original microfluidic device set up, with inflow of media directly into microchannels. b.
Proposed set up of microfluidic device, with influx of media directly into the central portion

of the microport adaptor, to promote forced convection interstitial perfusion.

Microfluidic Tissue Culture Paradigm
An important aspect of this study that requires further exploration is the length of
time the tissue is maintained. Previous groups have maintained tissues in
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microfluidic devices for as long as 9 days,="” and there is evidence of GBM tissues
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being maintained in Millipore insets for up to 2 weeks.?'* The longer the tissue can
be kept viable, the more information can be garnered from the sample. This would
also allow more detailed drug testing and could identify factors that impeded a
positive drug response in the current study. Exposure to different drug doses, as well
as exposing the tissue to drug treatments for longer time-frames would provide a
more systematic approach to pre-clinical modelling. Long-term tissue perfusion
would not only be more representative of the in vivo state, but it would also provide

long term stabilisation of the tissue.

As well as testing established and experimental chemotherapeutic drugs, the effect of
radiotherapy could be assessed to predict tumour response. Radiotherapy treatment
has previously been applied to tissues within a microfluidic device and the same
methods could be applied in the study of GBM. Carr et al. were able to continue
tissue maintenance within their microfluidic device while irradiation of the tissue on
chip took place using a 6-MV photon beam from a Varian Linear Accelerator.!®" The
group ensured that a uniform dose was delivered to the tissue by keeping the device
and tissue within a Perspex phantom. Single doses and fractionated doses of
radiotherapy were delivered to head and neck tumours, and the effect on the tissues
was assessed. Utilising such a set up would allow the effects of radiotherapy and
chemotherapy given concomitantly on GBM tissue explants to be analysed and the
tissue response quantified and compared to patients who received the same

treatment.

Detailed Cellular and Molecular Analysis

Despite proliferation indices (Ki67 IHC) of the tissue being maintained on chip,
there is no definite proof of cellular growth or proliferation. Confirmation of this
would strengthen the claim of this technique as an ideal pre-clinical method, since
treatment methods (including chemotherapy and radiotherapy) rely particularly on
actively dividing cells to have therapeutic efficacy. The proportion of cells involved
with mitosis could be quantified by staining of disassociated cells at the end of the
experiment with a stain that selects for DNA. Nuclear Propidium lodide content
(after fixing and making cells permeable to PI) could also be used to stratify cells
into different stages of the cell cycle and ascertain what proportion of cells are

actively dividing — in M phase. Active cellular proliferation can also be clarified with
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the aid of Bromodeoxyuridine (BrdU), which can be infused within the nutrient
media and the uptake and incorporation of BrDU into the DNA can be used to
provide an estimate of cells that have been involved in proliferation. Clarification of
cell types could also be achieved by labelling tissues and/or cells with cell markers.
In particular, identification of glial cell markers could be used to confirm that the
viable cells are indeed glial in origin, as opposed to microglia or other cellular
infiltrates. Staining with glioma cell surface markers such as Glial Fibrillary Acidic
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Protein or Nestin“'> could help identify the proportion of viable glioma cells.

5.1.4 Final Comments

This pilot study demonstrates, for the first time, that a microfluidic device can been
used to maintain AGBM tissue ex vivo. Though still in its infancy, the use of
microfluidic principles to study whole tissues is improving our understanding of
complex diseases. A lot more work is required to better understand the true potential
of this type of experimentation in GBM research. More robust analyses of
experiments with a larger number of patients will allow a more definitive exploration
of the method and its potential as a pre-clinical disease model. A model with the
prospect of enabling more detailed inspections of GBMs; more accurate predictions

of treatment responses and better outcomes for patients.
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Research Participant Information Sheet

Application of microfluidics system for evaluating the biology of Brain
Tumour tissues and testing their response to treatment

Invitation

We would like to invite you to take part in a research study. Before you decide,
you need to understand why the research is being undertaken and what would be
required of you. Please take the time to read the following information carefully.
Talk to others about the study if you wish; ask us if there is anything that is not
clear or if you would like more information.

