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Abstract

2Universitst Bielefeld, Technische Fakultit, The presence of leachables in biopharmaceutical processes using single-use technol-
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able studies of SUT are very common nowadays. Although a mixture of compounds
is regularly found in extractable studies, research has only been carried out regarding
the effect of individual compounds on cell culture and the cumulative effect of a mix
of leachables has not been investigated yet. In this study, a set of leachable model
compounds (LMCs) was chosen and the effect of the LMCs on a Chinese hamster
ovary DG44 cell line producing an IgG antibody was investigated concerning cell
growth, cell cycle distribution and productivity. It was shown that even if worst-case
concentrations were used, the LMCs solely impact cell growth. Additionally, interac-
tion studies revealed that the inhibiting effect of the mix is lower than the expected
cumulative effect. A strong antagonism between the antioxidant butylated hydro-
xytoluene and the plasticizer Tris(2-ethylhexyl)trimellitate was found using an

isobologram analysis.

KEYWORDS
antibody production, cytotoxicity, extractables and leachables, isobologram analysis, single-
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1 | INTRODUCTION cultures is bis(2,4-di-tert-butylphenyl)phosphate (bDtBPP), a degrada-

tion product from the antioxidant Irgafos® 168, found in gamma-

The fast growing market of biopharmaceuticals has increased the
pressure to develop cost-effective and flexible production processes.
Single-use (SU) technologies meet these demands and have become
well established in the biopharmaceutical industry. However, concerns
have arisen that potentially toxic substances migrate out of SU mate-
rial into the process fluid and perturb the tightly regulated
manufacturing process. To assess a possible impact of these com-
pounds on the process, risk analysis are carried out and the migrated
substances are identified and quantified.*? Furthermore, in 2019 a
tool was developed that simplifies the decision between the use of
disposables versus conventional multi-use equipment.® One of the

most prominent leachables with growth inhibiting effects on cell

irradiated polyethylene bioreactor bags.* Since then, many efforts
have been made to develop test systems for the early identification of
potential critical leachables from SU material. Consequently, biocom-
patibility testing recommendations for SU material have been
published,>® which enabled effective optimization of polymeric film

formulations without any negative impact on cell growth”®

and pro-
ductivity.” Apart from potential leachable induced negative effects on
upstream processes, a possible harmful impact on the drug product
has to be examined to ensure patient safety. A recent study by Hauk
et al'® demonstrates that SU components used in downstream pro-
cesses can be sinks of leachables. Moreover, Paudel et al! describe

that leachables can be removed from the process fluid upon contact
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with Chinese hamster ovary (CHO) cells, too, indicating an interaction
mechanism between the latter and the leachables. Even if the impact
of well-known leachables on cell cultures is described,*>*2 little is
known about the effect of leachables on the cells' constitution and
productivity. The leachable 3,5-Dinitro-bisphenol A, found in extracts
of polycarbonate flasks, is known to cause a cell cycle arrest in CHO-S
cells.** Since the cell cycle distribution of a culture can impact the
productivity,*® cell cycle arresting substances can have an impact on
the production performance. Interestingly, Kelly et al'® describe that
even if the cell cycle distribution of CHO cells is not altered upon
treatment with the leachable bDtBPP, a reduced IgG productivity was
observed. However, based on the data presented in the publication, it
can be assumed that the reduction in productivity may be attributed
to a decreased viable cell density (VCD) and the cell-specific produc-
tivity appears to be not impaired.

A bioreactor assembly usually consists of different polymeric
materials. Thus, it can be anticipated that a mixture of different leach-
ables can be found in the culture broth. For this reason, it is of utmost
importance to study the combined effect of a set of leachables on
production processes. In this study, we have examined the impact of a
set of leachables on an IgG production process that potentially
migrate out of different SU materials. The leachables used in this
study are called leachable model compounds (LMCs), each of them
representing an own class of organic additive (e.g., antioxidants, plasti-
cizers). First, literature research was carried out to define concentra-
tions of the LMCs from extractable analysis, representing a realistic
worst-case approach with exaggerated extraction conditions. The tox-
icity of the LMC-mixture (LMC-mix) was then assessed in order to
estimate whether these concentrations are suited for a long-term
study. Thereafter, a fed-batch cultivation was performed in shake
flasks and the effect of the LMC-mix on cell growth, viability and pro-
ductivity was examined. Furthermore, the characterization of apopto-
sis and cell cycle distribution was carried out. Additionally, toxicity of
each individual compound was assessed in batch experiments. To gain
a deeper understanding of how leachables interfere with each other,
possibly resulting in synergistic or antagonistic effects, toxicity studies
with different leachable combinations were performed.

