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Cell-based medicinal products (CBMPs) offer ground-breaking opportunities to treat diseases with limited or no
therapeutic options. However, the intrinsic complexity of CBMPs results in great challenges with respect to
analytical characterization and stability assessment. In our study, we submitted Jurkat cell suspensions to forced
degradation studies mimicking conditions to which CBMPs might be exposed from procurement of cells to
administration of the product. Flow imaging microscopy assisted by machine learning was applied for deter-
mination of cell viability and concentration, and quantification of debris particles. Additionally, orthogonal cell
characterization techniques were used. Thawing of cells at 5 °C was detrimental to cell viability and resulted in
high numbers of debris particles, in contrast to thawing at 37 °C or 20 °C which resulted in better stability. After
freezing of cell suspensions at —18 °C in presence of dimethyl sulfoxide (DMSO), a DMSO concentration of 2.5%
(v/v) showed low stabilizing properties, whereas 5% or 10% was protective. Horizontal shaking of cell sus-
pensions did not affect cell viability, but led to a reduction in cell concentration. Fetal bovine serum (10% [v/v])
protected the cells during shaking. In conclusion, forced degradation studies with application of orthogonal

analytical characterization methods allow for CBMP stability assessment and formulation screening.

1. Introduction

The number of cell-based medicinal products (CBMPs) entering
clinical trials and being approved by major regulatory bodies for com-
mercial use is consistently increasing each year [1]. Despite the prom-
ising clinical data emerging from the use of these innovative therapeutic
products, many challenges remain in the areas of manufacturing,
formulation development and analytical characterization [2,3].

Most CBMPs consist of living cells, which are intrinsically fragile and
much more susceptible to unfavourable conditions compared to other
biotherapeutics, such as protein-based products. Nonetheless, irre-
spective of the type of the CBMP (e.g., autologous or allogenic, geneti-
cally modified or not), they often undergo multiple and complex
manufacturing steps before being administered to the patient. The main
processing steps CBMPs undergo during their production include isola-
tion of cells from a healthy donor or patient, ex-vivo cell manipulation,
formulation, storage, and quality control prior to release and adminis-
tration [4]. Furthermore, between each of the above listed steps,

transportation, freeze-thawing or manual handling of CBMPs occurs.
With clinical site-specific handling procedures, differences in processing
and administration of the product will also occur [5]. Such diverse and
multistep production and handling processes expose cells to a range of
intended and/or accidental environmental stress factors, such as freeze-
thawing, surface related stress (i.e., mechanical stress), thermal and
oxidative stress. Each of these kinds of stresses may result in accidental
cell death or alterations in cell activity. Therefore, examination of the
impact of formulation parameters on cell stability under these stress
conditions should be considered to better understand the sensitivity of
the product to the stress factors involved. This will likely contribute to
new insights that can be employed to mitigate the potential risk of
therapeutic failure and the occurrence of serious adverse effects due to
poor product quality [6,7].

Introduction or formation of particulate impurities in CBMPs is one
of the potential risks associated with manufacturing and handling of
these drug products [3,8,9]. Particles found in CBMPs can originate from
either the process or the cell product itself. Process-related particulate
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impurities may include ineffectively removed antibody coated magnetic
beads used for activation and expansion of cells, viral vectors utilized in
a cell transduction step, extrinsic particles (glass, cellulose, rubber), or
leachables derived from primary containers [10-13]. Sterile filtration of
cell suspensions is not possible because of the inherent size of cells;
therefore, unwanted micrometer-sized particles will remain in the
product if their removal is not complete [14]. Cell-based impurities, on
the other hand, comprise materials originating from cells. These may be
non-viable or non-therapeutic cells [15], as well as cell agglomerates
and cellular debris [9,16]. For example, accidental cell death induced in
cells exposed to extreme physiological conditions (pyroptosis) leads to
plasma membrane rupture, release of intracellular contents and forma-
tion of debris particles [17]. In contrast to apoptotic cell death, where
cellular components are packaged into vesicles and digested by appro-
priate caspases for facilitated removal by the immune system [18],
accidental cell death produces debris with potent inflammatory prop-
erties. One of the results from these debris particles may be an adverse
immune response upon administration [19]. Furthermore, if larger
micrometer-sized particles are introduced into the smaller blood vessels,
they may result in tissue damage from thromboembolism [20].

Forced degradation studies are commonly included in the develop-
ment of any pharmaceutical product as part of establishment of
analytical methods and formulation screenings [21,22]. Alongside real
time stability studies at the intended storage conditions, forced degra-
dation studies are applied to estimate the shelf-life of products as well as
define suitable storage and handling conditions [23]. Moreover, this
type of studies can simulate accidental exposure of drug products to
deleterious conditions and assist in the evaluation of potential risks
occurring to drug products throughout their product life-cycle. These
studies also assist in selecting appropriate excipients during formulation
development where the aim is to determine a component mixture
achieving maximum stability for the active pharmaceutical ingredient.
Even though the manufacturability, critical quality attributes (CQAs),
degradation pathways and product degradants in CBMPs will vary
substantially from, e.g., protein-based therapeutics, the same concept of
forced degradation studies can be highly relevant in process and product
development of CBMPs.

