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Abstract

Here, we describe a blood test for the detection of glial malignancies (GLI-M) based on
the identification of circulating glial cells (CGCs). The test is highly specific for
GLI-M and can detect multiple grades (lI-1V) and subtypes including gliomas, astro-
cytomas, oligodendrogliomas, oligoastrocytomas and glioblastomas, irrespective of
gender and age. Analytical validation of the test was performed as per Clinical and
Laboratory Standards Institute (CLSI) guidelines. Real-world performance character-
istics of the test were evaluated in four clinical (observational) studies. The test has
high analytical sensitivity (95%), specificity (100%) and precision (coefficient of vari-
ation [CV] = 13.7% for repeatability and CV = 23.5% for within laboratory preci-
sion, both at the detection threshold) and is not prone to interference from
common drugs and serum factors. The ability of the test to detect and differentiate
GLI-M from non-malignant brain tumours (NBT), brain metastases from primary epi-
thelial malignancies (EPI-M) and healthy individual donors (HD) was evaluated in
four clinical cohorts. Across these clinical studies, the test showed 99.35% sensitiv-
ity (95% confidence interval [Cl]: 96.44%-99.98%) and 100% specificity (95% ClI:
99.37%-100%). The performance characteristics of this test support its clinical util-
ity for diagnostic triaging of individuals presenting with intracranial space-

occupying lesions (ICSOL).

KEYWORDS
blood test, brain tumour, central nervous system, circulating glial cells, diagnosis, glial
malignancy, liquid biopsy, non-invasive, triaging

What's new?

While most intracranial masses are non-malignant, it is critical to get a prompt, accurate diagnosis.
However, obtaining brain tissue for evaluation is unpleasant and carries significant risks. Here, the
authors describe a blood test for glial malignancies based on identification of circulating glial cells.
The test successfully detects multiple grades and subtypes, including gliomas, astrocytomas,
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oligodendrogliomas, oligoastrocytomas and glioblastomas. The test was evaluated in four clinical
studies and showed 100% specificity and 99.35% sensitivity. This blood-based approach could be

particularly useful in cases where the lesion is unresectable or a biopsy is impossible.

1 | INTRODUCTION

Brain tumours account for 85%-90% of all primary central nervous
system (CNS) tumors® and ~300,000 (~1.6%) of the total
~19,300,000 annual cancer incidences and 250,000 (~2.5%) of the
total 10,000,000 annual cancer-related deaths globally.? In patients
presenting with radiological intracranial space-occupying lesions
(ICSOL), non-malignant pathologies are more common?® accounting for
>70% of all cases, while the differential diagnosis among the malig-
nant conditions include primary glial malignancy (GLI-M), metastases
from other solid tumours and non-glial subtypes of CNS malignancies
(NGCM) which are rarer. Glioblastoma multiforme (GBM) is the most
common (49%) subtype of GLI-M.2 As malignant and non-malignant
conditions have different management pathways, the expeditious
establishment of diagnosis is of critical importance.

The standard of care (SoC) for establishing a diagnosis in individ-
uals presenting with ICSOL is histopathological evaluation (HPE) of
tumour tissue specimens obtained from surgical excision or biopsy.
Surgical resection or biopsy is more challenging in patients with poor
performance, comorbidities or patients' reluctance.* Procedural risks
are well-documented and include pain and discomfort, intracranial
haemorrhage, cerebral oedema, infections, morbidity and mortality.5
Furthermore, the anatomical site of the lesion may be associated with
increased procedural risks and complications. Prior studies also sug-
gest that ~70% of patients with intracranial lesions have benign con-
ditions® indicating that in a sizeable population of symptomatic
individuals, the ability to obtain the same inference non-invasively
may reduce the requirement for and risks associated with invasive tis-
sue sampling procedures.

Therefore there is considerable benefit in the non-invasive detec-
tion of GLI-M including risk mitigation, resource optimization, cost
benefits and avoidance of delays in time to diagnosis and time to
treatment, especially in unresectable cases where tissue sampling is
unviable. Previous attempts at non- or minimally invasive detection of
GLI-M and differentiation of GLI-M from non-malignant brain
tumours (NBT) and brain metastases have examined the profiling of
gene variants® or CpG island methylation” in cell-free deoxyribonu-
cleic acid (cfDNA) and profiling of exosomal messenger-/micro-
ribonucleic acid (MRNA/miRNA) transcripts.8 However, these
approaches are limited by their low sensitivity and specificity.” Circu-
lating tumour cells (CTCs) are viable malignant cells in circulation, the
molecular evaluation of which may be an alternative to or comparable
with that of the tumour tissue from which they originate.10-12
CTCs are rarely detected in the peripheral blood of healthy individuals
(or among those with non-malignant conditions) and their detection
in asymptomatic populations may indicate an underlying malig-

nancy.*>* Such malignant cells shed by a primary GLI-M are referred

to as circulating glial cells (CGCs) and are identified based on the
expression of glial fibrillary acid protein (GFAP) and oligodendrocyte
transcription factor-2 (OLIG2). In this article, ‘CGCs’ refers to malig-
nant glial tumour cells in circulation while ‘CTCs’ refers to malignant
cells from other primary solid tumours (non-CNS).