1.1 | Selection of LMCs

For this study, a subset of leachables was chosen as model com-
pounds that represent typical substances commonly detected in
extractable analysis of polymeric material and are commercially avail-
able. These selected LMCs (Table 1) are different in terms of chemical
characteristics (i.e., molecule size and lipophilicity expressed as the log
of the partition in an octanol/water system, log Ko,w). The concentra-
tions of the LMCs were found under exaggerated extraction condi-
tions and thus, represent a worst-case scenario in this study. bDtBPP
is built during gamma-irradiation of polyethylene-based films of SU
bioprocessing materials.* Recently, we have described that degrada-
tion products from other antioxidants used in SU bioprocessing mate-

rial can be built by the same degradation pathway and have a

Overview of the selected leachable model compounds and chemical characteristics

TABLE 1

Molecular

Concentration found and material

weight (g/mol)

474.6°6

Log Ko/w
<3321

Compound class

Leachable

0.1 mg/L, polyethylene

Degradation product of the secondary

bis(2,4-di-tert-butylphenyl)

SU bioreactor bags*?

antioxidant Irgafos® 168

phosphate (bDtBPP)
Butylated Hydroxytoluene (BHT)

20 mg/L, pharmaceutical chlorinated butylrubber?®

220.35%7

51%

Antioxidant

30 mg/L, medical polystyrene?*

120.15%7

1.63%7
5.94%7

Solvent

Acetophenone

100 mg/L, PVC tubing material (internal analysis)

546.78%7

Plasticizer

Tris(2-ethylhexyl)

trimellitate (TOTM)
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comparable effect on cell growth.?” Butylated hydroxytoluene (BHT)
is a very common phenolic antioxidant used in different fields of appli-
cation, for example, for food packaging material or pharmaceuti-
cals.*®2% Acetophenone is a solvent used in coating, ink and
adhesives and found as a volatile after gamma irradiation of medical
polymeric material.?! Tris(2-ethylhexyl)trimellitate (TOTM) is a plasti-
cizer used in polyvinyl chloride (PVC) material and a potential substi-
tute to the most common plasticizer bis(2-ethylhexyl)phthalate
(DEHP). The endocrine disrupting activity of DEHP is well
described®?2* and therefore, the Scientific Committee on Emerging
and Newly Identified Health Risks (SCENIHR) recommends to replace
DEHP if possible.?®

2 | EXPERIMENTAL
21 | Cell cultivation
21.1 | Preculture

An in-house 1gG1 producing CHO DG44 cell line was used throughout
all experiments. Pre cultures were thawed at passage number 10 and
cultivated in chemically defined Seed Medium (Sartorius Stedim Cel-
Ica, Germany). In fed-batch cultivations, 20 nM methotrexate (CAS
59-05-2, Merck KGaA, Germany) was added to passage 10-12. Culti-
vations were performed in 500 ml non-baffled Erlenmeyer flasks
(Corning, USA).

2.1.2 | Cultivation conditions and media used
Experiments were carried out in CHO production medium (PM). Addi-
tionally, two feed media (feed medium A, FMA, and feed medium B,
FMB) were added in the fed-batch cultivation experiments. All media
used are chemically defined and belong to the CellcaCHO Media Sys-
tem (Sartorius Stedim Cellca, Germany). Both batch and fed-batch cul-
tivations were performed in 100 ml baffled glass shake flasks with
vented cap (Glasgeratebau Ochs, Germany) in a Certomat® CT plus
(Sartorius Stedim Biotech GmbH, Germany) at 7.5% CO, and 36.8°C.
Shaking speed was adjusted to 120 rpm with an orbital diameter of
50 mm in 80% humidified atmosphere. Cultures were seeded at
0.2 x 10° cells/ml unless stated otherwise.

2.2 | Preparation of LMC mixture

Butylated hydroxytoluene (BHT, CAS 128-37-0, Merck KGaA) and Bis
(2,4-di-tert-butylphenyl)phosphate (bDtBPP, CAS 69284-93-1, ARC
Scientific, USA) were each predissolved in DMSO (CAS 67-68-5,
Merck KGaA) and mixed in a glass vial. TOTM (CAS 3319-31-1, Merck
KGaA) and acetophenone (CAS 98-86-2, Merck KGaA) were added

directly to the mix without pre-dissolving.
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2.3 | Cell growth and flow cytometry analysis
VCD and cell viability were determined using a Cedex HiRes Analyzer
(Roche, DE) based on trypan blue exclusion. Flow cytometric analysis
was performed with an iQue™ Screener Plus (IntelliCyt® Corporation,
USA). Data were processed and analyzed using the Forecyt® software
edition 6.2 (IntelliCyt® Corporation).