Extensive testing of a CBMP prior to administration to a patient is a
regulatory obligation to assure the product is safe, efficacious and of
good quality. The testing parameters include identity, purity, activity
and potency of cells. However, also cellular and non-cellular materials
must be identified and qualified [15,24]. For this purpose, reliable
analytical methods for characterization of product quality and stability
testing are necessary [25]. In this study we utilized flow imaging mi-
croscopy coupled with convolutional neural networks (FIM-CNN) to
establish a high-throughput and label free method for quantification of
viable and dead cells as well as debris particles in the size range from 1
to 50 um. Jurkat cells were selected as a model for T cells, such as CAR-T
cells [2], in this study. We submitted Jurkat cell suspensions to external
stress factors, which allowed us to define the impact of thawing tem-
perature, freeze-thaw stress and shaking stress on the stability of Jurkat
cells. In addition to FIM-CNN, we measured cell quality attributes,
including cell membrane integrity and cell metabolism, after exposure of
the cells to the same stress stimuli.

2. Materials and methods
2.1. Materials

T-cell leukemia cells (Jurkat, Clone E6-1, ATCC® TIB152™) were
donated by Leiden University Medical Centre (LUMC) as frozen 1-ml
aliquots at a total cell concentration of 1x10” cells/ml (cells counted
using NucleoCounter3000 [Chemometec]), and were stored at —145 °C
prior to usage. For cryopreservation, Jurkat cells were formulated in
high-glucose RPMI 1640 (RPMI medium; ThermoFisher, Waltham, USA)
supplemented with 10% (v/v) fetal bovine serum (FBS; Life
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Technologies, USA) and 10% (v/v) dimethyl sulfoxide (DMSO) (Life
Technologies, Carlsbad, USA). Cryopreservation was performed by
placing cryogenic vials with Jurkat cell suspensions in a controlled rate
freezing apparatus container and cooling with a decreasing temperature
at ca. 1 °C per min. Frozen cell suspensions were transferred to liquid
nitrogen until shipment. After thawing, removal of FBS and DMSO was
performed by dilution of cell aliquots in RPMI medium (at least 40-fold
dilution), centrifugation for 10 min at 350 x g and further removal of
the supernatant. The cell pellet was resuspended in RPMI medium, 1x
phosphate buffered saline (Gibco™, pH, 7.4; ThermoFisher, Waltham,
USA) or stain buffer (containing FBS, FisherScientific, New Hampshire,
USA) as required. FBS (heat inactivated, sterile-filtered) and DMSO
(suitable for hybridoma, > 99.7%) were purchased from Sigma-Aldrich
(St. Louis, USA). Dead Cell Apoptosis Kit (annexin V, fluorescein iso-
thiocyanate [FITC] and propidium iodide [PI]), calcein AM dye and
CyQUANT™ LDH kit were purchased from (ThermoFisher, Waltham,
USA).

2.2. Forced degradation studies

Jurkat cells were exposed to three types of forced degradation
studies, as described below. Each of the three types of stress conditions
were carried out in duplicate on different days.

2.2.1. Thawing as stress factor

Single 1-ml frozen cell aliquots were transferred from storage at
—145 °C on dry ice to a water bath (GFL, Burgwedel, Germany) for
thawing at 37 °C for 1 min 30 sec (the default thawing condition). For
investigation of other thawing temperatures, cells were also thawed in a
water bath at 25 °C for 2 min 40 sec and at 5 °C for 4 min 25 sec.
Thawing in the water bath was performed to solely dissolve the ice
adhering to the walls of the cryovials. Further, the 1-ml aliquot of the
partially frozen cell suspension was transferred into 40 ml of RPMI
medium equilibrated to the thawing temperature, where the remaining
of the ice nucleus dissolved within seconds. The cell suspension was
centrifuged at 350 x g for 10 min at 20 °C, after which the supernatant
was discarded and the pellet was resuspended in 5 ml of RPMI medium.
Total cell concentration and viability were assessed by using a CASY
counter (Bremen, Germany) and dilution to 1x10° cells/ml was per-
formed by addition of the required volume of RPMI medium (containing
DMSO or FBS where stated).

2.2.2. Freeze-thaw stress

DMSO, cooled on wet ice, was slowly added to cell suspensions
(placed on wet ice) to reach a target concentration 1%, 2.5%, 5% and
10% (v/v) at a cell concentration of 1x10° cells/ml. Further, five 1-ml
aliquots were prepared in 1.8-ml Nalgene cryovials, which were sub-
mitted to freezing at —18 °C for 3 h. This period of time was sufficient for
complete freezing of the aliquots. Prior to analysis, the samples were
thawed for 2 min at 37 °C, pooled and washed with fresh RPMI medium.
Control samples were stored at 20 °C for 3 h and were otherwise treated
identically as the freeze-thawed samples.

