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APPLICATION OF PERMITTIVITY MEASUREMENT PROBES IN AN SUSPENSION
CULTURE AGGREGATE COMPRISING CELL AGGREGATES

CROSS-REFERENCE TO RELATED APPLICATIONS
[1] The present application claims the benefit of priority of European Patent Application No.
21152718.9 filed 21 January 2021, the content of which is hereby incorporated by reference it

its entirety for all purposes.

TECHNICAL FIELD OF THE INVENTION
[2] The present disclosure relates to a method of measuring cell density in a cell suspension
comprising cell aggregates, the method comprising (i) Measuring the permittivity of the cell
suspension; (i) Comparing the measured permittivity with a predetermined value that is
indicative of the cell density, thereby determining the cell density. Further described is a use of
a permittivity probe for determining the cell density of a suspension cell culture comprising cell

aggregates.

BACKGROUND

[3] It has been reported that the use of bioreactor systems enables production of large
amounts of adherent cells such as PSCs, iPSCs and iPSC-derived cells (Kropp et al., 2017). In
these systems, the cells usually do not attach to the surface of a dish but are grown in a free-
floating suspension because adherent cells such as PSCs form aggregates when cultivated in
suspension. Suspension culture in bioreactor systems is described to be more efficient than
adherent culture because the culture can be monitored, controlled and automated even at high
cell numbers and less material and amount of work is needed. Importantly, for these reasons
the use of bioreactor systems would be preferred over static culture for GMP-controlled
applications. Different bioreactor systems have been reported for suspension culture of
adherent cells such as PSCs with stirred tank reactor (STR) systems being the best described
ones. It was shown that high numbers of iPSCs and iPSC-CMs can be successfully generated
in STR systems (Chen et al., 2012; Halloin et al., 2019; Hemmi et al., 2014; Jiang et al., 2019;
Kempf et al., 2015; Kropp et al., 2016).

[4] Additionally to monitoring the culture conditions in an adherent cell suspension culture,

such as pH and dissolved oxygen (DO), the use of STRs also enables monitoring the quality of
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the cell culture itself. For this purpose, probes have been described for STRs that can be used
for inline monitoring of the cells and for the control of the culture conditions. The dynamics of
the cell concentration is an important parameter because it indicates the overall quality of the
culture and may be used to control feeding and harvest. Without the use of inline probes, the
cell concentrations can only be determined by regular sampling and offline measurements. So
far, no inline measurement of cell density for cell suspension comprising cell aggregates has
been described.

[5] Accordingly, there is still a need for methods of measuring cell density in a cell

suspension comprising cell aggregates. The present invention aims to address this need.

SUMMARY OF THE INVENTION
[6] This problem is solved by the subject-matter as defined in the claims. It is presented
herein a method of measuring cell density in a cell suspension comprising cell aggregates, a
use of a permittivity probe for determining the cell density of a suspension cell culture

comprising cell aggregates, and a use of a permittivity probe in the method of the invention.

[71 Accordingly, the present invention relates to a method of measuring cell density in a cell
suspension comprising cell aggregates, the method comprising
(i) Measuring the permittivity of the cell suspension;
(i) Comparing the measured permittivity with a predetermined value that is
indicative of the cell density, thereby determining the cell density.
[8] The present invention further relates to a use of a permittivity probe for determining the

cell density of a suspension cell culture comprising cell aggregates.
[9] The measuring (of step (i)) may be carried out in a bioreactor.

[10] The bioreactor may be a stirred bioreactor, a rocking motion bioreactor and/or a multi

parallel bioreactor.
[11] The cell density of the suspension culture may be measured inline (in real time).

[12] The measurement of the permittivity may be carried out using a permittivity probe. The

permittivity measurement may be carried out by using dielectric spectroscopy.

[13] The cells can be selected from the group consisting of, primary cells, cells obtained from
a tissue or an organ, immortalized cells, stem cells such as pluripotent stem cells or cells
derived from stem cells. The cells may be pluripotent stem cells. The cells may also be
pluripotent stem cells selected from the group consisting of induced pluripotent stem cells
(iPSC), embryonic stem cells (ESC), parthenogenetic stem cells (pPSC) and nuclear transfer
derived PSCs (ntPSC), preferably iPSCs.
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[14] The conversion factor may be obtained by
@) Measuring the permittivity and the cell density at at least two, preferably at least
three, different cell densities of a reference suspension culture;
(b) Correlating the measured cell permittivity of the reference suspension culture
with the cell density, thereby determining the predetermined value that is

indicative of the cell density.

[15] The correlation may provide a linear correlation. The reference suspension culture and
the suspension culture may be from a similar or the same or a similar cell type, cell line, tissue
or organ. The reference suspension culture and the suspension culture may be cultured using
the same culture medium. The reference suspension culture and the suspension culture may be

cultured in a similar or the same bioreactor.
[16] The cell density may be viable cell density.

[171 The present invention further relates to a use of a permittivity probe in the method of the

invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[18] The invention will be better understood with reference to the detailed description when
considered in conjunction with the non-limiting examples and the accompanying drawings, in

which:

[19] Fig. 1 shows inline permittivity measurements (BioPAT® ViaMass) compared to offline
cell counts (Nucleocounter 200). The permittivity measurement correlates with the cell
concentration. Interestingly, the permittivity measurement recorded dynamic changes that were
not captured by the offline measurements (Exemplary plateaus marked by asterisks and sudden
medium addition marked by arrows.). Fig. 1A shows exemplary run No. 1: The culture volume
was increased at the marked time points. Fig. 1B shows exemplary run No. 2. The culture
volume was kept at a constant level by perfusion. The perfusion rate was increased on day 3 at
the marked time when the capacitance measurement plateaued. On day 4 and 9, the iPSCs
were passaged indicated by sudden strong changes in capacitance, which was caused by

aspirating and refilling of the UniVessel.