For characterization of apoptosis, the Multicyt® 4-Plex Apoptosis
Kit was used (IntelliCyt® Corporation) according to the manufacturer's
instructions. This multi parameter assay allows 4 different apoptosis
measurements per sample (caspase 3/7 activity, surface expression of
phosphatidylserine [PS] by annexin V binding, mitochondrial mem-
brane polarization and viability). Cell cycle distribution analysis was
assessed using propidium iodide (Pl) (Thermo Fisher Scientific Inc.,
USA) that intercalates into DNA, yielding a fluorescence intensity pro-

portional to the DNA amount per cell.

24 | IgG quantification

After certain time intervals, 1 ml samples of the fed-batch experiment
were centrifuged at 10,000g for 10 min and the supernatant was
stored at —18°C until 1gG analysis (concentration and binding capac-
ity). Supernatant was filtered through a 0.2 um Minisart (Sartorius,
Germany) and transferred into glass vials. Overall IgG concentration in
the cell broth was determined by size exclusion on an Ultimate 3000
RS (Thermo Fisher Scientific Inc.), using a Yarra 3 pm SEC 3000 col-
umn (Phenomenx Inc., USA). The system was primed with running
buffer (0.1 M NaySQOy,, 0.05 M NaH,POy4, 0.05 M Na,HPQ,) at a flow
rate of 5 ml/min. Five microliters of each sample was injected into the
system. Separation flow rate was set to 1 ml/min and a pressure limit
of 180 bar was chosen. Samples were measured at 220, 260 and
280 nm. Antibody concentration was determined by automatic peak
integration. For estimation of antibody binding capacity, an indirect
enzyme-linked immunosorbent assay (ELISA) detecting 1gG1 mole-
cules (Abcam, USA) was carried out according to the manufacturer's
specifications. The cell-specific productivity gp was calculated
according to Equation (1), with Ac being the concentration difference
between two time points and the IVCC the integral viable cell concen-

tration between these two time points.?’

Ac
ar = vee (1)

3 | METHODS

3.1 | Dose-response and spiking experiments

As a pretest, the toxicity of the LMC-mixture was estimated by exe-
cuting a dose-response experiment with five different concentrations
of the LMC-mix. The published concentration of the respective LMC

(Table 1) was chosen as the center point. Two concentrations below
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and above were tested as well. In order to classify the toxicity of the
LMC-mix compared to the individual compounds, CHO DG44 cultures
were spiked with bDtBPP, acetophenone, BHT and TOTM each, in
the respective concentrations of the mix (Figure 1, bottom). A refer-
ence without any substance spiked and a positive control for reduced
cell growth (2% DMSO, vol/vol) was included in both experiments.
After spiking, cells were cultivated for 3 days. Samples for analysis
were taken every day. The specific growth rate u was calculated
according to formula (2) for each condition in the exponential growth

phase and normalized to the reference.

_In(N1)=In(No)

ST ?

where N (cells/ml) is the VCD and t is the cultivation time, indices

indicating different time points.

3.2 | Interaction study

For studying interaction effects of the leachables on cytotoxicity, an
interaction study was carried out. For this reason, 2 ml of a 1 x 106
cells/ml cell suspension was pipetted into each well of a 24-well plate
(Greiner, Germany) and different combinations of the LMCs were
spiked to the cells. The concentrations used for cell growth assay are
stated in Table 1. Cell viability was analyzed 2 h after spiking, because
a strong impact on viability was already observed at that point. During
incubation, the plate was shaken at 350 rpm at room temperature to
prevent sedimentation of the cells. Pretests have shown that a lack of
CO,-gassing and a lower temperature does not influence the viability
of the cells during the incubation time (data not shown).

3.3 | Fed-batch cultivation

In order to observe the effect of the LMC-mix on CHO cell cultivation
over a longer cultivation period, an 8-day fed-batch cultivation was car-
ried out. The feeding started on Day 3, a glucose feed was applied from
Day 5 on once the glucose level dropped below 5 g/L. The shake flasks
were inoculated with 0.3 x 10° cells/ml. Samples for VCD and viability
analysis were taken daily, samples for characterization of apoptosis, cell
cycle distribution and IgG concentration were taken on Days 0, 3, 6 and
8. The specific growth rate of each condition was normalized to a refer-

ence fed-batch in parallel without leachables spiked.