We previously described the functional enrichment of CTCs from
peripheral blood using a proprietary CTC enrichment medium (CEM)
which selectively induces apoptosis in non-malignant cells and permits
the survival of malignant cells. This method yields sufficient viable
CTCs for downstream applications including multiplexed immunocyto-
chemistry (ICC).*3*> In the present study we used this enrichment
process to harvest CGCs and CTCs from blood samples, which were
then profiled via ICC to determine the expression of markers including
GFAP, OLIG2, cytokeratins (CK) and the common leukocyte antigen
(CD45) (Figure 1). Here, we describe the performance characteristics
of the blood-based test to detect GLI-M and differentiate it from
NGCM, NBT and epithelial malignancies with brain metasta-
ses (EPI-M).

2 | METHODS

2.1 | Patients and samples

All biological samples reported in this article were obtained from par-
ticipants in the following clinical studies which support the sponsor's
efforts to develop and validate non- or minimally invasive technolo-
gies for detection of various types of malignancies.

The GIlioLENS study (https://ctri.nic.in/Clinicaltrials/login.php,
keyword search for Trial ID 017663, completed) enrolled patients
with benign and malignant central nervous system (CNS) conditions
as well as symptomatic individuals with intracranial space-occupying
lesions (ICSOL) suspected of CNS malignancies. The TRUEBLOOD
study (https://ctri.nic.in/Clinicaltrials/login.php, keyword search for
Trial ID 017918, ongoing) enrols patients diagnosed with all types
of cancers or benign conditions as well as symptomatic individuals
with suspected cancers. The RESOLUTE study (https://ctri.nic.in/
Clinicaltrials/login.php, keyword search for Trial ID 017219, ongo-
ing) enrols healthy asymptomatic adults with no prior diagnosis of
cancer and no current symptoms or clinical features of cancer. The
prospective study at Imperial College London (ongoing, not regis-
tered at any clinical trial repository) enrols surgery- and biopsy-
naive adults with ICSOLs to determine concordance between the
detection of CGCs in pre-surgery/pre-biopsy blood and subsequent
HPE diagnosis on tumour tissue. For all samples in the above stud-
ies, as well as all samples considered in the current article, HPE of

tissue sample was the reference/gold standard for diagnosis.
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Schema of test. Functional enrichment of CTCs is achieved using a proprietary CGC/CTC enrichment medium (CEM) which

eliminates all non-malignant cells and permits tumour derived malignant cells to survive. Subsequently, multiplexed immunocytochemistry (ICC)

identifies CGCs based on positive expression of GFAP and/or OLIG2.

Up to 20 mL of peripheral blood was collected from all adult
study participants using EDTA vacutainers. In patients aged <18 years,
up to 10 mL of blood was collected. For patients who underwent tis-
sue sampling (surgery or biopsy), the blood collection was performed
before the procedure. The amount of blood sample used for each type
of study is described in the respective sub-sections. Leftover blood
samples were used for research activities beyond the scope of this
article. Where possible, leftover fresh tissue samples were also
obtained (in appropriate tumour transport media which maintains the
viability of tumour cells) from patients. All samples (blood and tissue)
were stored at 2°C-8°C during transport to reach the sponsor's labo-
ratory within 48 h where they were processed. The sponsor's labora-
tory is accredited for College of American Physicians (CAP) and
Clinical Laboratory Improvement Amendments (CLIA) and also
adheres to the ISO 9001:2015, 1ISO 27001:2013 and ISO 15189:2012

quality standards. The status of all samples was blinded to the opera-
tors (those who performed the enrichment and ICC) as well as the
analysts (those who analysed the data) by assigning unique 10-digit
alphanumeric barcodes to minimize potential biases arising from prior
knowledge of the sample status. The reporting of observational stud-
ies in this article complies with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guidelines.*®

2.2 | Antisera and reference cells

Antisera and reference cells used in the methods are described in
Methods S1 and Table S1. All human cell lines used have been
authenticated using short tandem repeat (STR) profiling within the last
3 years. All experiments were performed with mycoplasma-free cells.
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2.3 | Enrichment of circulating tumour/glial cells
from peripheral blood

Blood samples (5 or 7.5 mL) were processed for the enrichment of
circulating malignant cells (CGCs/CTCs) as described previously.*3°
Comprehensive details of this process are provided in the

Methods S2.

