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Methods for manufacture of neuronal precursors
Field of the invention

[0001] The present invention is directed to methods for determining the likelihood that
source tissue will be suitable for the generation of viable precursor cells.

Related application

[0002] This application claims priority from Australian provisional application
AU 2021900142, the entire contents of which are hereby incorporated by reference.

Background of the invention

[0003] A major challenge in the practical development of cell-based therapies is
cellular variability. Such variability can arise at multiple levels and from multiple sources:
biological variability within and between source donor tissue, variability in transfection
methods or even basic reagents, batch-to-batch variability (from the same cellular
motherstock), line-to-line variability (between donors), clone-to-clone variability (within a
line from the same donor), and of course even cell-to-cell variability within a cell

population or within the same cell over time.

[0004] Theoretically, all such observed variance can be deconstructed into biological
variability (which is intrinsic and hence cannot be eliminated), manufacture variability
(which is by design and can be controlled and optimised) and technical error (which is

also unavoidable but can be minimized).

[0005] Regardless of the cell type or manufacture process, source- or donor start-
tissue variability is a major and unaddressed challenge. This, in effect, introduces a
systematic component of variation into the manufacturing process at the outset and
contributes to variance in the final cellular product. Moreover, current cell manufacture
methods do not sufficiently understand this form of variance in order to introduce quality
controls over it. In other words, current technology does not understand what biological
feature to measure in the source tissue, in order to quantify how different is this donor
tissue to the usual or ideal, nor govern the process with a control procedure over the

final product (“does this donor source tissue meet the relevant criteria?”).
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[0006] There is a need for the identification of biomarkers which are predictive of the
suitability of source tissue for use in the generation of viable precursor cells.

[0007] Reference to any prior art in the specification is not an acknowledgment or
suggestion that this prior art forms part of the common general knowledge in any
jurisdiction or that this prior art could reasonably be expected to be understood,
regarded as relevant, and/or combined with other pieces of prior art by a skilled person

in the art.
Summary of the invention

[0008] The present invention is based on the discovery by the inventors of a
predictive biomarker for the manufacture of human hair-follicle derived neuronal

precursors based on source tissue.

[0009] Accordingly, in a first aspect, the present invention provides a method for
determining whether source tissue is suitable for providing hair-follicle derived neural
precursors (HFNs), the method comprising:

- providing a reference glucose consumption profile from intact human hair follicles
that have been demonstrated to generate a viable HFN cell line;

- providing source tissue in the form of a sample of hair follicle cells;
- determining the glucose consumption of the follicles in the sample;

- comparing the glucose consumption of the follicles in the sample to the reference

glucose consumption profile;

- determining that the source tissue is suitable for providing hair-follicle derived
neural precursors (HFNs) if the glucose consumption of the follicles is the same

or higher than that of the reference glucose consumption profile.

[0010] Further, the present invention provides a method for determining whether
source tissue is suitable for providing hair-follicle derived neural precursors (HFNs), the

method comprising:

- providing a reference glucose consumption profile from intact human hair follicles

that have been demonstrated to generate a viable HFN cell line;
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- providing source tissue in the form of a sample of hair follicle cells;
- determining the glucose consumption of the follicles in the sample;

- comparing the glucose consumption of the follicles in the sample to the reference

glucose consumption profile;

- determining that the source tissue is likely not suitable for providing hair-follicle
derived neural precursors (HFNs) if the glucose consumption of the follicles is
lower than that of the reference glucose consumption profile.

[0011] It will also be appreciated that the reference glucose consumption profile used
may be from one or more samples of intact hair follicles which were shown to not be
suitable for the generation of viable HFNs. Accordingly, in a further aspect, the invention
provides a method for determining whether source tissue is suitable for providing hair-

follicle derived neural precursors (HFNs), the method comprising:

- providing a reference glucose consumption profile from intact human hair follicles

that did not generate a viable HFN cell line;
- providing source tissue in the form of a sample of hair follicle cells;
- determining the glucose consumption of the follicles in the sample;

- comparing the glucose consumption of the follicles in the sample to the reference

glucose consumption profile;

- determining that the source tissue is suitable for providing hair-follicle derived
neural precursors (HFNSs) if the glucose consumption of the follicles is higher
than that of the reference glucose consumption profile.

[0012] Further, there is provided a method for determining whether source tissue is
suitable for providing a hair-follicle derived neural precursor (HFN) cell line, the method

comprising:

- providing a reference glucose consumption profile from intact human hair follicles

that did not generate a viable HFN cell line;

- providing source tissue in the form of a sample of hair follicle cells;
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- determining the glucose consumption of the follicles in the sample;

- comparing the glucose consumption of the follicles in the sample to the reference

glucose consumption profile;

- determining that the source tissue is not suitable for providing hair-follicle derived
neural precursors (HFNs) if the glucose consumption of the follicles is the same
or lower than that of the reference glucose consumption profile.

[0013] The present methods therefore provide an improved method for the generation

of neuronal precursor cells from a sample of hair follicles, the method comprising:

- treating a sample of hair follicles in conditions enabling the transition of hair
follicle cells to a growth phase, thereby forming a sample of conditioned cells;

- determining the glucose consumption of the conditioned follicles;

- comparing the glucose consumption of the conditioned follicles to a reference
glucose consumption profile representative of hair follicles that generated a
viable HFN cell line;

- proceeding to treat the conditioned follicles in conditions enabling enrichment of
the number of cells containing neuronal lineage biomarkers, if the glucose
consumption of the conditioned follicles is the same or higher than that of the

reference glucose consumption profile.

thereby generating a composition of neuronal precursor cells from a sample of hair
follicles.

[0014] The present methods also provide an improved method for the generation of

neuronal precursor cells from a sample of hair follicles, the method comprising:

- treating a sample of hair follicles in conditions enabling the transition of hair

follicles to a growth phase, thereby forming a sample of conditioned cells;

- determining the glucose consumption of the conditioned follicles;
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- comparing the glucose consumption of the conditioned follicles to a reference
glucose consumption profile representative of hair follicles that did not generate a
viable HFN cell line;

- proceeding to treat the conditioned follicles in conditions enabling enrichment of
the number of cells containing neuronal lineage biomarkers, if the glucose
consumption of the conditioned follicles is higher than that of the reference

glucose consumption profile.

thereby generating a composition of neuronal precursor cells from a sample of hair
follicles.