[20] Fig. 2 shows inline permittivity measurements (BioPAT® ViaMass) compared to offline

analysis of aggregate size (Cellavista). The permittivity measurement does not correlate with

the aggregate size. Alterations in culture volume are clearly represented in the capacitance

recordings whereas the aggregate size is not affected by them. Fig. 1A shows exemplary run

No. 1: The culture volume was increased at the marked time points. Fig. 1B shows exemplary

run No. 2: The culture volume was kept at a constant level by perfusion. On day 4 and 9, the
3
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iPSCs were passaged indicated by the sudden strong changes in capacitance, which was

caused by aspirating and refilling of the UniVessel.

DETAILED DESCRIPTION OF THE INVENTION
[21] The present invention is described in detail in the following and will also be further

illustrated by the appended examples and figures.

[22] So far, it was only shown that suspension culture of cells cultured on microcarriers allow
for permittivity measurement and correlation to cell concentration. However, it is important to
note that cell-only aggregate suspension culture and microcarrier-based suspension culture is
not comparable. This is because cells grow as single or few layers on the microcarriers. On the
other hand, cells in aggregates grow tightly in many layers and have a considerably higher
amount of cell-cell interactions. The invention describes for the first time the successful
application of a permittivity measurement probe in a cell-only, i.e. microcarrier-free, aggregate
suspension culture of cells such as PSCs and the correlation to the cell concentration. As
shown in Example 1, the measured permittivity correlates well with the cell density of PSC
aggregates but surprisingly does not correlate with cell aggregate size. Thus, measuring
permittivity can be used for determination of the cell density of cells in cell aggregates while it is
not influenced by changes in aggregate size. The present invention enables the inline
monitoring and assessment of PSC quality, proliferation and cell concentration in a suspension
culture and will allow for the control of culture parameters and key process steps. Thereby, the
invention will contribute to a GMP-controlled production of cells in large scales. Additionally,
counting the number of cells in cell aggregates always includes the prior dissociation of the cell
aggregates into single cells. When using the methods and uses of the invention, cell
dissociation is no longer necessary for counting of the cells, which allows a direct monitoring of

the cell density without any delay.

[23] The general principle underlying the method of the present invention is the following:
First, a predetermined value that is indicative of the cell density or — in other words - which
allows conversion of permittivity into cell density, has to be obtained. This can, e.g., be done by
measuring the cell density obtaining a sample from the suspension culture, dissociating the cell
aggregates and counting the cells using an “offline” method such as manual counting or using
an automated cell counter. At the same time, the permittivity of the suspension culture is
measured. This is repeated at least one more time at another cell density, e.g., by simply
culturing the PSCs for a period of time to let the cell density increase. Based on these at least
two data pairs, a correlation between permittivity and cell density can be obtained and thus the
predetermined value can be obtained. This predetermined value can then be used to convert

the inline permittivity measurements in inline cell density for any subsequent cultivation.
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[24] Accordingly, the present invention relates to a method of measuring cell density in a cell
suspension comprising cell aggregates, the method comprising
(@) Measuring the permittivity of the cell suspension;
(i) Comparing the measured permittivity with a predetermined value that is

indicative of the cell density, thereby determining the cell density.

[25] The “absolute permittivity”, often simply called “permittivity” and denoted by the Greek
letter € as used herein relates to a measure of the electric polarizability of a dielectric. A material
with high permittivity polarizes more in response to an applied electric field than a material with
low permittivity, thereby storing more energy in the material. The S| unit for permittivity is Farad
per meter (F/m). In the context of the invention, the dielectric can be seen as the cell volume of
viable cells. The cells, in particular the number of cells, have a measurable influence on cell
permittivity, which can in principle be used to derive the cell number. However, a cell
suspension is a rather complex electrical system and the person skilled in the art cannot expect
that cell aggregates behave similarly to single cells. Nonetheless, the present inventors were
successfully able to employ permittivity measurements for cell density determination also with

cell aggregates.

[26] As described herein (see also Example 1), the present inventors found that the cell
density of the cell suspension can be measured inline or, in other words, in real time.

Accordingly, the cell density of the suspension culture may be measured inline (in real time).

[27] Permittivity of the cell suspension can be measured by various ways, which a person
skilled in the art is aware of. One exemplary way is to use a permittivity probe. Accordingly, the
measurement of the permittivity may be carried out using a permittivity probe. Permittivity
probes are commercially available: e.g. BioPAT® ViaMass, available form Sartorius Stedim

Biotech, Incyte, available from Hamilton, or Futura Probe, available from Aber Instruments Ltd.

[28] In one embodiment, the permittivity measurement is carried out by using dielectric
spectroscopy (DS). DS is based on the measurement of the passive dielectric properties of
substances or biological units in a conducting medium. The term basically describes the
measurement and analysis of the electrical capacitance and conductivity over a certain range of
frequencies. The sample, called the dielectric, is placed in the electrical field between two
electrodes. The change in the electric current-voltage relation in the presence of an alternating
electrical field is then used to derive information on the sample. The basic idea of DS is to apply
a periodically alternating electrical field, e.g., at various frequencies, to a system (a cell
suspension comprising cell aggregates for example). The system for DS can be an entire
multicellular organisms such as a human in medical applications of DS, or in the case of interest

here a solution/suspension containing suspended or supported cells or unicellular organisms at
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least some of which are alive, along with low molecular solutes (salts, nutrients) and perhaps

cell debris, virus, and virus particles. If the frequency is in the correct range, then some
components in the medium can respond for example by storing some energy as temporarily
separated charges (polarization). When the electrical field is periodically reversed then some
lag in the system response is detected (amplitude and/or frequency changes). This response is

the basis of dielectric spectroscopy.