2.2.3. Shaking stress

Cells at a concentration of 1x10° cells/ml (without or with FBS at
10% [v/v]) were filled (1 ml) into five Nalgene cryovials (Thermo-
Scientific, Waltham, USA) with a 1.8 ml volume capacity. The cryovials
were submitted to shaking by constant horizontal agitation at 185 rpm
at 25 °C by using an IC 4000 shaker (IKA, Germany). Analysis of cell
suspensions of pooled cell aliquots was performed following 3 h of
shaking. Control samples were stored statically and protected from light
at 25 °C in cryovials, and subsequently pooled.

2.3. Flow imaging microscopy (FIM)

Cells (viable and dead) and debris particles were quantified by using
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a FlowCam 8100 (Fluid Imaging Technologies, Scarborough, USA)
equipped with a 50-um flow cell. The objective used resulted in a 20x
magnification and sample imaging was performed by a high-resolution
CMOS camera (1920x1200 pixels) at 27 frames per second. In total, a
sample volume of 140 ul was measured with an efficiency of approxi-
mately 63% (i.e., the imaged sample volume was ca. 87 pl). Particles
imaged within the flow cell were detected with intensity thresholds of
12 for light and dark pixels. Cleaning steps between sample measure-
ments involved thorough flushing of the flow cell with Terg-a-zyme®
enzyme detergent (1% [w/v]) and highly purified water. Collected im-
ages were not sorted by using any morphological filters and samples
were measured in triplicate, unless otherwise stated.

2.4. Image analysis using convolutional neural networks

Particle images captured with a FlowCam were analyzed by using
convolutional neural networks (CNN). The CNN was based on the VGG-
19 architecture described in our previous study [26]. Briefly, the VGG-
19 network using rectified linear unit activation functions, punctuated
with max-pooling and dropout layers, was pre-trained on a ImageNet
dataset discussed in detail elsewhere [27]. The re-training of the
network was performed with the first ten layers frozen in order to save
computation time and improve accuracy of the model by preserving its
pre-learned feature recognition capabilities. For fine-tuning we split our
dataset into an 8:1:1 ratio for training, validation and testing, respec-
tively. The model was optimized by running 19 epochs with a stochastic
gradient descent optimization algorithm and a 0.001 learning rate. The
machine learning model was performed by using Keras (2.2.4), Ten-
sorflow (1.13.1) and Python (3.7.3) libraries, and ran on a Nvidia Turing
GPU with 11 GB of VRAM.

2.4.1. Generation of particle images for population discrimination

The CNN was fine-tuned on manually labeled images (4,000-4,500)
of each of the three populations: viable cells, dead cells and debris
particles.

Images of viable cells were manually selected from measured sam-
ples consisting of Jurkat cells with a viability of 86.8% (based on PI
assay). For selection of dead cells, two separate methods were used to
induce cell death. Firstly, FlowCam images of cell suspensions treated by
heat (55 °C for 90 min) were collected, which showed a viability of 7.6%
(based on PI assay). Secondly, cells were imaged after incubation with
ethanol (10% (v/v)) for 90 min at 37 °C and had a determined viability
of 12.8% (based on PI assay). In order to further define image pop-
ulations of viable and dead cells for the network fine-tuning, morpho-
logical parameters, such as aspect ratio, circle fit, convexity, sigma
intensity and symmetry, of the two populations were used. Only parti-
cles (cells) of morphological parameter values falling between the 10th
and 90th percentile of the manually selected population as viable and
dead cells were taken for input to the training of the model. Images of
debris particles were manually selected from measured suspensions of
cells submitted to vortexing for approximately 2 min or two freeze-thaw
cycles (=140 °C to 37 °C).

2.5. Automated cell counting

A CASY TTC 150 (Omni Life Science, Bremen, Germany) cell counter
equipped with a 150-um capillary was used for automated cell counting.
Cells were diluted 100-fold in CASYton (Omni Life Science, Bremen,
Germany) shortly before analysis. Samples were measured in duplicate
and each measurement consisted of 5 sub-runs of 400 pl, resulting in
>5,000 events counted per analysis.