24 | Isolation of viable tumour cells
The isolation of viable tumour cells (TCs) from a tumour sample
(malignant/benign) has been described previously.'” Comprehensive

details of this process are provided in Methods S3.

2.5 | Immunocytochemistry profiling
Immunocytochemistry (ICC) profiling of samples for the identification
of CTCs/CGCs was performed as described previously.'®> Comprehen-
sive details of this process are provided in Methods S4. Table 1 is the
interpretation matrix for the classification of samples based on
the expression status of GFAP, OLIG2, CD45 and CK.

2.6 | Method development

Method development studies described in Methods S5 and Sé evalu-
ated the expression levels (fluorescence intensity, Fl) of GFAP and
OLIG2 in various cell types including reference cells, white blood cells
(WBCs), malignant tumour cells, non-malignant cells, CGCs from vari-
ous subtypes of glial malignancies and CTCs from patients with
various (non-CNS) malignancies. The findings of these studies are
represented in Figures S1-S3. In addition, the concordance of CGCs

with malignant glial tumour tissue for amplification of the epidermal

TABLE 1 Inference matrix.
GFAP OLIG2 CK? Classification

+ + - GLI-M

+ _ _

_ + _

- - + EPI-M

- - - NGCM/NBT/HD

(Any other findings) Indeterminate

Note: The inference matrix shows the various marker expression statuses
and the predictions. Primary classification of samples is based on
expression of GFAP and OLIG2. The matrix also explains the classification
in a subset of samples where CK was used in addition to the above
markers.

Abbreviations: EPI-M, epithelial malignancy with brain metastases; GLI-M,
glial malignancy; HD, healthy (asymptomatic) donors; NBT, non-malignant
brain tumour; NGCM, non-glial central nervous system malignancy.

?For the subset of samples where CK was evaluated.

growth factor receptor (EGFR) gene was evaluated as an orthogonal
study to establish equivalence of CGCs with malignant glial tumour
tissue as described in Methods S7. The findings of our study are

represented in Figure S4.

2.7 | Analytical validation

Analytical validation established the performance characteristics of
the test with U87MG (glioblastoma reference cell line) cells which
have been previously verified for high expression (FI) of GFAP and
OLIG2 as well as absence of CD45 expression. A master spike of
U87MG reference cells (10° cells/mL) was generated and serially
diluted (10 fold or 2 fold) as required in x1 phosphate-buffered saline
(PBS). Measured amounts of the diluted U87MG cells were added into
healthy donor blood (HDB) samples to generate the required cell den-
sity following which the samples were processed for enrichment of
apoptosis-reluctant cells using the CEM. Enriched cells were used for
ICC profiling to determine the status of GFAP+ and OLIG2+ cells.

2.7.1 | Analyte stability

To determine the analyte stability, 36 x 5 mL aliquots of HDB were
spiked with ~15 U87MG cells. Of these 36 spiked samples, 6 each
were either processed immediately or after 24, 48, 72, 96 and 120 h
storage at 2°C-8°C. Of the six aliquots evaluated at each time point,
three aliquots each were used to determine counts of GFAP+ cells
and OLIG2+ cells. The stability period was defined as the maximum
period of time up to which the observed count of GFAP+ and
OLIG2+ cells were 280% of the seeded number of cells, that is, 212
cells were detected as indicated in Table S3.

In addition, 30 mL of blood was collected from a known case of
glial malignancy and split into six aliquots of 5 mL each; one sample
was processed immediately (O h), and the others were processed after
24,48, 72, 96 and 120 h storage at 2°C-8°C. The observed counts of
GFAP+ and OLIG2+ cells at O h were normalized as 100% and cell
counts observed in the other aliquots at 24, 48, 72, 96 and 120 h
were expressed as relative (%) to the count at O h. The stability period
was defined as the maximum period of time up to which the observed
count of GFAP+ and OLIG2+ cells were 280% of the number of cells
detected at O h (Table S3).

2.7.2 | Linearity

U87MG cells were spiked into 176 x 5 mL aliquots of healthy donor
blood samples. The 176 aliquots comprised two sets of 88 aliquots
(11 spikes x 8 replicates). The study also included 16 x 5 mL aliquots
(2 sets x 8 replicates) of healthy donor blood samples which were not
spiked. Each set was assigned for detection of one of the two marker
positive cell types (GFAP+/OLIG2+). Linearity was evaluated
between 1 and 1280 cells/5 mL (Table S4). The Linearity Interval was
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evaluated as per the approach described in Clinical and Laboratory
Standards Institute (CLSI) approved guideline EP06.'8 In addition, the
linear response characteristics were also evaluated by Linear Regres-
sion to determine the coefficient of correlation (R?) and are depicted

in Figure S5.