[29] The AC electrical field applied to the samples may cause, depending on the frequency
and field strength, a polarization, orientation or displacement of electrically charged entities that
may range from single inorganic ions to whole cells or even multi-cell organisms. In the range
between 0.1 — 10 MHz, the method is termed radio frequency impedance spectroscopy (RFI)
and the polarization of non conducting entities with surfaces, such as cell membranes, occurs.
Accordingly, the frequency of the AC electrical field applied may be in the range between
50 kHz to 20 MHz, more preferably in a range of 300 to 900 kHz, more preferably in a range of
400 to 800 kHz, more preferably in a range of 500 to 700 kHz and most preferably at about
580 kHz. This range represents a small fraction of the wide range of frequencies possible with
DS. Intermediate wavelengths cause the change of orientation of dipoles while near infra-red
and infra-red frequencies cause atomic relaxation. Electronic relaxation is observed in the range
of visible light. In the radio frequency range, cells with intact plasma membranes basically act as
capacitors, since the non-conducting nature of the generally lipid-based cell plasma membrane
allows the buildup of charge. Living organisms actively maintain electrochemical potential
differences across their membranes. Further guidance on how to use dielectric spectroscopy

can be found in Justice et al., 2011.

[30] Capacitance values of viable cells with intact membrane are very high compared to non-
viable cells, so that nonviable cells, leaking cells, cell debris, evolved gas bubbles and other
media components are essentially invisible to RFI. Accordingly, the cell density as used herein

preferably is viable cell density (living cells/volume).

[31] As described herein, the cell density is determined by comparing the measured
permittivity with a predetermined conversion factor. This conversion factor can be obtained by
correlating the measured permittivity of a reference suspension culture with the actual cell
density of the reference suspension culture at different cell densities, e.g. obtained by manual or
automated cell counting. Accordingly, the conversion factor described herein may be obtained
by

@) Measuring the permittivity and the cell density at at least two, preferably at least

three, different cell densities of a reference suspension culture;
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(b) Correlating the measured cell permittivity of the reference suspension culture
with the cell density, thereby determining the predetermined value that is

indicative of the cell density.

[32] The correlation may be a linear correlation or, in other words, the correlation may
provide a linear correlation. “Linear correlation” may in this context be understood as the result
of a linear regression analysis. In statistics, linear regression is a linear approach to modeling
the relationship between a scalar response (or dependent variable) and one or more
explanatory variables (or independent variables). The case of one explanatory variable is called
simple linear regression and applies to the linear regression described within this disclosure. In
linear regression, the relationships are modeled using linear predictor functions whose unknown
model parameters are estimated from the data. Such models are called linear models. Most
commonly, the conditional mean of the response given the values of the explanatory variables
(or predictors) is assumed to be an affine function of those values; less commonly, the
conditional median or some other quantile is used. Like all forms of regression analysis, linear
regression focuses on the conditional probability distribution of the response given the values of
the predictors, rather than on the joint probability distribution of all of these variables, which is
the domain of multivariate analysis. Linear regression models are often fitted using the least
squares approach, but they may also be fitted in other ways, such as by minimizing the "lack of
fit" in some other norm (as with least absolute deviations regression), or by minimizing a
penalized version of the least squares cost function as in ridge regression (L?-norm penalty) and
lasso (L'-norm penalty). Conversely, the least squares approach can be used to fit models that
are not linear models. Thus, although the terms "least squares" and "linear model" are closely
linked, they are not synonymous. However, the correlation is not limited to being linear but could
also be a non-linear correlation or regression. In case a linear regression is used, a linear

function like the equation shown in the following may be calculated:
f(x) =ax+b

wherein a is the slope of the line and b is the intercept. The function f(x) may give the cell
density for each value of measured permittivity x. Thus, f(x) can be seen as the predetermined

value.

[33] The predetermined value is obtained by correlating at least two values, which is, e.g., the
absolute minimum for a linear regression. However, the more data pairs (permittivity and cell
density) are obtained, the exacter the result of the correlation is. Accordingly, preferably three,
four, five, six, seven, eight, nine, ten or ten or more data pairs are obtained before performing
correlation. Advantageously, the permittivity is obtained for a range of cell densities, which are

to be expected during the complete cultivation process of the cell suspension.
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[34] Advantageously, the “reference suspension culture” is a cell suspension that is cultured
under essentially the same conditions as the cell suspension to be assessed, e.g., by the
methods or uses described herein. The same conditions may include, but are not limited to, the
cell type, cell line, culture medium and/or the culture vessel used for cultivation such as a
bioreactor. In some embodiments, the same conditions include the cell type, cell line, culture

medium and the culture vessel used for cultivation such as a bioreactor.

[35] Accordingly, the reference suspension culture and the suspension culture preferably are
from a similar or the same cell type, cell line, tissue or organ. Similar in the context of cell types,
cell lines, tissues or organs means that they are not necessarily obtained from the same subject
but are the same cell type. PSCs obtained from two different patients can be seen as similar.
On the other hand, cardiomyocytes and neurons from the same patient can be seen as not
similar. PSCs obtained from the same patient can be seen as the same cells. A similar
reasoning applies to cell lines. E.g., two PSC cell lines, whose origin lies in two different
patients, can be seen as similar. A further preferred feature that describes a similar or the same
cell type, cell line, tissue or organ is the differentiation state. Dielelectrical properties may
change during differentiation stages. Accordingly, the cells of the cell suspension and the
reference suspension culture preferably have the same differentiation stage. In case of PSCs,
this may mean that the PSCs of the cell suspension and the reference suspension culture are

not differentiated but remain in pluripotent state.