Purpose of the study

The ultimate aim is to develop a system that could be used to understand why and
how certain treatments work on one individual and not on others, and in doing so,
help us to personalise treatments in the future. This study forms the basis of a
Medical Doctorate project. The University of Hull has developed a method to
keep a small piece of tissue functioning for a number of days out of the body on a
miniaturised analysis device (often referred to as a ‘Lab on a Chip’). We
investigate the effects of treatments (e.g. chemotherapy and radiotherapy) on this
tissue to give us better information as to how these treatments work on tissues
within the body.

Why have I been chosen?

We are inviting you to take part in the study as you are undergoing a procedure
that will involve the removal of a brain tumour, or you are having the removal of
small pieces of tissue (a diagnostic biopsy) for diagnostic purposes.

Do I have to take part?

It is your decision whether you wish to take part. We will describe the study and
go through this information sheet with you. You can keep this information sheet
and use it to help you decide. If you decide to be a part of the study, we will ask
you to sign a consent form to show

you have agreed to take part.

Am I free to withdraw at any time?

You are free to withdraw at any time without giving a reason for your withdrawal.
This will not affect the standard of care you receive. However, samples already
collected before your withdrawal will continue to be stored and any information
gained from these may be used in the study. We would not access any
information about your clinical progress.

178



What will happen to me if I take part?

If you agree to take part in the study and if you're undergoing tumour resection, a
small (2 cubic millimetres) sample of tissue will be taken from the specimen
removed. If you're undergoing a diagnostic biopsy, a small part (2 cubic
millimetres) of the sample tissue (surplus tissue) will be used if available. Once
your samples are taken they will only be identifiable by a number; non-clinical
laboratory staff will not have any access to your personal details. Information
regarding your response to treatment and outcome (if applicable) will be accessed
by the clinical staff involved with your treatment and possibly communicated
with the research staff. You will not be contacted by the research team after
today.

Expenses and payment

You should not incur any expenses during participation. There will not be any
financial benefit if this research leads to the development of a new treatment or
test.

What are the possible risks of taking part?
There are no risks to you or your treatment if you take part.
What are the benefits of taking part?

There will be no direct benefit to you for taking part, but the information we
obtain by studying your sample will potentially help the development of
treatments for other patients in the future.

What do I do if I have a complaint?

Any complaint about the way you have been dealt with during the study can be
addressed to Mr. Achawal, Consultant Neurosurgeon on (01482) 605338.
Alternatively, you can contact the patient advice and liaison service (PALS) on
(01482) 623065.

Will my role in the study be kept confidential?

Yes. We will follow best ethical and legal practice and all information about you
will be handled in confidence. Your sample will be identifiable by a number that
can only be linked back to personal details via your clinical team e.g. Mr.
Achawal.

What will happen to the samples I give?
The samples will be taken to the research laboratory at the University of Hull
where we will investigate the effect of treatments (chemotherapy and/or

radiotherapy) on them. Following completion of the study, excess samples will
remain stored in liquid nitrogen, securely and anonymously for possible use in
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future research. In this instance, new research ethical approval will be sought
prior to commencing a study.

What will happen to the results of the research study?

The results of the study may be published in a scientific journal. At no time will
you be identifiable to the reader. No feedback will be given to you unless
specifically requested, in which instance the research team will be happy to
discuss the general findings.

Who is organising and funding the research?

The University of Hull will be organising and conducting research in their
laboratories. A joint University of Hull / Hull Neurosurgery Department research
account is held at the University of Hull and this will be used to fund the research.
Who has reviewed the study?

To protect your interests, all research in the NHS is reviewed and authorised by
an independent group of people called a Research Ethics Committee. This study
has been reviewed and authorised by the Hull and East Riding Local Research
Ethics Committee.

Further information

If you require any further information on the research, advice on whether to take
part, or if you're at all unhappy, please contact Mr. Achawal on (01482) 605338.
Thank you for taking time to read this information sheet.