[0015] In any aspect, the glucose consumption of the hair follicles is preferably
determined within about 1 to 72 hours, preferably within about 12 to 24 hours of

collection of isolation or harvesting of the source tissue from the tissue donor.

[0016] In any aspect, the glucose consumption of the sample is preferably
determined from intact (whole) hair follicles.

[0017] As such the glucose consumption of the follicles is preferably determined prior
to a step of dissociation of the hair follicles from connective tissue, extracellular matrix

and optionally terminally differentiated cells.

[0018] In any embodiment, the conditions for treating the sample of hair follicle cells
enables transition of the hair follicle precursor cells in the sample to transition from
telogen to anagen phase. Preferably, such conditions comprise treating the hair follicle
sample with an anti-refractory hair follicle factor and/or pro-growth factor, as further
described herein.

[0019] The conditions enabling enrichment of the number of cells containing neuronal
lineage biomarkers preferably comprise culturing the conditioned cells in culture
medium and conditions for promoting the formation and expansion of neurospheres.
Methods for neurosphere formation are generally well known in the art and exemplified
further herein. In particularly preferred embodiments the conditions for promoting
formation and expansion of neurospheres comprises culturing the cells in medium that

comprises epidermal growth factor (EGF), fibroblast growth factor (FGF) especially
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basic FGF being FGF2 and optionally a neuronal cell culture supplement such as B27®
supplement.

[0020] The reference glucose consumption profile may be derived from one or more
samples of intact hair follicles that had previously been determined to provide for viable
HFNs following downstream processing. Accordingly, the reference glucose
consumption profile serves as a reference data set of glucose consumption profiles for
intact hair follicles and that is indicative of a desirable balance between presence of
precursor cells and the growth phase of the hair follicle, which in turn increases the
likelihood that the hair follicle can be used to generate viable HFNs.

[0021] In any aspect, the method may comprise comparing the glucose consumption

of hair follicles in a test sample to one or more glucose consumption profiles.

[0022] In any aspect, the sample of skin comprising hair follicle cells, or the sample of
hair follicle cells is provided in cell culture medium suitable for supporting hair follicle
cells. Preferably, the cell culture medium promotes transition of hair follicle precursor
cells to a growth phase and is herein also referred to as “conditioning medium?”.
Similarly, the conditions enabling the transition of hair follicle precursor cells to a growth
phase will typically comprise culturing the hair follicles in cell culture medium suitable for
supporting hair follicle cells. Williams medium E is one example of suitable medium for
use for this purpose. Other examples include Dulbecco’s modified eagle medium
(DMEM}) plus F-12 in different combinations, F12 plus mammalian serum in different
combinations and different supplemented phosphate buffered saline combinations.

[0023] In one embodiment, the conditioning medium comprises Williams’ E medium.
Preferably, the Williams’ E medium is supplemented with one or more anti-refractory
factors and/or one or more pro-growth factors. In certain embodiments, the Williams’ E
medium is supplemented with one or more of insulin, sonic hedgehog, noggin and TGF-
B. In particularly preferred embodiments, the culture medium comprises Williams’ E

medium supplemented with at least insulin and sonic hedgehog.

[0024] In any aspect, the conditions enabling the transition of hair follicles to a growth
phase comprises culturing the follicles in cell culture medium suitable for supporting hair
follicles. In one embodiment, the medium comprises Williams E medium. Preferably, the

Williams’ E medium is supplemented with one or more anti-refractory factors and/or one
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or more pro-growth factors. In certain embodiments, the Wiliams’ E medium is
supplemented with one or more of insulin, sonic hedgehog, noggin, and TGF-B. In
particularly preferred embodiments, the culture medium comprises Williams’ E medium

supplemented with at least insulin, and sonic hedgehog.

[0025] In any aspect of the invention, the glucose consumption profile of the sample
(or of the reference profile) is determined by directly measuring the rate of glycolysis of
the follicles. Alternatively, glucose consumption may be determined indirectly, and
derived following the measurement of the change in an alternative biomarker, which is
indicative of the rate of glucose consumption (glycolysis). Such alternative measures of
glucose consumption are further described herein and are known to the skilled person.

[0026] In preferred embodiments, the reference glucose consumption profile
comprises data on the number of target cells normalised to the number of live cells at
HF dissociation, and relative glucose consumption.

[0027] As used herein, except where the context requires otherwise, the term
"comprise" and variations of the term, such as "comprising", "comprises" and
"comprised”, are not intended to exclude further additives, components, integers or
steps.

[0028] Further aspects of the present invention and further embodiments of the
aspects described in the preceding paragraphs will become apparent from the following

description, given by way of example and with reference to the accompanying drawings.
Brief description of the drawings

[0029] Figure 1: The output of the glucose optical assay is highly correlated
with actual glucose concentration. Standards were prepared in duplicate as per
manufacturer’s instructions. The values were averaged and zeroed and plotted in Excel.

Linear regression produced a correlation coefficient of 0.9966

[0030] Figure 2: Glucose consumption per follicle does not correlate with total
viable cells harvested at tissue dissociation. The number of cells produced at hair
follicle dissociation has little impact on the number of cells produced at tissue
dissociation. The figure is a linear regression model with a goodness of fit (R?) of
0.2241, with a p value of 0.4206 indicating that the variables are not significantly
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correlated. The figure represents the cells produced at tissue dissociation per follicle for
five independent HFN cell lines.

[0031] Figure 3: Absolute number of HFN target cells produced does not
strongly correlate with glucose consumption of the source hair follicle. Data
represented as a linear regression model with a goodness of fit (R?) of 0.6878 with a p
value of 0.0825, indicating a weak positive trend that did not meet statistical

significance. Based on five independent HFN cell lines.