[36] Additionally or alternatively, the reference suspension culture and the suspension culture
are cultured using the same culture medium. The same culture medium is at least a culture
medium having essentially the same concentration of salts and/or (preferably “and”) essentially
the same pH. Additionally or alternatively, the conductivity of the culture medium may be
essentially the same. The same medium may also relate to (exactly) the same culture medium.

It may also relate to a medium that has essentially the same composition.

[37] Furthermore additionally or alternatively, the reference suspension culture and the
suspension culture preferably are cultured in a similar or the same bioreactor. A similar
bioreactor means a bioreactor, which is the same model of a bioreactor or a bioreactor, which

has essentially the same dimensions and whose culture vessel is made from the same material.

[38] The term “suspension culture” or “cell suspension”, both of which terms can be used
interchangeably, as used herein is a type of cell culture in which single cells or small aggregates
of cells are allowed to function and multiply in an preferably agitated growth medium, thus
forming a suspension (c.f. the definition in chemistry: “small solid particles suspended in a
liquid”). This is in contrast to adherent culture, in which the cells are attached to a cell culture

container, which may be coated with proteins of the extracellular matrix (ECM). In suspension
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culture, in one embodiment no proteins of the ECM are added to the cells and/or the culture
medium. The suspension culture preferably is essentially free of solid particles such as beads,
microspheres, microcarrier particles and the like; cells or cell aggregates are no solid particles
within this context. In one embodiment, the cells are not in microcarrier (suspension) culture.

Preferably, the suspension culture is a perfusion suspension culture.

[39] Adherent cells that are cultured in suspension, i.e. cannot attach to the culture vessel,
may form cell aggregates. This also applies to the PSCs cultured in the uses and methods
described herein. As used herein, the terms "aggregate" and "cell aggregate", which may be
used interchangeably, refer to a plurality of cells such as (induced) pluripotent stem cells, in
which an association between the cells is caused by cell-cell interaction (e.g., by biologic
attachments to one another). Biological attachment may be, for example, through surface
proteins, such integrins, immunoglobulins, cadherins, selectins, or other cell adhesion
molecules. For example, cells may spontaneously associate in suspension and form cell-cell
attachments (e.g., self-assembly), thereby forming aggregates. In some embodiments, a cell
aggregate may be substantially homogeneous (i.e., mostly containing cells of the same type). In
other embodiments, a cell aggregate may be heterogeneous, (i.e., containing cells of more than

one type).

[40] The methods and uses of the disclosure are suitable for cell aggregates. The cell
aggregates may vary in size. The cell aggregates may have an average diameter between
about 50 and 800 um, between about 150 and 800 um, of at least about 800 um, of at least
about 600 um, of at least about 500 um, of at least about 400 um, of at least about 300 pm, of
at least about 200 um, of at least about 150 um, between about 300 and 500 um, between
about 150 and 300 um, between about 50 and 150 um, between about 80 to 100 um, between
about 180 to 250 um or between about 200 to 250 um.

[41] The methods and uses described herein are especially useful when performed in a
suspension culture in a bioreactor. As described herein, the use of a permittivity probe allows
monitoring inline the cell density without the need to obtain samples from the cell suspension or
any other manual interaction with the cell suspension in a bioreactor. Accordingly, the
measurement can be carried out in a bioreactor. In other words, the permittivity can be
determined in a bioreactor. As used herein, the terms "reactor" and ,bioreactor", which can be
used interchangeably, refer to a closed culture vessel configured to provide a dynamic fluid
environment for cell cultivation. The bioreactor may be stirred and/or agitated. Examples of
agitated reactors include, but are not limited to, stirred tank bioreactors, wave-mixed/rocking
bioreactors, up and down agitation bioreactors (i.e., agitation reactor comprising piston action),
spinner flasks, shaker flasks, shaken bioreactors, paddle mixers, vertical wheel bioreactors. An

agitated reactor may be configured to house a cell culture volume of between about 2 mL -
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20,000 L. Preferred bioreactors may have a volume of up to 50 L. An exemplary bioreactor
suitable for the method of the present invention is the ambr15 bioreactor available from
Sartorius Stedim Biotech. The bioreactor can be a stainless steel or a single use bioreactor. The
bioreactor can consist of a single vessel or can comprise several bioreactors in parallel. The
single use bioreactor can be manufactured from glass or plastic. The single use bioreactor can
be a stirred tank bioreactor or a rocking motion bioreactor. Examples: Sartorius STR, RM,
ambr15, ambr 250. The pH of the culture medium may be controlled by the bioreactor,
preferably controlled by CO, supply, and may be held in a range of 6.6 to 7.6, preferably at
about 7.4.

[42] The bioreactor may be a stirred bioreactor (STR). STRs are, e.g., available from
Sartorius Stedim Biotech and include, but are not limited to, BIOSTAT® A/B/B-DCU/Cplus/D-
DCU, ambr® 15 and ambr® 250. The bioreactor may be a rocking motion bioreactor (RM). RMs
are, e.g., available from Sartorius Stedim Biotech and include, but are not limited to, BIOSTAT®
RM and BIOSTAT® RM TX. The bioreactor may be a multi parallel bioreactor that is, e.g.,
available from Sartorius Stedim Biotech and include, but are not limited to, ambr® 15 and
ambr® 250.