Consent

If you decide to take part in this study, we will provide you with a copy of the
information sheet and ask you to sign a Consent Form.
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Centre Number:

Study Number:
Patient Identification Number:

CONSENT FORM

Application of microfluidics system for evaluating the biology of
Brain Tumour tissues and testing their response to treatment

e | confirm that I have read and understood the information sheet dated
30.09.16 (version 2.2) for the above study. I have had the opportunity to
consider the information, ask questions and have had these answered
satisfactorily.

e [ understand my participation is voluntary and that [ am free to withdraw
at any time without giving a reason, without my medical care or legal
rights being affected. If I do withdraw, samples already obtained may
still be used.

e [ understand that I am under no obligation to take part and that, in
agreeing to take part, I am free to change my mind at any time.

e [ understand that I will not benefit financially if this research leads to the
development of a new treatment or test.

e [ give permission for a sample of tissue taken during my
operation/diagnostic biopsy to be used for this research.

e [ agree that any samples not used in this study may be stored and used in
future research of a similar nature pending ethical approval.

e [ understand that these samples will be stored anonymously, and I
consent to the information derived from them to be analysed.

e [ understand that relevant sections of my medical notes and data
collected during the study may be looked at by individuals from the
University of Hull, from regulatory authorities or from the NHS trust,
where it is relevant to me taking part in this research. I give permission
for these individuals to have access to my records.

e [ hereby freely give my consent to take part in this study.

Name of Volunteer Date Signature

Consented by Date Signature
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Appendix I

Appendix 3: Fluorescent imaging of tissue perfused with (a) PKH26 labelled
ExoPr0 and (b) tissue perfused with standard media with no fluorescent label.

Evidence of auto-fluorescence in tissue without exposure to PKH26 likely due to

lipofuscin present in CNS tissue.
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List of Abbreviations

5-FU
7TAAD
aCSF
BBB
BTSC
BSA
CYP7ALI
CDDP
CSF
CNS
DAB
DMEM
DNA
DOX
ECM
EGFR
ETFE
FACS
FEP
FITC
FSC
GBM
GFP
H&E
hGBM
HNSCC
HRP
IDH1
IHC
IRT
LDH

Fluoroucail

7-Aminoactinomycin D

Artificial Cerebrospinal Fluid
Blood Brain Barrier

Brain Tumour Stem Cell

Bovine Serum Albumin
cytochrome P450 7A1
cis-diamminedichloridoplatinum (Cisplatin)
Cerebrospinal Fluid

Central Nervous System

3,3' Diaminobenzidine

Dulbecco’s Modified Eagle Media
Deoxyribonucleic Acid
Doxorubicin

Extracellular Matrix

Epidermal Growth Factor Receptor
Ethylene Tetrafluoroethylene
Fluorescence Activated Cell Sorting
Fluorinated Ethylene-Propylene
Fluorescein Isothiocyanate
Forward-Scattered Light
Glioblastoma

Green Florescent Protein
Haematoxylin and Eosin

Human GBM Tissue

Head and Neck Squamous Cell Carcinomas
Horseradish Peroxidase

Isocitrate Dehydrogenase Type 1
Immunohistochemistry

Irinotecan Hydrochloride

Lactate Dehydrogenase
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MRI
MF
MTIC
MTT
MGMT
NSCLC
PBS
PCLS
PCR
PDMS
PDX
PEEK
PI
PMT
PS
QALY
RTK
SSC
TCGA
T™MZ
TUNEL

Uuv
WHO
WIT
WST-1

Magnetic Resonance Imaging

Microfluidic(s)

(5-(3-methyl-(triazen-1-yl) imidazole-4-carboxyamide
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide
0%-Methylguanine-DNA Methyltransferase
Non-Small-Cell Lung Cancer

Phosphate Buffered Saline

Precision Cut Liver Slices

Polymerase Chain Reaction

Polydimethylsiloxane

Patient Derived Xenografts

Polyether Ether Ketone

Propidium lodide

Photo-Multiplier Tubes

Phosphatidylserine

Quality Adjusted Life Years

Receptor Tyrosine Kinase

Side-Scattered Light

The Cancer Genome Atlas

Temozolomide

Terminal deoxynucleotidyl transferase-mediated dUTP Nick-
End Labelling (TUNEL)

Units

Ultraviolet

World Health Organisation

Warm Ischaemic Time

Water Soluble Tetrazolium-1
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Nomenclature

Fresh Tissue = GBM tissue processed immediately from the patient (on average 69

min after sample acquisition).

Chip Tissue = GBM Tissue processed after maintaining in the microfluidic device

for 72 h

Static Tissue = GBM Tissue processed after maintaining in media without

microfluidic flow
Matched Pairs = Analysis carried out on the same patient tumour but with different

conditions e.g. Patient No. 3: Fresh Tissue vs. Chip Tissue or Patient No 3: aCSF
vs. Standard Media
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