[0032] Figure 4: Number of HFN target cells relative to cell humber at hair
follicle dissociation is strongly predicted by glucose consumption of source hair
follicles. The number of target cells at neurosphere dissociation normalised to the
number of live cells at HF dissociation correlates with the glucose consumption during
the first 24 h of incubation in conditioned media. Data represented as a linear
regression model with a goodness of fit (R?) of 0.9511 with a p value of 0.0047
indicating that the variables are significantly correlated. Based on five independent HFN

cell lines.
Detailed description of the embodiments

[0033] The present invention builds on earlier work by the inventors, directed to
methods for the production of neuronal precursor cells from human skin samples
derived from the scalp. The present invention provides a means for assessing, within
only a short period following harvesting of donor tissue, whether the tissue will provide a

suitable source of neuronal precursor cells.

[0034] Advantageously, the present invention enables the researcher or clinician
preparing neuronal precursor cells, to determine whether the source tissue provides a
source of viable precursor cells, prior to dissociation of the hair follicles from
extracellular matrix, connective tissue and depletion of terminally differentiated cells. In
other words, glucose consumption can be determined from intact hair follicles. Thus, the
methods enable an assessment of the quality of the source tissue in as little as 12-24
hours post-harvest.

[0035] Methods for the isolation of neuronal progenitor cells derived from hair follicles
are generally described in WO 2019/241846, the entire contents of which are hereby
incorporated by reference.
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[0036] As used herein, the terms hair follicle neuroprecursor (HFN), hair follicle
neuronal precursor and hair follicle neuronal progenitor cells will be understood to be
used interchangeably.

[0037] Thus, the present invention provides for methods for quality control during the
process of preparation of HFNs, comprising a step of assessing glucose consumption
by hair follicle cells shortly after isolation of the donor tissue and prior to further tissue

processing.

[0038] Moreover, the present invention also improved methods for the generation of
HFNs, by the inclusion of a step of determining glucose utilisation, thereby enabling a
more efficient approach for the manufacture of HFNs.

Isolation of intact hair follicles

[0039] Hair follicles may be obtained from a sample of skin comprising hair follicles.
Typically, hair follicles are obtained by harvesting of a skin sample that contains hair
follicle units. It is preferred that the sample is obtained from human scalp skin that
contains the highest and most uniform hair follicle density, preferably midline occipital
scalp skin. This skin generally contains a higher density of active hair follicles from

individual to individual.

[0040] The cells of the hair follicles generally include precursor and stem cells from
different niches, including the bulge area, the germ zone and the dermal papillae,
collectively referred to as hair follicular precursors. Hair follicular precursors can express

neuro-ectodermal biomarkers.

[0041] The harvested hair follicles are then treated in conditions promoting transition
to a growth phase. The step is important because it contributes to increased yield of
neural precursor cells. Preferably, the skin sample is transitioned into these conditions
as soon as possible following harvest, preferably within about 1 to 24 hours following

harvest, more preferably within about 2 to 12, most preferably within about 2 to 6 hours.

Culture medium
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[0042] In preferred embodiments, the intact hair follicle, or sample of skin comprising
hair follicles is treated in conditioning medium prior to determining the glucose
consumption of the cells therein.

[0043] The conditioning medium is typically any cell culture medium that supports cell
survival of cells of the skin sample and enables the transition of cells to an anagen
phase (or active growth phase of the follicle cell cycle). The conditioning medium also is
one that supports the in vitro viability of epithelial cells and hair follicular organogenesis.
Williams’ Medium E is one example of suitable medium. Other examples include
Dulbecco’s modified eagle medium (DMEM) plus F-12 in different combinations, F12
plus mammalian serum in different combinations and different supplemented phosphate

buffered saline combinations

[0044] As used herein, Williams’ E Medium (also referred to as Williams Medium E) is
described in Williams, G.M., Weisburger, E.K. and Weisburger, J.H. 1971. Exptl. Cell
Res. 69, 106. William’s Medium E was developed in 1971 to be used as a reduced
serum-supplemented medium with enriched amino acids and double the glucose for
long-term cell cultures of adult rat liver epithelial cells. William's Medium E unique
components include zinc, iron, manganese, non-essential amino acids, the reducing
agent glutathione and the lipid methyl linoleate. Williams’ E Medium may also comprise

glucose (up to 2 mM) and L-glutamine.

[0045] Wiliams’ E Medium can be obtained from various commercial suppliers
including Sigma-Aldrich (W4128), Lonza (BE02-019F), Fisher Scientific (10137414).

[0046] Anti-refractory hair follicle factors and/or pro-growth factors may be utilised for
promoting transition of hair follicle precursor and stem cells to anagen phase, thereby
enabling the transition of hair follicle cells in the skin to a growth phase. Examples of
anti-refractory hair follicle factors include noggin or sonic hedgehog (SHH) or factors
that activate that Wnt1 signalling pathway, or that inhibit the bone morphogenic protein
(pro-refractory) stimulus. Other examples of anti-refractory factors include WNTs, as
well as BMP antagonists such as Grem 1 and Bambi. TGF-B2 is a key pro-growth
factor; other examples of pro-growth factors include FGF7, FGF10 and platelet-derived
growth factor (PDGF).
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[0047] Generally the intact hair follicle or sample of skin comprising the hair follicle
will be treated in the conditioning medium for a period from about 12 to 100 hours,
although in some circumstances, it may be possible to culture for a longer period of
time. As further explained herein, the consumption of glucose by the cells in the
conditioning medium is preferably determined between about 12 to 72 hours following
exposure of the cells to the conditioning medium and the results thereof are useful for
providing an indication of whether the hair follicle will be useful for generating viable
HFNs.

Glucose consumption assays

[0048] It will be appreciated that any standard method for the determination of
glucose consumption by cells can be utilised in accordance with the present invention.
Typically, glucose consumption (glycolysis) by cells in culture can be determined by
comparing the rate of glucose/glucose concentration present in the culture medium at

different time points.