2.6. Imaging flow cytometry

To assess cell viability based on cell metabolism, imaging flow
cytometry was used in combination with the membrane-permeable dye
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calcein-AM (calcein-AM assay), at a final concentration of 6.3 nM in the
sample to be analyzed. After dye addition, cells were incubated at room
temperature for 30 min (in the dark) and further washed with 200 pl of
stain buffer (with FBS; BD Bioscience, New Jersey, USA). Subsequently,
samples were analyzed by using an Amnis FlowSight imaging flow cy-
tometer (Luminex, Seattle, USA) and data were analyzed by using IDEAS
6.2.183 (Luminex, Seattle, USA) image analysis software. Sample mea-
surements were carried out by using a 20x magnification objective in
medium-sensitivity mode (132 mm/sec). The side scatter laser was set to
10 mW and the 488-nm fluorescence excitation laser was set to 12 mW.
Images of the calcein-AM stained cells were recorded in channel 02
(532/55 nm). Brightfield acquisition was set to channel 9 (582/25 nm)
with automatically set intensities. Only particles with a Gradient RMS >
30 were collected as true events. Appropriate morphological filters were
applied to discriminate between cells and debris particles, in order to
assess cell viability/cell death on the cell population only. Cell viability
was calculated based on the proportion of viable cells from the total
population shown in Fig. S1. Each measurement was performed in
duplicate.

Cell apoptosis and death were determined by imaging flow cytom-
etry after labelling of the cells with annexin V-FITC and PI assays.
Sample preparation was carried out according to the Dead Cell
Apoptosis Kit instructions. After incubation for 15 min in the dark at
room temperature samples were kept on wet ice until analysis. After
adjusting the excitation power of the FlowSight imaging flow cytometer
to 4 mW, the same instrument settings as described in for the calcein-AM
assay above was used. Brightfield as well as fluorescence images in
channels 02 (532/55 nm) for annexin V-FITC and channel 04 (610/30
nm) for PI were recorded. Appropriate morphological filters based on
mean intensity, area, aspect ratio and modulation from channel 09 were
applied to discriminate between single cells and cell aggregates or debris
particles. Once single cells were selected based on brightfield images,
mean intensity values from channel 02 (fluorescence) were plotted
against mean intensity values from channel 04 (fluorescence). Annexin
V-FITC positive (annexin V-FITC+/PI-) cells were classified as
apoptotic cells, annexin V-FITC/PI double-positive (annexin V-FITC+/
PI+) cells were classified as dead cells, and PI negative (PI-) cells as
viable cells. Viability was calculated based on the proportion of PI
negative cells from the total cell population, as shown in Fig. S1. The
population of cells that were only PI positive (annexin V-FITC-/PI+, late
apoptotic cells) were considered as dead cells, however this population
was negligible (<1%) for all cell samples studied after all stress
conditions.

2.7. Lactate dehydrogenase release assay

Cell membrane integrity was assessed by using a lactate dehydro-
genase (LDH) release assay (CyQUANT; ThermoFisher, Waltham, USA).
Loss of cell integrity was measured based on the level of LDH released
upon damage to the plasma membrane. The assay is based on the con-
version of lactate to pyruvate, which is catalyzed by LDH and results in
formation of NADH™. The tetrazolium salt included in the kit is reduced
to formazan in presence of NADH' and can be quantified by absorbance
measurements at 490 nm with a reference absorbance of 680 nm.
Measurements were performed by using a Tecan Spark plate reader
(Tecan, Mannedorf, Switzerland). The total cell concentration was
adjusted to ca. 150,000 cells/ml with RPMI medium (cell concentration
to be within the linear range for this assay (data not shown)). Cells were
incubated at 37 °C and 5% COs for 45 min (with spiked water or Triton
X-100) before the assay was carried out according to the manufacturefs
protocol. Release of the amount of LDH in the medium was calculated
according to Eq. (1):

®

Spont LDH activit
LDH release (%) = ( pontanous activi y)*lOO

Maximum LDH activity
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Spontaneous LDH activity was based on measurements of cell sus-
pensions spiked with water and maximum LDH activity values were
derived from cell suspensions spiked with Triton X-100 to a target
concentration of 10% (v/v). The results for each sample are based on
measurements of four replicate wells.

3. Results

Jurkat cell suspensions were submitted to thawing at three defined
temperatures, freeze-thawing in the presence of different DMSO con-
centrations and shaking in absence and presence of FBS. The stressed
samples were characterized by using orthogonal methods for evaluation
of the quality of cell suspensions.

3.1. FIM-CNN for measurement of cell counts, cell viability and debris
particle concentration

We used FlowCam images of viable and dead cells as well as debris
particles (Fig. 1A) to train a CNN for image classification. The recall
value (proportion of positive identifications of all true positives present
in the population) for classification of debris particles with our model
was 99.5%, proving a high confidence of this classification approach
(Fig. 1B). Similar recall values were achieved for the viable and dead cell
populations (94.0% and 96.6%, respectively). For evaluation of the
classification model performance, the F1 score is an additional metric
used to assess the weighted average of the precision and recall. Here, the
F1 score for debris, viable cells and dead cells was determined to be
0.991, 0.933 and 0.919, respectively. Such high values confirm the low
number of incorrectly classified images during the testing phase of the
networks fine-tuning. Therefore, FIM-CNN is presented in this study as a
novel method for determination of the concentration of viable and dead
cells, as well as for quantification of debris particles with a

European Journal of Pharmaceutics and Biopharmaceutics 167 (2021) 38-47

heterogeneous size distribution (Fig. 1C).