[43] In some embodiments, the volume of the culture vessel in the bioreactor is from about
50 mL to about 20,000 L. In some embodiments, the volume of the culture vessel in the
bioreactor is from about 50 mL to about 2,000 L. In some embodiments, the volume of the
culture vessel in the bioreactor is from about 50 mL to about 200 L. In some embodiments, the
volume of the culture vessel in the bioreactor is from about 50 mL to about 100 L. In some
embodiments, the volume of the culture vessel in the bioreactor is from about 50 mL to about
50 L. In some embodiments, the volume of the culture vessel in the bioreactor is from about
50 mL to about 20 L. In some embodiments, the volume of the culture vessel in the bioreactor is
from about 50 mL to about 10 L. In some embodiments, the volume of the culture vessel in the
bioreactor is from about 50 mL to about 1 L. In some embodiments, the volume of the culture
vessel in the bioreactor is from about 100 mL to about 10 L. In some embodiments, the volume
of the culture vessel in the bioreactor is from about 100 mL to about 5 L. In some embodiments,
the volume of the culture vessel in the bioreactor is from about 150 mL to about 1 L. In some
embodiments, the volume of the culture vessel in the bioreactor is from about 1 L to about
1,000 L.

[44] The cells may be any cells that can be cultivated in suspension. The cells can be
selected from the group consisting of, primary cells, cells obtained from a tissue or an organ,
immortalized cells, stem cells such as pluripotent stem cells or cells derived from stem cells,
preferably cell derived from PSCs, preferably cell derived from iPSCs. The cells may be

pluripotent stem cells. The cells may also be pluripotent stem cells selected from the group

10



10

15

20

25

30

35

WO 2022/157282 PCT/EP2022/051300
consisting of induced pluripotent stem cells (iPSC), embryonic stem cells (ESC),
parthenogenetic stem cells (pPSC) and nuclear transfer derived PSCs (ntPSC), preferably
iPSCs. Preferably, the cells are pluripotent stem cells, more preferably induced pluripotent stem
cells (iPSCs), or cells derived from stem cells such as (i)PSCs. Examples of stem cells include,
but are not limited to, pluripotent stem cells, cord blood stem cells, mesenchymal stem cell
and/or hematopoietic stem cells, preferably pluripotent stem cells. Particularly preferred are
induced pluripotent stem cells (iPSCs). “Cells derived from stem cells” relate to differentiated
cells or cells differentiated into a specific cell type that are no longer capable of differentiating in
any cell type of the body. Said cells derived from stem cells relate to cells, which are derived
from the (pluripotent) stem cells used in the methods and uses of the invention and thus
preferably do not include naturally occurring differentiated cells. Methods for the differentiation
into different cell types starting from stem cells such as (i)PSCs are known to a person skilled in
the art. “Cells derived from stem cells” may relate to heart cells and/or tissue, liver cells and/or
tissue, kidney cells and/or tissue, brain cells and/or tissue, pancreatic cells and/or tissue, lung
cells and/or tissue, skeletal muscle cells and/or tissue, gastrointestinal cells and/or tissue,
neuronal cells and/or tissue, skin cells and/or tissue, bone cells and/or tissue, bone marrow, fat
cells and/or tissue, connective cells and/or tissue, retinal cells and/or tissue, blood vessel cells
and/or tissue, stromal cells or cardiomyocytes. Methods for generating heart tissue are known
from WO 2015/025030 and WO 2015/040142. The cells may also be differentiated in the
bioreactor or also outside of the bioreactor, e.g. to cardiomyocytes or stromal cells. These
differentiated cells may also be cultured in a bioreactor making use of the method of the
invention. Cells obtained from a tissue or an organ may be obtained from heart cells and/or
tissue, liver cells and/or tissue, kidney cells and/or tissue, brain cells and/or tissue, pancreatic
cells and/or tissue, lung cells and/or tissue, skeletal muscle cells and/or tissue, gastrointestinal
cells and/or tissue, neuronal cells and/or tissue, skin cells and/or tissue, bone cells and/or
tissue, bone marrow, fat cells and/or tissue, connective cells and/or tissue, retinal cells and/or

tissue, blood vessel cells and/or tissue, stromal cells or cardiomyocytes.

[45] The cells may be cells of a mammal, such as a human, a dog, a mouse, a rat, a pig, a
non-human primate such as Rhesus macaque, baboon, cynomolgus macaque or common

marmoset to name only a few illustrative examples. Preferably, the cells are human.

[46] In multicellular organisms, “stem cells” are undifferentiated or partially differentiated cells
that can differentiate into various types of cells and proliferate indefinitely to produce more of
the same stem cell. They are usually distinguished from progenitor cells, which cannot divide
indefinitely, and precursor or blast cells, which are usually committed to differentiating into one
cell type. The term stem cells thus encompasses pluripotent stem cells but also multipotent (can
differentiate into a number of cell types, but only those of a closely related family of cells),

oligopotent stem cells (can differentiate into only a few cell types, such as lymphoid or myeloid
11
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stem cells) or unipotent stem cells such as satellite cells. Examples of stem cells include, but
are not limited to, pluripotent stem cells, cord blood stem cells, mesenchymal stem cell and/or
hematopoietic stem cells, preferably pluripotent stem cells. The term “pluripotent stem cell”
(PSC) as used herein refers to cells that are able to differentiate into every cell type of the body.
As such, pluripotent stem cells offer the unique opportunity to be differentiated into essentially
any tissue or organ. Currently, the most utilized pluripotent cells are embryonic stem cells (ESC)
or induced pluripotent stem cells (iPSC). Human ESC-lines were first established by Thomson
and coworkers (Thomson et al. (1998), Science 282:1145-1147). Human ESC research recently
enabled the development of a new technology to reprogram cells of the body into an ES-like
cell. This technology was pioneered by Yamanaka and coworkers in 2006 (Takahashi &
Yamanaka (2008), Cell, 126:663-676 and Takahashi et al. (2007), Cell, 131(5):861-72).
Resulting induced pluripotent cells (iPSC) show a very similar behavior as ESC and,
importantly, are also able to differentiate into every cell of the body. Thus, in one embodiment,
the term iPSCs comprises ESC. In the context of the present invention, these pluripotent stem
cells are however preferably not produced using a process which involves modifying the germ
line genetic identity of human beings or which involves use of a human embryo for industrial or
commercial purposes. Preferably, the pluripotent stem cells are of primate origin, more

preferably human.