2.7.3 | Limits of blank, detection and quantitation
The limit of blank (LoB) was determined from the 8 x 5 mL unspiked
healthy donor blood samples per marker in the Linearity study. The
limit of detection (LoD) of each marker was determined from a subset
of the Linearity study which included 24 x 5 mL samples spiked with
1, 3 or 5 U87MG cells (8 of each). The limit of quantitation (LoQ) was
determined from a subset of 32 x 5 mL samples from the Linearity
study which were spiked with 1, 3, 5 or 10 U87MG cells (8 of each)
per marker. The LoB, LoD and LoQ were determined according to
CLSI guideline EP17-A2.%°

274 | Sensitivity, specificity and accuracy

Sensitivity (Table S5) was determined from a subset of the Linearity
study samples which included 40 x 5 mL samples spiked with 5, 10,
20, 40 and 80 U87MG cells (8 of each) per marker type. Specificity
was determined from the 8 x 5 mL unspiked healthy donor blood
samples (per marker type) in the Linearity study. Accuracy was the
combined proportion of samples with true positive and true negative

findings per marker type.

2.7.5 | Precision

The precision of the test was evaluated at 5 cells/5 mL (sample posi-
tivity threshold) as well as at 15 cells/5 mL (3x threshold) using a
10 x 2 x 8 design which yielded a total of 160 observations over
10 days, by two users each with eight replicate samples. Samples for
the precision study were generated by User 1 by spiking 5 and
15 U8B7MG cells into separate 8 x 5 mL aliquots of healthy donor
blood (HDB) per day for 10 days. Samples were processed by CEM
treatment and ICC profiling to determine counts of GFAP+ and
OLIG2+ cells. User 2 repeated the above study at both spike densities
on the same 10 days. The mean of observed recoveries was used to
calculate standard deviation (SD) and coefficient of variation (CV, %)
for repeatability and within-laboratory precision (since this was a sin-
gle site study) as per the two-factor nested analysis of variance
(ANOVA) approach described in CLSI guideline EP05-A3 (Table 56).2°

2.7.6 | Interfering substances

The ability of the test to detect GFAP+ and OLIG2+ cells was evalu-
ated in the presence of commonly used drugs (except anticancer

drugs) and serum parameters as potential interfering agents
(Table S7). Pure (analytical grade) molecules for each of these agents
were obtained from commercial vendors and stored under recom-
mended conditions until use. All substances were reconstituted
according to the manufacturer's instructions in appropriate solvents
to prepare working stock solutions which were immediately used for
spiking studies. All drugs were used at the reported Peak Plasma Con-
centrations (Cinax), While serum parameters were evaluated at elevated
concentrations as indicated in CLSI guideline EPO7. Blood from a
healthy donor (120 mL) who was not under any medication (last
14 days) was procured from a blood bank and spiked with approxi-
mately 1200 U87MG cells (to achieve 10 cells/mL). The spiked sample
was split into 24 x 5 mL aliquots; 23 aliquots were spiked with each of
the above substances at the indicated concentrations and 1 aliquot was
used as an unspiked control. Samples were processed by CEM treat-

ment and ICC profiling to determine count of marker positive cells.

2.8 | Clinical studies

The clinical sensitivity of the test for the detection of GLI-M and the
specificity of the test for differentiating GLI-M from non-malignant
brain tumours (NBT), brain metastases from epithelial malignancies
(EPI-M), non-glial subtypes of central nervous system (CNS) malignan-
cies (NGCM) and healthy individual donors (HD, neither prior diagno-
sis nor current symptoms or clinical features of cancer) were
evaluated in samples from four clinical cohort studies. For all samples
(Table S2) in the above studies, the confirmatory diagnosis was based
on HPE of tumour tissue (gold standard). In all studies, the operators
and analysts were blinded to the clinical status of the samples during
sample processing. The (detected) expression status of GFAP, OLIG2,
CD45 and CK was used to predict the clinical status of the samples.
The concordance of the prediction model with the actual clinical sta-
tus (diagnosis based on HPE) formed the basis of the sensitivity and
specificity of the test.

The first study evaluated the ability of the test to identify and dif-
ferentiate GLI-M from NBT based on GFAP and OLIG2 status in
189 samples from 145 GLI-M, and 44 NBT cases. All samples were
initially assigned to Training and Test Sets in a 70%:30% ratio. Status
of the Training Set samples was always unmasked to the analysts to
verify the Fl thresholds and algorithm.

The second study evaluated the ability of the test to identify and
differentiate GLI-M from NBT and EPI-M based on the assessment of
GFAP, OLIG2 and CK in a cohort of 586 samples which included
500 HD, 24 cases of EPI-M, 40 cases of GLI-M and 22 cases of NBT.

The third (prospective) study evaluated the ability of the test to
detect and differentiate GLI-M from NBT based on assessment of
GFAP and OLIG2 in a prospective multicentre cohort of 68 individuals
with ICSOL suspected of GLI-M.