3.2. Effect of thawing temperature

Frozen Jurkat cell suspensions were thawed at 5 °C, 25 °C and 37 °C
to evaluate the impact of thawing temperature on cell quality (Fig. 2A).
FIM-CNN and automated cell counting showed an increase in recovery
of viable cells with increasing thawing temperatures. Furthermore, FIM-
CNN demonstrated a higher recovery of cells (viable and dead) in ali-
quots thawed at 37 °C (1.4*10% + 0.1*10° cells/ml) compared to ali-
quots which were thawed at 20 °C (7.7%10° 4 0.6%10° cells/ml) and 5 °C
(9.7%10° £ 1.1%10° cells/ml).

Comparable concentrations of viable cells were obtained from both
methods; however, the counts for dead cells and debris particles differed
substantially. FIM-CNN measured a higher number of dead cells in
samples thawed at 5 °C, as well as an increasing concentration of debris
particles with decreasing thawing temperature. At the lowest tested
thawing temperature of 5 °C, cell suspensions contained over 4x10°
debris particles/ml (i.e., 4-fold higher than the initial cell concentra-
tion), including dark and dense particles which were not observed in cell
suspensions thawed at 37 °C and 20 °C (Fig. S2).

High cell viability was recorded for aliquots thawed at 37 °C and
20 °C (Fig. 2B). The two fluorescence-based methods showed a viability
between 86% and 91%, whereas with FIM-CNN values were between
63% and 71%. However, a clear decrease in cell viability to 43%, 50%
and 22% was observed for aliquots thawed at 5 °C according to the
calcein-AM, PI and FIM-CNN assays, respectively. For all three thawing
temperatures, there was a discrepancy in the absolute values of deter-
mined cell viability, when comparing the two fluorescence-based assays
and FIM-CNN.

The annexin V-FITC assay suggests that cells are more likely to un-
dergo apoptosis when thawed at lower temperatures (Fig. 2C). In
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particular, a marked increase in apoptotic cells can be observed in cell
suspensions thawed at 5 °C. The LDH release assay confirmed the
detrimental effects of low thawing temperature on cells, albeit less
pronounced (Fig. 2D).

3.3. Effect of freeze-thawing

Jurkat cells formulated in RPMI medium and DMSO (0%, 1%, 2.5%,
5% and 10% [v/v]) were submitted to one freeze-thaw cycle, which
included storage of the cell suspensions at —18 °C for three hours and 2
min of thawing at 37 °C. Freeze-thawing of cell suspensions with 0% and
1% (v/v) DMSO led to a reduction of cell counts by > 98%, indicating
that under these conditions practically all cells lose their viability (data
not shown).

Concentrations of cells (viable and dead) and debris particles were
determined by using FIM-CNN (Fig. 3A). With higher DMSO concen-
trations, higher total cell concentrations were observed after one
freeze-thaw cycle, compared to lower tested cryoprotectant concen-
trations. Furthermore, cell suspensions with 10% (v/v) DMSO contained
the lowest number of debris particles after freeze-thawing. Total cell
concentrations prior to freezing (T0) and after three hours of storage at
room temperature (Ctrl) were comparable for each tested DMSO con-
centration. However, control cell suspensions with 10% (v/v) DMSO
showed slightly elevated debris contents compared to TO and cell sus-
pensions with lower DMSO content.

Interestingly, cell viability determined after freeze-thawing was
heavily dependent on the assay used (Fig. 3C). The calcein-AM assay
suggested the smallest changes of cell viability, with 85-90% -cell
viability, irrespective of DMSO content and time point. In contrast, PI
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and FIM-CNN assays showed noticeable (ca. 20%) losses in viability for
cell suspensions frozen with 2.5% (v/v) DMSO, indicating that this
concentration of cryoprotectant is insufficient for cell stabilization upon
freezing. The PI assay also showed a smaller drop of ca. 10% in cell
viability for cell suspensions with 5% and 10% (v/v) DMSO for freeze-
thawed and control samples compared to TO, whereas FIM showed
such a decrease in cell viability only for cell formulations containing
10% (v/v) DMSO. The toxic effects of DMSO was demonstrated by loss of
cell viability after an exposure of 3 h at RT for each tested concentration
according to the PI assay, and at 10% (v/v) based on FIM. Based on the
results from PI and FIM, the best cell-stabilizing effect of DMSO was
achieved at 5% (v/v).