[47] Suitable induced PSCs, can for example, be obtained from the NIH human embryonic
stem cell registry, the European Bank of Induced Pluripotent Stem Cells (EBiSC), the Stem Cell
Repository of the German Center for Cardiovascular Research (DZHK), or ATCC, to name only
a few sources. Induced pluripotent stem cells are also available for commercial use, for
example, from the NINDS Human Sequence and Cell Repository
(https://stemcells.nindsgenetics.org) which is operated by the U.S. National Institute of
Neurological Disorders and Stroke (NINDS) and distributes human cell resources broadly to
academic and industry researchers. One illustrative example of a suitable cell line that can be
used in the present invention is the cell line TC-1133, an induced (unedited) pluripotent stem
cell that has been derived from a cord blood stem cell. This cell line is, e.g. directly available
from NINDS, USA. Preferably, TC-1133 is GMP-compliant. Further exemplary iPSC cell lines
that can be used in the present invention, include but are not limited to, the Human Episomal
iPSC Line of Gibco™ (order number A18945, Thermo Fisher Scientific), or the iPSC cell lines
ATCC ACS-1004, ATCC ACS-1021, ATCC ACS-1025, ATCC ACS-1027 or ATCC ACS-1030
available from ATTC. Alternatively, any person skilled in the art of reprogramming can easily
generate suitable iPSC lines by known protocols such as the one described by Okita et al, “A
more efficient method to generate integration-free human iPS cells” Nature Methods, Vol.8

No.5, May 2011, pages 409-411 or by Lu et al “A defined xeno-free and feeder-free culture
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system for the derivation, expansion and direct differentiation of transgene-free patient-specific
induced pluripotent stem cells”, Biomaterials 35 (2014) 2816e2826.

[48] The cells may be selected from the group consisting of TC-1133, the Human Episomal
iPSC Line of Gibco ATCC ACS-1004, ATCC ACS-1021, ATCC ACS-1025, ATCC ACS-1027,
and ATCC ACS-1030. Additionally or alternatively, the cells may be selected from the group
consisting of HEK293, HEK293T, BHK 21, CHO, NSO, Sp2/0-Ag14.

[49] As explained herein, the (induced) pluripotent stem cell that is used in the present
invention can be derived from any suitable cell type (for example, from a stem cell such as a
mesenchymal stem cell, or an epithelial stem cell or a differentiated cells such as fibroblasts)
and from any suitable source (bodily fluid or tissue). Examples of such sources (body fluids or
tissue) include cord blood, skin, gingiva, urine, blood, bone marrow, any compartment of the
umbilical cord (for example, the amniotic membrane of umbilical cord or Wharton’s jelly), the
cord-placenta junction, placenta or adipose tissue, to name only a few. In one illustrative
example, is the isolation of CD34-positive cells from umbilical cord blood for example by
magnetic cell sorting using antibodies specifically directed against CD34 followed by
reprogramming as described in Chou et al. (2011), Cell Research, 21:518-529. Baghbaderani et
al. (2015), Stem Cell Reports, 5(4):647-659 show that the process of iPSC generation can be in
compliance with the regulations of good manufacturing practice to generate cell line ND50039.
Accordingly, the pluripotent stem cells preferably fulfil the requirements of the good

manufacturing practice.

[60] The present invention further relates to a method of expanding cells in cell aggregates in
suspension culture, the method comprising: (i) Measuring the permittivity of the cell suspension;
and (ii) Comparing the measured permittivity with a predetermined value that is indicative of the
cell density, thereby determining the cell density. “Expanding” or “expansion of’ cells as

described herein describes an increase of cell number due to cell division.

[51] The present invention further relates to the use of a permittivity probe for determining the
cell density of a suspension cell culture comprising cell aggregates. The present invention

further relates to the use of a permittivity probe in a method of the invention.

*kkk

[T IS

[52] It is noted that as used herein, the singular forms “a”, “an”, and “the”, include plural
references unless the context clearly indicates otherwise. Thus, for example, reference to “a
reagent” includes one or more of such different reagents and reference to “the method” includes
reference to equivalent steps and methods known to those of ordinary skill in the art that could

be modified or substituted for the methods described herein.
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[63] Unless otherwise indicated, the term "at least" preceding a series of elements is to be
understood to refer to every element in the series. Those skilled in the art will recognize, or be
able to ascertain using no more than routine experimentation, many equivalents to the specific
embodiments of the invention described herein. Such equivalents are intended to be

encompassed by the present invention.

[54] The term "and/or" wherever used herein includes the meaning of "and", "or" and "all or

any other combination of the elements connected by said term".
[65] The term “less than” or in turn “more than” does not include the concrete number.

[66] For example, less than 20 means less than the number indicated. Similarly, more than or
greater than means more than or greater than the indicated number, e.g. more than 80 %

means more than or greater than the indicated number of 80 %.