[0049] The skilled person will be familiar with various colorimetric, fluorometric,
bioluminesent and radio-labelled methods for estimating glucose utilisation in vitro.
Examples of such methods can be found in Yamamoto et al., (2015) Curr. Protoc.
Pharmacol. 71: 12.14.1-22, Zou et al., (2005) J. Biochem. Biophys. Methods, 64: 207-
215; Blake et al.,, (1989) Anal Biochem, 177: 156-60; Valley et al., (2016) Anal.
Biochem. 505: 43-50; each incorporated herein by reference.

[0050] The skilled person will be familiar with various commercially available kits
which are suitable for use in determination of glucose concentrations/differences in the
amount of glucose in cell media at different time points, in order to make an assessment

of the glycolytic capacity of the cells in culture.

[0051] Non-limiting examples of commercially available kits for determining glucose
concentration in culture medium include: Abcam Glucose Assay Kit (ab65333), Cell
Biolabs Glucose Assay Kit (STA-680), Sigma Aldrich Glucose Assay Kit (GAGO20,
HAHK20, CBA086, MAK181), Merck Millipore Glucose Assay, BioAssay Systems
EnxyGhrom Glucose Assay Kit (EBGL-100) and Glucose-Glo Assay (Promega, J6021
and J6022).
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[0052] Moreover, it will be appreciated that in accordance with the methods of the
present invention, glucose consumption of the hair follicles can be determined either
directly or indirectly. For example, in certain embodiments, a glucose consumption
profile can be determined for hair follicles by directly measuring consumption of glucose
by the follicles using a glucose measurement assay as known to the skilled person or as
described herein. In alternative embodiments, a “proxy” or “surrogate” marker of
glucose consumption can be measured and can be used for inferring glucose
consumption by the hair follicles. The skilled person will be familiar with various
metabolites or associated biomarkers that can be correlated with glucose consumption
and consequently, energy expenditure of the cells. Examples of such markers include:
pyruvate, NADH, oxygen, lactate, ATP and other by-products of glucose metabolism.
Accordingly, in certain embodiments of the invention, glucose consumption of hair
follicles can be determined from the measurement of changes in the levels of one or
more of: pyruvate, NADH, oxygen, lactate, ATP or of any other by-product of glucose

metabolism.

[0053] Methods for measuring pyruvate, NADH, oxygen, lactate, ATP or of any other
by-product of glucose metabolism are known in the art and can also be assessed using

commercially available kits.

[0054] In particularly preferred embodiments of the invention, the glucose
consumption profile (and the profile of the reference) is normalised to the number of
cells in the hair follicle. This accounts for changes in glucose utilisation based on the

size of the follicle and number of cells comprised therein.

Reference glucose consumption profile

[0055] The present invention preferably includes a step of providing, obtaining or
having been provided with a reference glucose consumption profile. It will be
appreciated that the glucose consumption profile functions as a reference standard for
the degree of glucose consumption that is indicative that hair follicles (or a skin sample
comprising hair follicles) will give rise to viable HFNs, or a sufficient number of viable

HFNSs, such that the HFNs can be used in downstream clinical or research applications.

[0056] Preferably the reference glucose consumption profile is obtained from intact
hair follicles that were ultimately found to be useful for the generation of viable and
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HFNs suitable for use in downstream clinical and research applications. However, in
certain circumstances, it may also be useful or appropriate to consider a reference
glucose consumption profile from hair follicles which did not give rise to viable or

clinically useful HFNSs.

[0057] Such reference glucose consumption profiles will aid in setting a benchmark of
glucose consumption by hair follicles that is indicative of whether the hair follicles
comprise sufficient precursor cells and precursor cells at the correct stage of growth
(e.g., anagen phase) to facilitate production of HFNs following downstream processing.
As such, by comparing the glucose consumption of a hair follicle sample to a glucose
consumption profile as described herein, the skilled person is provided with a means for
assessing early-on in the production process, whether the hair follicles will give rise to
viable HFNs.

[0058] The skilled person will appreciate that the glucose consumption profile
obtained from hair follicles (for use in the comparative steps of the invention), is to be
correlated with the characteristics of the HFNs derived from those hair follicles following
subsequent processing. The characteristics of viable and useful HFNs are further
described herein.

[0059] In any embodiment, the methods of the invention may include firstly obtaining
a glucose consumption profile by deriving HFNs from a series of intact hair follicles in
order to derive a reference data set, determining whether the HFNs obtained were
viable/suitable/in sufficient number for downstream applications and then identifying a
rate of glucose consumption for hair follicles that is indicative (or not) that viable HFNs
could be obtained therefrom. Alternatively, the methods include
reviewing/observing/reading one or more glucose consumption profiles that are stored

on a database and correlated with successful HFN isolation.

[0060] The methods of the present invention preferably comprise comparing the
glucose consumption of conditioned cells obtained from a sample of hair follicles, to a
reference glucose consumption profile representative of hair follicles that generated
viable HFNs. The comparison involves determining whether glucose consumption of the
conditioned cells is higher, lower or the same as the glucose consumption profile (or
reference standard).
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[0061] In any embodiment, a “higher” rate of glucose consumption compared to the
profile or reference standard, will be understood to include a rate that is at least about a
1.5-fold, 2-fold, 2.5-fold, 3-fold, 3.5-fold, 4-fold, 4.5-fold, or 5-fold or faster, compared to

the profile or reference standard.

[0062] In any embodiment, a “lower” rate of glucose consumption compared to profile
or reference standard will be understood to include a rate that is at least about a 1.5-
fold, 2-fold, 2.5-fold, 3-fold, 3.5-fold, 4-fold, 4.5-fold, or 5-fold, or slower, compared to
profile or reference standard.

[0063] In any embodiment, a “higher” rate of glucose consumption compared to the
profile or reference standard, will be understood to include a degree of glucose
consumption that is at least about 15%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
100% or faster than the rate of the glucose consumption profile or reference standard.

[0064] In any embodiment, a “lower” rate of glucose consumption compared to the
profile or reference standard, will be understood to include a rate of glucose
consumption that is at least about 15%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
100% or slower than the glucose consumption profile or reference standard.