An increase in LDH release in the medium was observed in cell
suspensions which underwent freeze-thawing or were stored at room
temperature in presence of DMSO (Fig. 4A). Only small differences in
LDH concentration were observed in cell formulations with different
DMSO concentrations. However, cells frozen with 5% (v/v) DMSO
showed less LDH release compared to suspensions with 2.5% and 10%
(v/v). Similarly, the fraction of apoptotic cells was smallest for cell
suspensions with 5% (v/v) upon freeze-thawing (Fig. 4B).

3.4. Effect of shaking stress

Jurkat cell suspensions were submitted to horizontal shaking in
presence and absence of 10% (v/v) FBS. Fig. 5A presents the total
concentration of viable and dead cells, as well as debris particles
measured by FIM-CNN in the two cell formulations at given time points.
Following shaking stress, a substantial decrease in the total number of
cells was observed in formulations without FBS compared to cell
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suspensions containing FBS. A remarkable increase in concentration of
debris particles was observed for both formulations. Notably, debris
present in stressed cell suspensions supplemented with FBS originated
not only from ruptured cells but also from aggregated proteins present in
FBS (observed in stressed RPMI medium with 10% [v/v] FBS, data not
shown). Cell viability after shaking stress and quiescent storage was very
similar to the viability of cells at TO according to all three methods used
(Fig. S3).

The LDH release in stressed cell suspensions was higher compared to
TO or control cell suspensions, irrespective of FBS content. The increase
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in LDH release in the formulation with FBS was unexpected, given the
observation that cell viability and cell concentration remained un-
changed at all sampling points. A slight increase in the apoptotic cell
fraction was observed after shaking in formulations with and without
FBS, but a similar increase was observed in the unshaken control. Thus,
shaking stress did not have a detectable impact on cell apoptosis in our
study.
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4. Discussion

Currently approved CBMPs are either stored in a cryopreserved
(frozen liquid) or a non-frozen (liquid) state [25]. In both cases, cells
may be exposed to all kind of stress factors, e.g., resulting from freeze-
thawing or handling in the clinic prior to administration. This may
cause cell damage, loss in quality and potential clinical implications,
such as serious adverse effects or lack of drug efficacy. Cells have
developed mechanisms to handle certain stress stimuli by activating
signalling pathways and stress response proteins [6]. However, when
the threshold of deleterious factors is surpassed, cells can abruptly lose
membrane integrity or undergo programmed death [28]. Within human
bodies, macrophages and dendritic cells of the innate immune system
are equipped with appropriate mechanisms for removal of dying cells
[17,23]. However, in CBMPs any cell degradants that may be formed,
such as dead cells and cell debris, will remain within the product and
might accelerate further cell degradation [25]. Furthermore, debris
particles originating from abruptly ruptured cells are deficient in “eat-
me” signals of apoptotic cells [29]. After administration, such dead cells
and debris particles may trigger the immune system potentially resulting
in inflammatory responses [17].

Viable cell concentration is considered as one of the most important
quality attributes of CBMPs. A multitude of viability assays, based on the
integrity of cell membrane or cellular metabolism, is available [30].
However, common viability assays involve fluorescent staining which
encompass expensive fluorescent dyes and multistep preparation pro-
cedures with incubation times. Additionally, manual gating in flow
cytometers is heavily biased and difficult to reproduce between different
operators [31,32]. Thus, the drawbacks of these assays limit their ca-
pabilities to be robust and high-throughput methods for quantification
of dead cells. Furthermore, classic trypan blue exclusion exhibits cyto-
toxic effects to cells [33], whereas other colorimetric assays can be
affected by the pH of the culture medium or particular enzymes [30].
These drawbacks may compromise assay accuracy and precision.

In our study we applied FIM-CNN to accurately determine the
number of viable and dead cells in suspensions of up to 200,000 cells/ml
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based on morphological appearance of cells. Cell death can be man-
ifested by several morphological changes to the cell appearance,
including rounding of the cell and cytoplasmic swelling [34]. These are
not obvious in the FlowCam images to a human eye and are difficult to
discriminate with the use of morphological parameters output by the
FlowCam software [35]. However, pattern recognition algorithms
implemented in CNN models have been shown to successfully discrim-
inate between complex fingerprints, i.e., protein aggregate structures
formed upon different stress conditions [36], and proved to be successful
in classification of cell-related particles in our study.