The fourth study evaluated the ability of the test to differentiate
GLI-M, NBT and NGCM based on the assessment of GFAP and OLIG2
in a cohort of 31 individuals presenting with intra-axial ICSOL on brain

imaging.
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TABLE 2 Summary of analytical validation.
Parameter Value
Analyte stability 48 h
Linearity R?> .99
Linearity interval 5-1280 cells/5 mL
Limit of blank 0 cells/5 mL
Limit of detection 1 cell/5 mL
Limit of quantitation 6 cells/5 mL

Specificity 100% (85.8%-100%)
Sensitivity 95.0% (83.1%-99.4%)
Accuracy 96.9% (89.2%-99.6%)

13.7% (at 5 cells/5 mL),
10.0% (at 15 cells/5 mL)

23.5% (at 5 cells/5 mL),
13.7% (at 15 cells/5 mL)

Repeatability

Within laboratory precision

Note: Analytical validation was performed using control samples generated
by spiking measured amounts of U87MG reference cells into healthy
donor blood (HDB). The findings of the Analytical Validation indicate that
the Test provides consistent, accurate and reproducible results with little
or no interference from routine endogenous or exogenous factors when
samples are obtained, stored and processed under the recommended
conditions. Numbers within parentheses indicate 95% confidence intervals
(95% CIl). The two values for repeatability and within laboratory precision
are the CV (%) at 5 cells/5 mL (positivity threshold) and 15 cells/5 mL

(3 x positivity threshold), respectively.

3 | RESULTS

3.1 | Method development

Comprehensive findings of Method Development Studies are pro-
vided in Methods (S2-S7). Figures S1-54 are a graphical representa-
tion of the findings in the method development and verification
studies described in Methods S5-S7.

3.2 | Analytical validation
Table 2 summarizes the findings of the analytical validation study,
which shows that the test detects CGCs with high reliability.

3.2.1 | Analyte stability

In the spiked samples, 280% of the seeded GFAP+ and OLIG2+ cells
were detected (‘recovered’) for up to 72 h after the initial sample
preparation (Table S3).

In the aliquots of the clinical sample, 280% GFAP+ and OLIG2+ cells
were detected (‘recovery’) for up to 48 h after the initial sample collection
when the cell counts at O h were normalized as 100%. The lower of these
findings (in clinical samples) is hence reported as the analyte stability
period. The findings of the stability studies indicate that clinical samples
can be stored at 2°C-8°C for up to 48 h with a <15% loss of cells.

3.2.2 | Linearity

The linearity of the test was determined according to the Clinical and
Laboratory Standards Institute (CLSI) guideline EPOé6. In addition, a
regression analysis was also performed to determine the coefficient
of correlation (R?). The linearity interval was determined to be 5-
1280 cells/5 mL based on the lower limit of the linear interval (LLLI)
being 5 cells/5 mL and the upper limit of the linear interval (ULLI)
being 1280 cells/5 mL for both markers. Similarly, R? > .99 for both
markers demonstrated the linear response characteristics of the
method (Figure S5, Table S4). At the sample positivity threshold
(5 cells/5 mL), the observed deviation from linearity was —17% for
GFAP and —19% for OLIG2, which were within the permissible range
of —26% to +22% for 15% Allowable Deviation from Linearity (ADL),
as specified in CLSI EPO6. Though the test is not intended for the
quantitation of CGCs, the linear characteristics of the test indicates its
ability to yield observations proportionate to the number of marker
positive cells.

3.2.3 | Limits of blank, detection and quantitation
The LoB, LoD and LoQ were determined according to CLSI guideline
EP17-A2. GFAP+ or OLIG2+ cells were not detected in any of the
unspiked healthy donor (HD) blood samples; zero (0) cell counts indi-
cated the absence of false positives. Thus, the LoB was determined to
be O cells/mL for GFAP as well as for OLIG2. The LoD was deter-
mined as 1 cell/5 mL for GFAP and OLIG2. Based on a 15% pre-
specified ADL, the LoQ was determined to be 6 cells/5 mL for GFAP
and 5 cells/5 mL for OLIG2 (the overall LoQ was 6 cells/5 mL). The
LoD and LoQ study findings indicate the ability of the test to detect
and quantitate samples with lower amounts of marker positive cells at
the detection threshold.

3.2.4 | Sensitivity, specificity and accuracy

Based on the detection of marker positive cells in the 40 spiked sam-
ples (5-80 cells/5 mL), the overall analytical sensitivity was deter-
mined to be 92.5% for GFAP and 95.0% for OLIG2. At the detection
threshold (5 cells/5 mL), the sensitivities were 62.5% for GFAP and
75% for OLIG2. At 10 cells/5 mL and above, the sensitivity was 100%
for GFAP as well as for OLIG2. Since GFAP+ and OLIG2+ cells were
undetectable in any of the unspiked samples (as observed in the LoB
study), the analytical specificity was deemed to be 100%. Based on
the overall sensitivity and the specificity, the overall accuracy was
95.3% for GFAP and 96.9% for OLIG2 (Table S5).