[0065] In any embodiment, a rate of glucose consumption that is the “same as” the
glucose consumption profile or reference standard, will be understood to include a rate
of glucose consumption that is at least about 1%, 2%, 3%, 4%, 5% or 10% more or less

than the glucose consumption profile or reference standard.

[0066] In particularly preferred embodiments, the glucose consumption profile is
normalised to a glucose consumption range of between about 0.1 umol/follicle/24 hours
to about 0.9 umol/follicle/24 hours. Typically, a desirable glucose consumption rate in
hair follicles (i.e., being indicative that the hair follicles will give rise to viable HFNs of
suitable number for downstream processing), corresponds to a glucose consumption of
at least about 0.6 umol/hair follicle/24 hours, preferably at least about 0.7 umol/hair
follicle/24 hours, or at least about 0.8 umol/hair follicle/24 hours or more. In a further
aspect the present invention provides a method for identifying source tissue as suitable

for providing hair-follicle derived neural precursors (HFNs), the method comprising:

- providing source tissue in the form of a sample of hair follicle cells;
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- determining the glucose consumption of the cells in the sample;

- determining that the source tissue is suitable for providing hair-follicle derived
neural precursors (HFNs) if the glucose consumption of the cells is at least about
0.6 pmol/hair follicle/24 hours, preferably at least about 0.7 pmol/hair follicle/24
hours, or at least about 0.8 umol/hair follicle/24 hours or more.

[0067] In a further aspect the present invention provides a method for identifying
source tissue as suitable for providing hair-follicle derived neural precursors (HFNs), the

method comprising:

- providing source tissue in the form of a sample of skin comprising hair follicle
cells;

- determining the glucose consumption of the cells in the sample;

- determining that the source tissue is suitable for providing hair-follicle derived
neural precursors (HFNs) if the glucose consumption of the cells is at least about
0.6 umol/hair follicle/24 hours, preferably at least about 0.7 pmol/hair follicle/24

hours, or at least about 0.8 umol/hair follicle/24 hours or more.

Dissociation and neurosphere culture

[0068] Prior to generating neurospheres and HFNs from the intact hair follicle, it is
generally desirable to remove the extracellular matrix and non-cellular components of
the skin tissue, in which the progenitor cells are entrapped (in other words, to dissociate
the progenitor cells present in the intact hair follicle from skin components). Optionally
the dissociation step may also comprise a step of reducing or removing terminally
differentiated cells, such as fibroblasts.

[0069] Standard methods known to the skilled person can be employed for the
dissociation of hair follicles from skin tissue can be utilised. In certain examples, the
methods comprise resuspending the intact hair follicles in a solution of enzymes.
Generally, the enzymes may be one or more selected from the group consisting of

trypsin, DNase, dispase, collagenase, and combinations of Accustase and TrypLE.
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[0070] Depending on the nature of the conditioned skin, it may alternatively be
possible to release cells from the conditioned skin by mechanical means that mince or
separate tissue into smaller particles by disrupting the conditioned tissue.

[0071] In some embodiments, the cells are released from the conditioned skin by a
combination of enzymatic and mechanical treatment (which may be gentle trituration).
The enzymatic and mechanical treatment may occur at the same time, although
generally the enzymatic treatment is initiated before the mechanical treatment is

initiated.

[0072] Following enzymatic and/or mechanical treatment to dissociate hair follicles
from tissue components, the solution may be filtered and/or centrifuged to further

remove connective tissue and extracellular matrix from the cells.

[0073] The composition of cells obtained from the sample of skin/intact hair follicle is
heterogeneous, and comprises neuronal precursor cells, other distinct multipotent cells,
and terminally differentiated cells including fibroblasts, keratinocytes and other cells of
the epidermal and dermal layers of skin tissue, depending on from where the tissue was
harvested. Accordingly, in certain embodiments, the methods of the invention include a
step of removal of cells that are non-neural precursor cells from the composition of cells
released from the conditioned human skin. The cells to be removed are typically
terminally differentiated cells (i.e. keratinocytes, fibroblasts, other dermal and epidermal
cells and apoptotic cells.

[0074] In one embodiment, the terminally differentiated cells are depleted from the
sample by contacting the sample with a reagent for selectively depleting terminally
differentiated cells.. Preferably the agent is an antibody that binds to terminally
differentiated cells but not to non-terminally differentiated cells. Antibody treatments,
preferably using a monoclonal antibody that does not bind to neural precursor cells, is
effective for this step. Preferably the antibody binds to cells of the epidermis or dermis
such as keratinocytes, or to fibroblasts. Examples of such antibodies may include those
that selectively bind to fibroblast-specific antigen 1, or to CD45, these not being

antigens found on the surface of neuronal precursor cells.

[0075] At the completion of the depletion step, the sample typically contains no more
than about 5% by number of terminally differentiated cells, optionally no more than
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about 10%, no more than about 15%, no more than about 20% terminally differentiated
cells.

[0076] Following dissociation or depletion steps as described above, the cells are
typically transferred to growth medium for promoting the formation of neurospheres. In
other words, the cells are cultured in conditions for promoting or increasing the number
of cells comprising neuronal lineage biomarkers, and/or decreasing the proportion or

number of cells that do not contain neuronal lineage biomarkers.

[0077] In a particularly preferred step, the cells are treated in conditions enabling the
formation of neurospheres. Methods for neurosphere formation are generally well
known in the art and exemplified further herein. In one embodiment, the cells are
treated to enrich or otherwise to increase the number of cells containing neuronal
lineage biomarkers, or to enable the formation of neurospheres by culturing the cells in
a bioreactor. A bioreactor may be utilised to provide improved conditions for formation
of neurospheres.

[0078] Growth medium for enabling the promotion of neurospheres is also generally
well known in the art. In certain embodiments, the growth medium comprises
DMEM/F12, EGF, bFGF and B27.

[0079] At the completion of the formation of neurospheres, it may be advantageous to
increase the number of cells of the neurospheres that are neural precursor cells, or that
express neural lineage biomarkers, by an expansion step. Methods for expanding

neurospheres in culture are also known in the art.