[67]1 Throughout this specification and the claims which follow, unless the context requires
otherwise, the word “comprise”, and variations such as “comprises” and “comprising”, will be
understood to imply the inclusion of a stated integer or step or group of integers or steps but not
the exclusion of any other integer or step or group of integer or step. When used herein the term
“comprising” can be substituted with the term “containing” or “including” or sometimes when
used herein with the term “having”. When used herein “consisting of" excludes any element,

step, or ingredient not specified.

» o

[68] The term “including” means “including but not limited to”. “Including” and “including but

not limited to” are used interchangeably.

[69] As used herein the terms "about", "approximately" or “essentially” mean within 20%,
preferably within 15%, preferably within 10%, and more preferably within 5% of a given value or

range. It also includes the concrete number, i.e. “about 20” includes the number of 20.

[60] It should be understood that this invention is not limited to the particular methodology,
protocols, material, reagents, and substances, etc., described herein and as such can vary. The
terminology used herein is for the purpose of describing particular embodiments only, and is not

intended to limit the scope of the present invention, which is defined solely by the claims.

[61] All publications cited throughout the text of this specification (including all patents, patent
application, scientific publications, instructions, etc.), whether supra or infra, are hereby
incorporated by reference in their entirety. Nothing herein is to be construed as an admission
that the invention is not entitled to antedate such disclosure by virtue of prior invention. To the
extent the material incorporated by reference contradicts or is inconsistent with this

specification, the specification will supersede any such material.
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[62] The content of all documents and patent documents cited herein is incorporated by

reference in their entirety.

EXAMPLES
[63] An even better understanding of the present invention and of its advantages will be
evident from the following examples, offered for illustrative purposes only. The examples are not

intended to limit the scope of the present invention in any way.

Example 1: Permittivity measurements can be used for inline monitoring of cell density

[64] To measure the permittivity, following material and equipment (see Table 1) is used

according to the manufacturer’s instructions:

Table 1: Materials used in Example 1

Material and equipment Detail

“Permittivity BioPAT ViaMass (Sartorius)
m

Cell counter Nucleocounter 200 (Chemometec)

[65] The cell-only aggregate suspension culture is performed as described in the following:
TC1133 cells were seeded at 2.5 x 10° cells/ml. Medium change was started at day 2 by adding
62% of current volume/day fresh medium. Cells were cultured at 37°C, pH 7.4, DO 23.8%. After

every passage, the cells were seeded at 2.5 x 10° cells/ml again.

[66] The ViaMass probe is run in “Cell Culture” measurement mode at 580 kHz with BM220
PolC, filter 30 and capacitance zero value O pF/cm. Before inoculation, the Viamass
measurement is set to zero and the measurement is recorded throughout the entire culture. The
cell concentration is assessed offline with a sample that was taken from the UniVessel
bioreactor. The cell number is measured using the Nucleocounter 200 with the “Viability and cell
count A100 and B” protocol. From day 1 onwards the iPSC aggregates need to be dissociated
before measurement with the Nucleocounter 200. For this purpose, 1 mL of the sample is
centrifuged for 1 min at 100 x g and the supernatant is removed. Subsequently, 1 ml TrypLE
Express (Life Technologies) is added and incubated for 15 min at room temperature. The
aggregates are resuspended by pipetting every 5 min. When the aggregates are dissociated the

cell number is measured in the same way as described above.
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[67] Figure 1 shows the ViaMass permittivity and Nucleocounter 200 recordings during two
separate culture runs. The cell concentration, which was determined with the Nucleocounter
200, correlates with the capacity, which was measured with the ViaMass permittivity probe.
Importantly, the ViaMass permittivity recordings show dynamic changes such as plateaus and
increases after changes in culture parameters. In Exemplary run No. 2, the permittivity
measurement responded to an increase of the perfusion rate by a fast, subsequent rise in
capacitance (Figure 1 B). These findings highlight the potential of permittivity measuring probes

in cell-only aggregate suspension culture of iPSCs.

[68] Importantly, the permittivity measurements did not correlate with the iPSC aggregate
size (Figure 2). In exemplary run no. 1, the aggregate size was not affected by medium addition
and the resulting changes in culture volume whereas the capacitance dynamically dropped
(Figure 2A). Furthermore, in exemplary run no. 2 the cell and aggregate concentration was low
after passaging on day 4 but the aggregate size increased as expected. This was not
represented by the permittivity measurement (Figure 2B). The initial apparent correlation
between the capacitance and the aggregate is a result of the constant culture volume and of the

correlation between aggregate size and cell number of the aggregates.

[69] Thus, permittivity measurements allow inline monitoring cell density of PSC aggregates.
Importantly, the permittivity is surprisingly not influenced by increase of aggregate size, which
increases the number of cell interactions. In sum, the inventors surprisingly found that
permittivity measurements of PSC aggregates allow inline monitoring of cell density, which in

turn allows reacting to cell density developments by process control.

Example 2: Determination of a predetermined value based on a standard curve

[70] In this example, the Inventors followed cell density of iPSC aggregate culture online by
cell permittivity measurements (Viamass probe) and offline by standard cell counting

(Nucleocounter). The following culture conditions were used:

Experimental design and experiment progression:
e Cells: TC1133 TLOO4, p4
e Seeding conditions: 450 ml with 2,5 x 10° cells/ml.
e Medium change: Start at d2, perfusion 60%.
e Culture conditions: 37°C, pH 7.4, DO 23.8%, 45° blade angle, 120 rpm downstirr (day 0-
1) and 100 rpm downstirr (d1-4).

Passage 1-3
e Seeding conditions: 320 ml with 2,5 x 10° cells/ml.

e Medium change: Start at d2, perfusion 60% targeted.
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e Culture conditions: 37 °C, pH 7.4, DO 23.8%, 45° blade angle, 120 rpm downstirr (day O-
1) and 100rpm downstirr (d1-end of passage).