3.2.5 | Precision

The precision of the test was evaluated at 5 cells/5 mL (detection
threshold) and 15 cells/5 mL (3x detection threshold) via two-factor
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nested analysis of variance (ANOVA) as described in CLSI EPO5-A3.
The observed mean, standard deviation (SD) and coefficient of varia-
tion (CV, %) along with the 95% confidence interval (Cl) for repeatabil-
ity and within laboratory precision are provided in Table Sé6. The %
CVs were 13.7% for repeatability and 23.5% for within laboratory pre-
cision at 5 cells/5 mL and 10.0% for repeatability and 13.7% for
within laboratory precision at 15 cells/5 mL. These findings suggest
acceptable repeatability considering that the analytes (whole cells) are
prone to significant random variations (as compared to soluble ana-

lytes) especially at lower densities.

3.2.6 | Interfering substances

The ability of the test to detect GFAP+ and OLIG2+ cells was evalu-
ated in the presence of potentially interfering substances including
common drugs (excluding anticancer drugs) as well as serum parame-
ters that may be elevated under various disease conditions. Table S7
lists the various agents tested, their concentrations (in 5 mL volume)
and the observed number of GFAP+ and OLIG2+ cells based on an
initial spike density of 10 cells/5 mL. As shown in the same table, the
presence of drugs at medically relevant peak plasma concentrations
(Cimax) or the deranged (clinically high) serum parameters did not sig-
nificantly affect the sensitivity of the test for detection of spiked
U87MG cells. Our study established the ability of the test to remain
unaffected and detect CGCs in the presence of systemic treatment

agents (drugs) and elevated serum parameters.

3.3 | Clinical study findings

The ability of the test to detect GLI-M and differentiate GLI-M from

NBT, NGCM, EPI-M and HD were established in four stringent,

blinded clinical studies.

TABLE 3 Clinical performance characteristics.
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The inclusion criteria and demographics of the first study are pro-
vided in Tables S8 and S9, respectively. The observations for the
training and test set samples are provided in Table S10. Among
the 101 GLI-M cases in the Training Set, 100 were positive (99%) and
1 was negative (1%) for CGCs. Among the 31 cases of NBT, 1 (3.2%)
was positive and 30 (96.8%) were negative for CGCs. In the absence
of follow-up data demonstrating a diagnosis of GLI-M, the positive
NBT case was considered a false positive. In the Test Set (n = 57),
44 samples had positive findings and 13 samples had negative find-
ings. All 44 positive samples were determined as GLI-M indicating
100% sensitivity. All negative samples were determined to be NBT
indicating 100% specificity (Table S11).

The inclusion criteria and demographics of the second study are
provided in Tables S12 and S13, respectively. The observations of the
study samples and the performance characteristics are provided in
Table S14. Among the 40 GLI-M samples, none were positive for
CTCs whereas all were positive for CGCs. Among the 24 EPI-M sam-
ples, none were positive for CGCs but all were positive for CTCs.
Among the samples from NBT cases (n = 22) and healthy individuals
(n = 500), none were positive for CGCs or CTCs. In our study, the test
had 100% sensitivity for detecting GLI-M and 100% specificity for dif-
ferentiating GLI-M from EPI-M and HD.

The inclusion criteria and demographics of the third study are
provided in Tables S15 and S16, respectively. The observations of the
samples are summarized in Table S17. Of the 68 cases, 56 were posi-
tive for CGCs and 12 were negative as per the Inference Matrix. After
unblinding, it was revealed that all 56 positive samples were GLI-M
and all 12 samples were NBT. In our study, the test had 100% sensi-
tivity for detecting GLI-M and 100% specificity for differentiating
GLI-M from NBT (Table S18).

The inclusion criteria and demographics of the fourth study are
provided in Tables S19 and S20, respectively. Of the 31 cases, 13 were
positive and 18 were negative for CGCs. After unblinding, all 13 posi-

tive samples were determined as GLI-M. Of the 18 negative samples,

Sensitivity Specificity Accuracy

Study-1 100% (95% Cl: 91.96%-100%) 100% (95% Cl: 75.29%-100%) 100% (95% Cl: 93.73%-100%)

(validation set) (n=44) (h=13) (h=57)

Study-2 100% (95% Cl: 91.19%-100%) 100% (95% Cl: 99.33%-100%) 100% (95% Cl: 99.37%-100%)
(n = 40) (n = 546) (n = 586)