[0080] The HFNs produced by the improved methods of the present invention are
neuronal precursor cells or more generally proliferating cells that express neural lineage
biomarkers. Neural lineage biomarkers cover a developmental spectrum that can
include (most primitively) neural stem cell-like marker nestin, neuroblastic markers
doublecortin (DCX) and NCAM and immature neuron marker betalll-tubulin. More
generic stem cell-like markers such as CD133 can also be expressed. Cells positive for
these markers are enriched in neurospheres and that have potential to form terminally
differentiated neurons. Generally, these cells have potency for the generation of

terminally differentiated cells of the neural lineage, such as neurons and glia.
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[0081] It will be appreciated that HFNs that are considered “viable” (and therefore
which are used for the purposes of identifying an appropriate glucose consumption
profile for use in accordance with the methods of the invention) will have certain
preferred characteristics and more generally, are proliferating cells that express neural

lineage biomarkers, as recited above.

[0082] Typically, a population of neuronal precursors (HFNs) produced by the
improved methods of the invention (or which are considered viable and therefore useful
for associating with hair follicles having a particular a glucose consumption profile), will
comprise <5% of cells that express the markers adiponectin, oligodendrocyte 04,
myofibroblast SMA and/or GFAP. The population of HFNs typically comprise >90% of
cells that are positive for the markers nestin, CD133 (promonin-1), CD271 (P75NTR),

neurofilament and/or Blll-tubulin.

[0083] In particularly preferred embodiments, viable HFNs, or HFNs that are
particularly suitable for downstream clinical and research application, will be hair-follicle
derived neuroprecursor cells that are positive for one or more, preferably at least two, at
least three, at least 4 or all of the following protein markers: nestin, CD133 (promonin-
1), CD271 (P75NTR), and BllI-tubulin or neurofilament. Further, viable HFNs, or HFNs
that are particularly suitable for downstream clinical and research application, will be
hair-follicle derived neuroprecursor cells that are also negative for one or more,
preferably at least two, at least three, or all of the following protein markers: GFAP,
K14/15, SOX2 and OCT3/4.

[0084] Viability of HFNs may also be determined using other known methods in the
art, including functional properties such as chemotaxis towards neuronal growth factors,
and electrophysiological activity after differentiation. Such functional characteristics are
well known to the skilled person and described in the prior art.

Examples
[0085] Example 1: Materials and methods
Biological samples

[0086] Human skin samples were obtained with informed consent from patients

undergoing hair transplant surgery. The tissues were collected under sterile conditions



WO 2022/155708 PCT/AU2022/050027
19

at the time of surgery. Generally, the donor’s posterior scalp was shaved and a 1 x 3cm
sample was taken at full thickness down to the fatty layer using a dual-blade scalpel.
For hair follicle extraction, the whole dermis tissue was rapidly and progressively cut
down into individual follicles under direct microscopy to isolate approximately 100 hair
follicles. The skin and follicle tissues were stored in holding media (William’s E medium
containing insulin and Antibiotic-Antimycotic) and transported on ice to the laboratory as

quickly as possible for immediate processing.

[0087] The HFN cell lines used for experiments here were from 5 independent donors
aged 32-57 years.

HFEN cell manufacture process

[0088] HFN manufacture was according to the process described in WO
2019/241846. Briefly, following tissue arrival at the lab, the follicles were centrifuged
and washed.

[0089] Cells were transferred to conditioning media (as described herein) and a 1mL
sample of medium was taken and frozen to serve as 0 h control. The follicles were
suspended in pre-warmed conditioning media and then incubated at 37°C/5% CO:2 for
24 hours. At 24 hours a 1 mL aliquot of media was taken from each sample and frozen,
while the remaining media was discarded and replaced with pre-warmed freshly made
conditioning media (of which another control sample was taken). After a further 24
hours another media sample was taken and the follicles were dissociated, purified and
expanded.

Dissociation and Neurosphere culture

[0090] Following enrichment, the follicles were centrifuged to remove conditioning
medium and the follicles resuspended in a solution collagenase/dispase solution to
release precursor cells from extracellular matrix and connective tissue. Cells were
transferred to warm HFN growth media (as described herein). 10 pL aliquots of the cell
suspension were used to perform cell number and viability count using Trypan blue. For
HFN neurosphere culture, cells were seeded at 2 x 10° cells/mL in a total of 5 mL

growth media into uncoated and untreated 6-well plates.



WO 2022/155708 PCT/AU2022/050027
20

[0091] Suspension cultures were incubated at 37°C/5% CO:2 and monitored every 2-3
days for neurosphere formation. Once neurospheres reached 30-50 pm in diameter
(usually by day 2 or 3 post-seeding), the sphere suspension was transferred to a
bioreactor unit (ABLE Biott, ReproCell). The bioreactor wells were monitored daily for
sphere growth. At around day 5 or 7, the sphere suspension was collected and
centrifuged. An equal volume of pre-warmed HFN growth media was added to the cells
and 10 uL aliquots were used to perform cell number and viability count of target cells
using Trypan blue. For subsequent HFN adherent cultures, cells were seeded into
biolaminin-coated 6-well plates. The next day, medium containing TryPLE Select was
replaced with fresh HFN growth medium. Growth was monitored to confirm morphology

of target cell type.
[0092] Example 2: Determination of Glucose usage
Deproteinization of samples

[0093] All samples were defrosted and transferred to Abcam 10kD spin columns
(ab93349) and centrifuged at 10,000 x g for 10 minutes at 4°C. The filtrate was collected

and used for glucose assay.
Glucose assay

[0094] The glucose assays were performed using the Abcam Glucose Assay Kit
(ab65333) according to manufacturer’s instructions. Briefly, deproteinised control (0 h)
and 24 h samples, along with background control samples were diluted 1 in 10, 1 in 100
and 1 in 1000 with assay buffer and added into individual wells of a 96 well plate.
Glucose standards were prepared and run in the same plate. All samples and standards
were run in duplicate. Final volume for all standards and sample dilutions was 50 pL.
For each well, 50 uL reaction mixture or 50 uL Background reaction mixtures were

prepared as follows:

Component Reaction mix yk Background reaction mix pL
Glucose assay buffer 48 48

Glucose probe 2 2

Glucose enzyme mix 2 9]

SUBSTITUTE SHEET (RULE 26)



WO 2022/155708 PCT/AU2022/050027
21

[0095] 50 pL of reaction mixture was added and mixed into each standard and
sample and 50 pyL Background reaction mixture was added and mixed into each
background control sample. The plate was incubated for 30 minutes at 37°C protected
from light. The optical density at 570 nm of each well was then determined using a
microplate reader. The sample readings were zeroed by subtracting the blank adjusted
background reaction mixture OD from the sample reading. The blank standard was
subtracted from the standards and a standard curve was constructed. The standard
curve was rejected if the r2 for the line generated was less than 0.99. The sample
dilution that fell on the standard curve was used. Glucose content of samples was
calculated using the line formula generated by the standard curve and corrected by
multiplying by the original dilution factor of the sample. Glucose consumption at 24
hours and 48 hours was calculated by subtracting the glucose present in the 24 h or 48
h samples from the 0 h control samples. 0 h and 24 h data was used for the subsequent

analysis.

[0096] Viable cells at original tissue (HF) dissociation, downstream target HFN cells
per viable origin cell and glucose consumption per hair follicle for 5 independent cell

lines were analysed in Prism.
Primary analysis

[0097] The relationships between glucose usage per follicle, viable cell number at HF
dissociation and number of downstream target HFN cells was examined by linear
regression. Target HFNs were defined by number of dissociated neurosphere cells at
~DIV7 of the manufacture process, and set to zero if a HFN cell line failed any Ciritical

Quality Attributes at the end of the manufacture process (~DIV28).
[0098] Example 3: Results
Standard curve as technical validation of assay

[0099] As a first step, the inventors validated the technical performance of the
glucose colorimetric assay. Media of known concentration was serially diluted to serve
as gold-standard benchmark and compared against the Abcam Glucose Assay. As

shown in Figure 1 below, the assay performed with near-perfect quantitative precision.

Glucose usage predicts the portion of target cells harvested per live cell in source tissue
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[0100] Next, the inventors used the assay to measure glucose consumption in n=5
independent HFN cell lines.

[0101] Glucose usage per follicle during the 24 h enrichment phase of tissue
processing does not significantly predict the number of cells harvested at HF
dissociation (Figure 2). In other words, the total number of non-specific cells derived
from a HF after 24 h in our holding media was not related to glucose consumption

during that time.

[0102] Next, the inventors examined the relationship between 24 h HF glucose
consumption and number of target HFN cells at DIV7 (post neurosphere dissociation).
As shown in Figure 3 there was a weak positive trend that did not meet statistical

significance (p = 0.083).

[0103] However, after combining both these outcome metrics (HFN target cells
normalised to the number of total live cells in the original HF population), the inventors
found a remarkably strong and significance predictive relationship with glucose
consumption in the first 24 h (R2 0.95, p<0.005. Figure 4). These data clearly show that
a higher glucose consumption by individual HFs in the first 24 h almost perfectly
predicts number of downstream HFNs relative to all viable cells in the donor source

tissue.
[0104] Example 4: Discussion and conclusions

[0105] The quality of a bioanalytical method is highly dependent on the linearity of the
calibration curve. Figure 1 shows the standard curve for the glucose assay and the R2
of 0.99 demonstrates an exceptionally precise readout. This simple assay is cheap and
cost effective and this approach to producing a standard curve easily replicated for
validation of the assay in new settings.

[0106] The data reported here indicate that the average in vitro glucose usage per

follicle ranges from 0.51 - 0.78 pmols per follicle in 24 hours depending on the donor.

[0107] The lack of relationship between glucose consumption and cell number at HF
dissociation shown in Figure 2 suggests a high degree of variation in cellular
composition of donor material. In other words, glucose consumption of intact follicles did

not scale with total HF cell harvest, suggesting that the metabolic profile of different
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donor follicles is variable, as is their cellular density. The hair follicle is comprised of
multiple cell types with different metabolic profiles and this is impacted to a large extent
by where the follicles are within the hair cycle.

[0108] The non-significant trend relationship between follicle glucose consumption
and target cell number (Figure 3) changed to be strongly predictive when a more
specific metric was used: target cells produced per follicle-derived cell (Figure 4). This in
effect adjusts the key outcome variable (number of HFNs post neurosphere
dissociation) by the number and size of the source HFs. Using this metric, glucose
consumption by whole HFs in the first 24 was remarkably linearly predictive.

[0109] At original HF dissociation, harvested cells are diverse in nature and number.
These data indicate that a high glucose demand during the first 24 h of cell
manufacture, whilst still as intact HFs, almost perfectly scales with a greater proportion
of target HFN cells. These data suggest that increased HF glucose demand has an
intimate relationship with target HFNs.

[0110] The number of target HFN cells produced per live HF cell is almost perfectly
proportional to glucose usage during the first 24 h of source tissue treatment. The
inventors therefore have identified one of the key determinants of HFN cell quality and
quantity at the start of the cell manufacture process, and so is able to predict and

control final therapeutic cell quality and quantity using a source tissue biomarker.

[0111] It will be understood that the invention disclosed and defined in this
specification extends to all alternative combinations of two or more of the individual
features mentioned or evident from the text or drawings. All of these different

combinations constitute various alternative aspects of the invention.
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CLAIMS

A method for determining whether source tissue is suitable for providing hair-

follicle derived neural precursors (HFNs), the method comprising:

2.

providing a reference glucose consumption profile from intact human hair follicles

that have been demonstrated to generate a viable HFN cell line;
providing source tissue in the form of a sample of hair follicle cells;
determining the glucose consumption of the follicles in the sample;

comparing the glucose consumption of the follicles in the sample to the reference

glucose consumption profile;

determining that the source tissue is suitable for providing HFNs if the glucose
consumption of the follicles is the same or higher than that of the reference

glucose consumption profile.