Materials

Reagents and materials:
e StemMACS iPS-Brew XF, Basal Medium, Order no.: 130-107-086
e StemMACS iPS-Brew XF 50x Supplement; Order no.: 130-107-087

Devices
e Biostat B— DCU II: Type: BB-8841212
e Tower 3: Type: BB-8840152
o pH sensor: Hamilton; Easyferm Plus VP 120
o Oxygen Sensor: Hamilton; Oxyferm FDA VP 120
o UniVessel 0.5L
e pH meter: Multi 3510 IDS; Xylem Analytics Germany GmbH
e pH electrode: SenTix Micro 900P; WTW
e Nucleocounter NC-200 Type 900-0201

e Cellavista

[711] Here, the Inventors compared an “internal” predetermined value (calculated by linear
regression of cell capacitance and cell density data pairs of the same culture run) with “external”
predetermined values, for which the predetermined value was derived from a reference

suspension culture.

[72] Fig. 3 shows one exemplary iPSC culture run, which was monitored inline and offline. As
apparent from Fig. 3A, the capacitance and cell counting values correlate well during the
complete run. The same is true for both the internal (see standard curve of Fig. 3B) and external
(see standard curve of Fig. 4B) calculated cell concentration values, i.e. those values calculated
based on the predetermined values. Fig. 3B shows a standard curve and a linear correlation of
the permittivity measurements and the cell density obtained by counting the cells. The linear
correlation yields a high R? value showing that there is a linear correlation between cell density

and permittivity.

[73] Similarly, Fig. 4 shows a further exemplary iPSC culture run. Here, the same culture
conditions were used. However, the cells were not passaged. Again, the cell permittivity, cell
density and internal (see standard curve of Fig. 4B) and external (see standard curve of Fig. 3B)
calculations correlate well (see Fig. 4A). Fig. 3B shows a standard curve and a linear correlation
of the permittivity measurements and the cell density obtained by counting the cells. The linear
correlation yields a high R? value showing that there is a linear correlation between cell density

and permittivity.

17



WO 2022/157282 PCT/EP2022/051300
[74] Importantly, it is not necessary to calculate the predetermined value for each and every
cell culture run. In contrast, the predetermined value is comparable between similar culture
conditions as shown above. Thus, it is possible to use a predetermined value obtained from a
reference suspension culture. This allows an easy online measurement of cell density of PSC
aggregates while avoiding taking samples for manual or automated cell counting. The method
of the invention thus provides an additional important value of the cell culture. Most importantly,
the cell density rate is provided in real-time and thus can be taken into account for process

control.
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CLAIMS

A method of measuring cell density in a cell suspension comprising cell aggregates, the
method comprising

0] Measuring the permittivity of the cell suspension;

(i) Comparing the measured permittivity with a predetermined value that is

indicative of the cell density, thereby determining the cell density.

The method of claim 1, wherein the measuring is carried out in a bioreactor.

The method of claim 2, wherein the bioreactor is a stirred bioreactor, a rocking motion

bioreactor and/or a multi parallel bioreactor.

The method of claim 2 or 3, wherein the cell density of the suspension culture is

measured inline (in real time).

The method of any one of the preceding claims, wherein the measurement of the

permittivity is carried out using a permittivity probe.

The method of any one of the preceding claims, wherein the permittivity measurement is

carried out by using dielectric spectroscopy.

The method of any one of the preceding claims, wherein the cells are selected from the
group consisting of, primary cells, cells obtained from a tissue or an organ, immortalized
cells, stem cells such as pluripotent stem cells, or cells derived from stem cells, wherein
the cells preferably are pluripotent stem cells, wherein the cells more preferably are
pluripotent stem cells selected from the group consisting of induced pluripotent stem
cells (iPSC), embryonic stem cells (ESC), parthenogenetic stem cells (pPSC) and
nuclear transfer derived PSCs (ntPSC), preferably iPSCs.

The method of any one of the preceding claims, wherein the conversion factor is

obtained by

@) Measuring the permittivity and the cell density at at least two, preferably at least
three, different cell densities of a reference suspension culture;

(b) Correlating the measured cell permittivity of the reference suspension culture
with the cell density, thereby determining the predetermined value that is
indicative of the cell density.
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The method of claim 8, wherein the correlation provides a linear correlation.

The method of claim 8 or 9, wherein the reference suspension culture and the
suspension culture are

() from a similar or the same cell type, cell line, tissue or organ;

(i) cultured using the same culture medium; and/or

iii) cultured in a similar or the same bioreactor.

The method of any one of the preceding claims, wherein the cell density is viable cell

density.

Use of a permittivity probe for determining the cell density of a suspension cell culture

comprising cell aggregates.

The use of claim 12, wherein the cell density is viable cell density.

The use of claim 12 or 13,

0] wherein the cell density is determined in a bioreactor; and/or

(i) wherein the cells are selected from the group consisting of, primary cells, cells
obtained from a tissue or an organ, immortalized cells, stem cells such as pluripotent
stem cells, or cells derived from stem cells, preferably the cells are pluripotent stem
cells, more preferably induced pluripotent stem cells (iPSC), more preferably the
pluripotent stem cells are selected from the group consisting of induced pluripotent stem
cells (iPSC), embryonic stem cells (ESC), parthenogenetic stem cells (pPSC) and
nuclear transfer derived PSCs (ntPSC).

Use of a permittivity probe in a method as defined in any of claims 1-11.

The method of any one of claims 1-11 or the use of any one of claims 12-15, wherein the

cells are not in microcarrier culture.
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