Study-3 100% (95% Cl: 93.62%-100%) 100% (95% Cl: 73.54%-100%) 100% (95% Cl: 94.72%-100%)
(h = 56) (h=12) (n = 68)

Study-4 92.86% (95% Cl: 66.13%-99.82%) 100% (95% Cl: 80.49%-100%) 96.77% (95% Cl: 83.30%-99.92%)
(n = 14) (h=17) (h=31)

Cumulative 99.35% (95% Cl: 96.44%-99.98%) 100% (95% Cl: 99.37%-100%) 99.87% (95% Cl: 99.25%-100%)
(n = 154) (n = 588) (n=742)

Note: The performance characteristics of the test were determined in four clinical studies using blinded samples. Sensitivity was determined as the
proportion of true positive findings in samples from patients with glial malignancies (GLI-M) and specificity was determined as the proportion of true
negative findings in samples from patients with non-malignant brain tumours (NBT), samples from patients with non-glial central nervous system (CNS)
malignancies (NGCM), samples from patients with epithelial malignancies with CNS metastases (EPI-M) or samples from healthy (asymptomatic) donors
(HD) with no prior diagnosis or current suspicion of any cancer. Accuracy was determined as the combined proportion of true positives and true negatives.
The 95% confidence interval (Cl) and the number of samples for each type of determination are provided in parentheses.
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1 was GLI-M, 8 were NGCM and 9 were NBT (Table S21). The test
had 92.9% sensitivity for detection of GLI-M and 100% specificity for
differentiating GLI-M from NBT (Table 522).

Table 3 provides a summary of the study-wise performance char-

acteristics as well as the cumulative performance characteristics.

4 | DISCUSSION

The presentation of patients with intracranial malignancy is frequently
symptomatically non-specific and differentiating such patients from
those with non-malignant conditions or absent pathology is challeng-
ing. Indicative of this, GBM presents as a medical emergency more
frequently than any other common cancer, implying that effective
strategies for the rapid diagnostic stratification of patients presenting
with suspicious symptoms are urgently required. Furthermore, it is
critical to differentiate GLI-M from NBT or metastases from other
solid tumours. Obtaining a tissue diagnosis is often challenging and
has well-described risks.

Here we describe a blood-based test for the detection of GLI-M
in individuals presenting with ICSOL, based on the detection of CGCs
by multiplexed fluorescence ICC profiling (Figure 1). The test can
detect common subtypes that account for approximately 97% of all
GLI-M, irrespective of age, gender, subtype and grade. The analytical
validation of our platform confirmed accuracy and reliability of the
test. The clinical validation studies demonstrated an overall (cumula-
tive) >99% sensitivity and 100% specificity for detection of GLI-M.
The performance characteristics of the test favour the clinical adop-
tion of this technology to support more effective diagnosis in individ-
uals presenting with ICSOL, especially among patients with
unresectable or non-biopsiable ICSOLs. To our knowledge, there are
currently no non-invasive or non-radiological tests for the detection
of GLI-M in individuals with ICSOLs.

Our test is based on the detection of CTCs, which in the context
of a glial malignancy are called CGCs. In primary solid organ cancers,
the existence of CTCs is linked to dissemination and metastatic
spread. Extracranial metastases, although rare in GLI-M, have been
reported previously.?!2> The detection of CGCs in blood samples
from patients with GLI-M appears to indicate that while CGCs can
enter circulation, they may be unable to find a target tissue where
they can egress, survive and grow.?® Zhang et al hypothesized that
the inability to detect extracranial metastasis may be a consequence
of the low survival (shorter life span) of patients with GLI-M, and that
the probability of detecting extracranial metastases may be higher in
patients who survive longer.?”

Prior studies have shown the presence of CGCs in low and high
grade gliomas and glioblastomas, as well as their absence in healthy
individuals and those with non-malignant brain tumours. Bang-
Christensen et al reported 0.5-42 CGCs/3 mL blood irrespective of
grade or subtype of GLI-M?® via a novel immunocapture method.
MacArthur et al used density-gradient centrifugation followed by telo-
merase assay and Nestin expression to detect CGCs in 8 out of
11 (72%) cases of radiation-naive glioma with an average of 8.8

CGCs/mL of blood.'° Sullivan et al demonstrated that the mesenchy-
mal like properties of CGCs could contribute to their invasiveness,
allowing them to enter into circulation.?? Based on chromosome eight
polyploidy and immunostaining for GFAP (positive) and CD45 (nega-
tive), Gao et al reported CGCs in the peripheral blood of 24 out of
31 (77%) patients with GLI-M with no correlation between the num-
ber of CGCs and the subtype/grade of malignancy.®° Similarly, Krol
et al reported CGC clusters in 7 of 13 (53.8%) cases of glioblastoma.31

Our test detects CGCs based on cellular GFAP and OLIG-2
expression, and provides unambiguous evidence of the underlying
malignancy in the form of directly visualized malignant cells. The
detection of GFAP and OLIG2 positivity in malignant cells is not prone
to confounding, as may be observed in case of various serum cancer
antigens that are often elevated in patients with non-malignant condi-
tions. In our test, the positive marker expression in cells is determined
based on standardized fluorescence intensities (FI) detected using a
sensitive and automated high content screening platform that mini-
mizes the risk of false negatives. Our test showed high sensitivity and
specificity for the detection of CGCs in analytical validations as well
as in the clinical studies.