A method for determining whether source tissue is suitable for providing

HFNs, the method comprising:

3.

providing a reference glucose consumption profile from intact human hair follicles

that have been demonstrated to generate a viable HFN cell line;
providing source tissue in the form of a sample of hair follicle cells;
determining the glucose consumption of the follicles in the sample;

comparing the glucose consumption of the follicles in the sample to the reference

glucose consumption profile;

determining that the source tissue is likely not suitable for providing HFNs if the
glucose consumption of the follicles is the lower than that of the reference

glucose consumption profile.

A method for determining the likelihood that a sample of hair follicles

comprises sufficient numbers of HFNs for isolation, the method comprising:

providing a sample of hair follicles;
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determining the glucose consumption of the follicles in the sample;

comparing the glucose consumption of the follicles in the sample to a reference
glucose consumption profile from intact human hair follicles from which HFNs

were successfully isolated;

determining that the sample of hair follicles likely comprises sufficient numbers of
HFNs for isolation, if the glucose consumption of the follicles in the sample is the
same or higher than that of the reference glucose consumption profile.

A method for determining the likelihood that a sample of hair follicles

comprises sufficient numbers of HFNs for isolation, the method comprising:

5.

providing a sample of hair follicles;
determining the glucose consumption of the follicles in the sample;

comparing the glucose consumption of the follicles in the sample to a reference
glucose consumption profile from intact human hair follicles from which HFNs
were successfully isolated;

determining that the sample of hair follicles likely does not comprise sufficient
numbers of HFNs for isolation, if the glucose consumption of the follicles is the
lower than that of the reference glucose consumption profile.

An improved method for the generation of neuronal precursor cells from a

sample of hair follicles, the method comprising:

treating a sample of hair follicle cells in conditions enabling the transition of hair

follicle cells to a growth phase, thereby forming a sample of conditioned follicles;
determining the glucose consumption of the conditioned follicles;

comparing the glucose consumption of the conditioned follicles to a reference
glucose consumption profile representative of hair follicles from which viable
HFNs were isolated;

proceeding to treat the conditioned follicles in conditions enabling enrichment of

the number of cells expressing neuronal lineage biomarkers, if the glucose
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consumption of the conditioned follicles is the same or higher than that of the

reference glucose consumption profile,

thereby generating a composition of neuronal precursor cells from a sample of hair
follicles.

6. An improved method for the generation of neuronal precursor cells from a
sample of hair follicle cells, the method comprising:

- treating a sample of hair follicle cells in conditions enabling the transition of hair

follicles to a growth phase, thereby forming a sample of conditioned follicles;
- determining the glucose consumption of the conditioned follicles;

- comparing the glucose consumption of the conditioned follicles to a reference
glucose consumption profile representative of hair follicles from which viable
HFNs were not successfully isolated;

- proceeding to treat the conditioned follicles in conditions enabling enrichment of
the number of cells containing neuronal lineage biomarkers, if the glucose
consumption of the conditioned follicles is higher than that of the reference

glucose consumption profile,

thereby generating a composition of neuronal precursor cells from a sample of hair
follicles.

7. The method of claim 5 or 6, wherein the conditions enabling enrichment of the
number of cells expressing neuronal lineage biomarkers comprise a step of contacting
the conditioned cells with one or more enzymes or subjecting the conditioned cells to
mechanical treatment to dissociate the hair follicles from connective tissue and/or

extracellular matrix present in the sample.

8. The method of any one of claims 1 to 7, wherein the sample of hair follicles
comprises a sample of skin comprising hair follicles.

9. The method of any one of claims 1 to 8, wherein the sample of hair follicles is

obtained from human scalp skin, preferably from midline occipital scalp skin.
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10. The method of any one of claims 1 to 9, wherein the glucose consumption of
the conditioned cells or cells in the sample is determined from intact (whole) hair
follicles.

11. The method of any one of claims 1 to 10, wherein the glucose consumption of
the cells is determined within about 1 to about 24 hours, preferably between about 4 to
12 hours of collection of isolation or harvesting of the sample from a tissue donor.

12. The method of any one of claims 1 to 11, wherein the glucose consumption of
the cells is determined prior to a step of dissociation of the hair follicles in the sample

from connective tissue and extracellular matrix.

13. The method of claims 5 or 6, wherein the conditions enabling enrichment of
the number of cells containing neuronal lineage biomarkers comprise culturing the
conditioned cells in culture medium and conditions for promoting the formation and

expansion of neurospheres.

14. The method of claim 13, wherein the culture medium and conditions for

promoting the formation and expansion of neurospheres comprises EGF and FGF2.

15. The method of any one of claims 1 to 14, wherein the reference glucose
consumption profile is derived from one or more samples of hair follicles from which

viable HFNs were successfully isolated.

16. The method of any one of claims 1 to 15, wherein the method further

comprises the step of obtaining a reference glucose profile.

17. The method of any one of claims 1 to 16, wherein the sample comprising the
hair follicle is contacted with a medium for supporting hair follicle cells prior to the step

of determining the glucose consumption of the cells in the sample.
18. The method of claim 17, wherein the medium comprises Williams’ Medium E.

19. The method of claim 18, wherein the medium is supplemented with one or

more anti-refractory factors and/or one or more pro-growth factors.

20. The method of claim 19, wherein the medium comprises insulin and/or sonic
hedgehog.
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21.  The method of any one of claims 1 to 20, wherein the glucose consumption is
determined or obtained from directly measuring the rate of glycolysis by the
follicles.

22. The method of any one of claims 1 to 20, wherein the glucose consumption is
determined indirectly and is inferred from one or more surrogate markers of

glucose metabolism.

23.  The method of claim 22, wherein the one or more surrogate markers of glucose
metabolism is selected from: pyruvate, NADH, oxygen, lactate and ATP.

24. The method of any one of claims 1 to 23, wherein the glucose consumption

profile is normalised relative to the number of cells in the hair follicle.
25. A neural progenitor cell obtained or obtainable by the method of claim 5 or 6.

26. A population of neural progenitor cells of claim 25.