The characterization of particulate matter in parenterals is described
in pharmacopeial monographs and products should meet the acceptance
limits for subvisible particle impurities sized above 10 pm and 25 ym
[19]. However, given the particulate nature of cells, it is challenging to
fulfil specific particle testing requirements applicable to injectable
products, as human cells fall within the subvisible size range (typically
7-30 um) [37]. One of the standard pharmacopeial methods for quan-
tification of subvisible particle impurities, light obscuration, will not
discriminate between cells and other particulates. Hence, high-
throughput microscopy methods providing morphological data on par-
ticles within several hundred pl are promising tools for evaluation of
particulates in cell-based products. Previously, the FIM approach was
utilized to identify and quantify Dynabeads, which are commonly used
during cell activation, in cell suspensions [26]. Moreover, FIM has also
found its use in detection of other particulates, such as process impu-
rities in CBMPs [13]. Here, by using FIM-CNN, reliable numbers on the
concentration of debris particles sized 1-50 pym could be obtained
(Fig. 1). Debris particles consist of a mixture of cell-derived lipids,
proteins, nucleic acids and potentially other extrinsic particles, and thus
are particulate impurities in CBMPs. In our study the debris population
is less clearly defined than the different cell populations and can also
consist of, e.g., aggregated FBS-derived proteins or other non-cell
derived particles. Nevertheless, the FIM-CNN method showed the
capability to monitor the levels of an entire debris particle population
which may provide relevant information on the potential implications
for product quality (consistency and stability) and safety of these drug
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products (see discussion above). In addition, debris content imaged by
using a bright-field microscope in cell suspensions was previously used
to assess the level of late-stage apoptotic primary human hepatocytes
and MDCK cells [38]. Similarly, we observed that exposure of cells to
stress conditions led to an increase in cellular debris which correlated
well with loss in cell viability and total cell count.

The unique supply chain of some CBMPs, where at least one
freeze-thaw cycle is included, makes cryopreservation crucial in
conserving the integrity of the product. Cryopreservation of human cells
has been widely studied and multiple factors have been found critical in
this process [39-42]. The freezing and thawing rates are two of the most
critical parameters to be optimized to achieve high recovery of func-
tional cells post-thawing. However, the optimal conditions are different
for each cell suspension, and the impact of the thawing rate is less un-
derstood compared to the effect of freezing rate on cells [39]. Jurkat
cells used in our study were submitted to controlled freezing with 10%
(v/v) DMSO at a rate of 1 °C min .. Subsequent thawing at 5 °C in a
water bath had deleterious effect on the viability and apoptotic rate of
cells (Fig. 2). The negative impact of slow thawing on cells may result
from recrystallization of ice. Metastable ice crystals formed during
freezing may have formed larger crystals upon thawing at 5 °C, leading
to denaturation of cellular proteins and disruption of membranes [43].
On the one hand, similar observations were made by Thorpe et al., who
reported that decreasing the thawing temperature led to a lower survival
of mouse lymphocytes [44]. On the other hand, our results differ from
another study in which the thawing temperature had minimal effects on
the survival of T cells [39]. The differences may originate not only from
the different cell lines used in both studies but also from the different cell
media. In addition to reduced viability, we observed an increase in
concentration of debris particles at lower thawing temperatures with
dense and irregular particles formed at the lowest thawing temperature
(Fig. S2). Such debris particles were not observed in cell suspensions
thawed at 20 °C or 37 °C.

The presence of cryoprotectants is important for the cryopreserva-
tion of cells stored at ultra-low temperatures (vapour phase of liquid
nitrogen [<120 °C]). DMSO is currently the most widely used cryo-
protectant in cryobiology [40]. Its amphiphilic and water-binding
properties allow for a ready pass through cell membranes, thereby
avoiding the efflux of water from the cytoplasm and thus preventing
cellular dehydration upon freezing. At commonly used DMSO concen-
trations, such as 5-10% (v/v), formation of large intracellular and
extracellular crystalline lattices is prevented by interfering with water
molecules [45]. Formation of ice crystals and preservation of cell
viability will also depend on the cooling rate, where the preferred very
slow cooling rates (0.1 °C min’l) produce fine dendritic ice structures
and fast cooling rates (10 °C min~ 1) generate large ice crystals [39]. In
our study, Jurkat cells were subjected to passive (uncontrolled) freezing
at —18 °C in presence of DMSO at a concentration ranging from 0% to
10% to mimic unintentional freezing. In agreement with previously re-
ported data [46], the lowest tested DMSO concentrations (i.e., 0% and
1%) did not show any cryoprotection towards cells upon freeze-thawing
as nearly a complete loss in cell viability was observed (data not shown).
In contrast, the highest tested DMSO concentration of 10% (v/v) showed
the highest cell recovery after one freeze-thaw cycle with the lowest
number of debris particles present in cell suspensions (Fig. 3). Although,
control samples (stored at RT) with the highest tested DMSO concen-
tration showed an increase in debris particle over time, most likely due
to its cytotoxic effect on cells.