Our study shows that it is possible to obtain sufficient viable
CGCs in peripheral blood samples for the detection of GLI-M and dif-
ferentiation of GLI-M from NBT and brain metastases of solid
tumours. To our knowledge, the test described in this article is the
first of its kind that uses a hallmark property of malignancy for enrich-
ment of CGCs. Applications of this core technology for the detection
of breast and prostate cancers have been previously described.®%32
Our test is minimally invasive and is performed on a peripheral
(venous) blood sample. This test is not currently intended to replace
standard diagnostic imaging or tissue sampling. Contemporary brain
imaging such as magnetic resonance imaging (MRI) offers diagnostic
guidance in ICSOLs with some capability to distinguish malignant and
non-malignant ICSOLs based on radiological morphology. We envis-
age that our test would provide an additional layer of high quality evi-
dence that can potentially support diagnostic and disease
management decisions before lifting the scalpel. The CGC-based
approach described in our study may be especially relevant in cases of
unresectable or non-biopsiable ICSOLs which can pose a diagnostic
roadblock. Surgical resection may not be viable due to the proximity
of the lesion to regions associated with vital functions or comorbid-
ities; up to 40% of cases with advanced or high-grade brain lesions
are reported to be unresectable.>* Furthermore, brain biopsies have
been reported to be unviable, inconclusive or non-diagnostic in up to
20% of cases.>>™%”

In such cases, the test findings have the potential to mitigate any
risks of overtreatment in individuals with non-malignant brain
tumours as well as the potential to reduce the risks associated with
delayed diagnosis and treatment in individuals with GLI-M. In addi-
tion, the detection and differentiation of CGCs and (epithelial) CTCs
based on marker expression profiles can also aid the differentiation of
primary CNS (glial) malignancy and brain metastases of non-CNS pri-
mary tumours; albeit rare, prior reports have described cancers pre-

senting with brain metastases®® and such cases represent yet another
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subset of patients who may benefit from our approach. The strength
of our study is the multiple clinical studies with blinded sample analy-
sis, all of which demonstrated high concordance between test findings
and clinical diagnosis and support the clinical application of the test.

The high clinical sensitivity indicates a very low risk of missing
GLI-M and the high specificity indicates an imperceptible (if any) risk
of false positive findings in individuals without a primary GLI-M.
Although the test has high performance characteristics for the detec-
tion of GLI-M, it is not intended for detection of rarer subtypes such
as CNS lymphoma and gliosarcoma. The test is also not intended to
provide diagnostic information such as the subtype or grade of malig-
nancy. The 2021 World Health Organization (WHO) guidance for the
classification of CNS tumors®? describes molecular features (gene var-
iants) for diagnosis. Advances in next generation sequencing (NGS)
technology platforms suggest a potential for molecular profiling of
glial malignancies using the limited yields of tumour nucleic acids
(TNA) isolated from CGCs.*® We envisage future iterations of our test
to include immune-profiling of CGCs as well as molecular profiling of
CGC-derived TNA for a more holistic role in diagnostic work-up with
reduced dependence on tumour tissue. However, the current scope
of the test is limited to the detection/identification of CGCs as an
indicator of an underlying glial malignancy and is not intended to
replace standard tissue sampling based diagnosis in patients where it
is recommended, necessary and feasible.

The approach described in this article requires only a peripheral
blood drawn from the patients. The simplicity of a blood based test
makes it amenable to integration within the standard of care diagnos-
tic pathways in most healthcare systems. Blood collection is a simple,
low risk procedure that can be performed at any primary healthcare
centre, physician's clinic or pharmacy. From the patient's perspective,
there are no additional visits to advanced healthcare facilities or addi-
tional wait times. From the healthcare provider's perspective, no
additional resources or infrastructural investments are required.

In conclusion, we present a blood-based, non-radiological test for
the detection of glial malignancies with potential clinical applications
in symptomatic individuals who have been advised to undergo an
invasive biopsy as part of standard diagnostic work-up as well as diag-
nostic support in individuals with unresectable and/or non-biopsiable
ICSOLs. Our test has the potential to enable more effective clinical
decision making by providing direct evidence for the presence of

GLI-M in these cases.
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