Interestingly, the three viability assays used in our study did not
provide conclusive results on the degree of protection against freeze-
thawing at each tested DMSO concentration. The calcein-AM assay
showed to be least sensitive in detecting changes in cell viability after
freeze-thaw, whereas the PI and FIM assays detected a substantial drop
in viability in suspensions with 2.5% (v/v) DMSO. However, for cell
suspensions with 5% and 10% (v/v) DMSO, a reduced viability was
observed with the PI assay for freeze-thawed and control samples,
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whereas FIM suggested minimal impact of freeze-thawing on cell
viability with 5% (v/v) DMSO. It should be noted that each of the
viability assays used may result in different outcomes given the different
assay principles. For example, when using the calcein-AM assay, some
apoptotic cells would be metabolically active and show positive stain-
ing, whereas others may be classified as dead cells. In the PI assay, only
PI positive cells were classified as dead and cells undergoing early
apoptosis did not show fluorescence, thus were regarded as viable.
However, it is not currently possible to discriminate apoptotic cells by
using FIM-CNN, therefore these cells may be classified to either the
viable or dead cell population. In addition, post-thawed cell suspensions
with 5% (v/v) DMSO showed the smallest fraction of apoptotic cells
(based on annexin V-FITC assay) and the lowest LDH release, compared
to the two other tested DMSO concentrations (Fig. 4). Similar observa-
tions were made for peripheral blood stem cells [47,48]. After cryo-
preservation with 5% DMSO, less apoptotic and dead peripheral blood
stem cells compared to suspensions with 10% DMSO were measured
[48]. The apoptosis-inducing effect of DMSO, via interaction with the
PD-1 receptor and their ligands [40], was observed in our control group
where a nearly 2-fold increase in apoptotic cell content was recorded.
Taking into consideration the toxicity of DMSO and its potential to cause
adverse effects upon administration [47], optimization of the DMSO
concentration, or its replacement by a less cytotoxic alternative, should
be an important focus during formulation development of cryopreserved
CBMPs. Furthermore, effects of freeze-thawing on the functionality of
cells and cellular biochemical pathways was beyond the scope of this
study, but should also be tested during the development of CBMPs
[25,49].

Mechanical stress is potentially the most frequent stress factor to
which biopharmaceutical products are exposed to during processing,
transportation and handling [50]. Solid-liquid and air-liquid interfaces
play a crucial role in the formation of particles in protein-based for-
mulations during agitation [51]. Thereby, amphiphilic, non-ionic sur-
factants (e.g., polysorbate 20 or 80) are commonly used in order to
reduce protein aggregation upon interfacial stress and mechanical shock
[52]. Unfortunately, such an approach may not be successful for CBMPs,
as polysorbates have lytic effects on cells even at low concentrations
[53]. Up to date, mild shaking conditions were applied to cell suspen-
sions mainly for the purpose of cell expansion or to induce formation of
cell aggregates for creation ex vivo tissue models [54,55]. In our study,
we instigated harsher stress conditions to mimic potential “real-life”
mechanical stress which has been shown to have detrimental effects on
protein-based therapeutics [50,51]. Cell suspensions filled into cryovials
and positioned vertically were unaffected by shaking speeds up to 500
rpm. However, positioning of the cryovials horizontally led to a dra-
matic loss (ca. 50%) of total cell concentration after relatively short
shaking stress at 185 rpm (Fig. 5). Although the cell viability was un-
affected by the mechanical stress according to the two fluorescence-
based methods and FIM-CNN, LDH release and apoptosis were mark-
edly increased compared to control samples. The increase in free LDH
content suggests compromised cell quality and illustrates the value of
using orthogonal cell characterization techniques. Furthermore, FBS
demonstrated a protective effect towards cells upon shaking. While FBS
is a commonly used supplement in cell culture and may be protective
towards cells against mechanical stress, it is considered as a process-
related impurity that is difficult to remove in the downstream process-
ing steps [4]. Additionally, FBS is animal-derived, which is associated
with safety and immunogenicity concerns. Moreover, bovine serum
proteins are also susceptible to aggregation and may form particulate
species, which add another unwanted complexity with respect to par-
ticulate impurities in CBMPs [19]. Ultimately, a wider array of formu-
lation excipients should be tested in cell suspensions submitted to forced
degradation studies in order to allow for a decision-based formulation
strategy of CBMPs.
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5. Conclusions

To the best of our knowledge, this study is the first to demonstrate
the application of systematic forced degradation studies in the evalua-
tion of cell stability and formulation, using Jurkat cells as model. The
uniform cell line of immortalized cells may not fully reflect the behav-
iour of cell samples used in clinics. The aging of primary human cells will
introduce a much greater heterogeneity on morphological cell features
and pose greater challenges for acquisition of quality parameters.
However, application of CNN for image classification allowed us to
utilize FIM as a robust and fast analytical tool for characterization of cell
suspensions, which has the potential for translation into assessment of
“real-life” samples. Cell viability was assessed by using FIM-CNN in
addition to other established approaches and a good correlation be-
tween the methods was observed. In addition, quantification of debris
particles in CBMPs was only possible with FIM-CNN, highlighting the
method’s ability to monitor particulate impurities in cell suspensions.
Overall, our study shows that thermal, freeze-thaw and shaking stresses
are relevant tools for CBMP formulation studies. Moreover, it illustrates
the importance of choosing a broad range of analytical methods to better
understand the impact of each stress factor on CBMP quality.
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