3.4 | Flow cytometry analysis

34.1 | Apoptosis

For the investigation of the leachable induced apoptosis behavior of
CHO DG44 cells, an apoptosis assay (Multicyt® 4-Plex Apoptosis Kit,
IntelliCyt® Corporation) was performed. The preparation of the dye

mixture was according to the manufacturer's instructions. Samples were
taken from the cultivation at different time points. VCD was adjusted to
2 x 10° cells/ml and an equal amount of the dye mixture was added to
suspension resulting in a final VCD of 1x10°
cells/ml. Samples were incubated for 1 h in 5% CO,, at 37°C and 80%
humidified atmosphere and afterwards transferred to U-bottom 96-well

each cell

plates (Greiner, Germany) for analysis in the flow cytometer. For control
of successful staining, a positive control of dead cells was incorporated
by heat-inactivation at 95°C for 5 min. Additionally, an unstained sample
was included to evaluate background fluorescence of the cells.
Depending on the fluorescence signals, cells were classified as dead,
late, early or non-apoptotic according to Vermes et al®® (Table 2).

3.4.2 | Cell cycle distribution

In order to assess the cell cycle distribution by equimolar staining of
DNA, PI staining was performed. Since this dye is not able to penetrate
intact cell membranes, cells were fixed with ice cold 70% (vol/vol) etha-
nol for 30 min on ice. After two washing steps with PBS, cells were
transferred to 1 pg/ml Pl solution containing 110 Units of RNase A
(AppliChem GmbH, Germany) for every 1 million cells. After thorough
mixing, cells were incubated for 30 min in the dark before analysis was
carried out on the iQue™ Screener Plus (IntelliCyt® Corporation).

3.5 | Isobologram analysis

For estimation of interaction effects between the LMCs based on
graphical analysis, an isobologram evaluation was created. First, dose-
response experiments were carried out and different EC;-values were
calculated after 3 days of incubation. The EC; value indicates at which
concentration the cell growth is inhibited to ith extent (%). Then, an
isobologram was created as described by Berenbaum.3* This graph
allows to study the combined effects of substance mixtures and char-
acterize them as additive, synergistic or antagonistic, as is frequently
used in the field of pharmacology.®2 If the graph is a straight line,
there is additivity between the two substances. If the curve is con-
cave, the effect is called synergistic and a convex curve is called

antagonistic.3* However, in order to classify the interactions in a more

TABLE 2 Fluorescence marker used for apoptosis assay, the
related cellular signals detected and affected phases of apoptosis

Phase of
Marker in assay Cellular signal apoptosis
Viability Permeabilized cell membrane Dead
Annexin V Presentation of phosphatidylserine Late

on the cell surface

Mitochondrial Mitochondrial depolarization Early
damage
Caspase Caspase activation Early

Note: Classification was made according to Vermes et al.%°
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quantitative way, combination indices (Cl) based on Chou et al were

calculated (Equation 3).2%

EC; of substance Ain combination
CI(EC) = EC,; of substance A

EC;of substance Bin combination
EC;of substance B

In case of synergism, the Cl is <0.9, for additivity 0.91 > Cl < 1.09 and

for antagonism Cl > 1.10.%2

4 | RESULTS AND DISCUSSION

4.1 | Growth inhibiting effect of the LMC-mix

A potential toxic effect of the LMC-mix on CHO DG44 cultures was
assessed by performing a dose-response experiment. The specific
growth rate y normalized to the reference is affected by the LMC-mix
in a dose-dependent manner (Figure 1). A growth inhibiting effect can
be observed with increasing concentrations of the LMC-mix. Interest-
ingly, after a first drop of cell growth at LMC-mix 1 to 78%, the
growth seems to increase again with higher compound concentrations
to 88% at LMC-mix 2. However, the error bar of LMC-mix 2 is quite
high (10%) and the difference to LMC-mix 1 can be regarded as not

significant. Viability measurements indicate that, even if cell growth is
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FIGURE 1 Top: The dose-response dependent growth inhibiting
effect of the leachable model compound mixture (LMC-mix) on CHO
DG44 cells after 3 days of treatment (bars), viability measurements
are shown as black squares. Error bars represent SD of three
replicates. Bottom: Concentrations (mg/L) of the different LMC-mix
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affected in a dose-dependent manner, the effect of the LMC-mix to
the cells can be characterized rather cytostatic than cytotoxic. This is
because cell growth is inhibited, while viability of treated samples is
not impaired. The concentrations of the leachables in LMC-mix
3, which were actually found in extractables and leachables studies
(Table 1), cause a decreased cell growth (71%), while the viability
remains above 97%.

However, exposure time of cells to leachables in a bioreactor
assembly is generally longer in industrial cultivation processes, for
example, for the production of monoclonal antibodies.®* To study
possible long-term effects of LMCs on cells, a fed-batch process with
LMC-mix 3 was performed (Figure 2a). After 8 days, the viability of
the reference dropped below 70% (harvest criterion) and the cultiva-
tion was therefore stopped. During the cultivation run, it can be
observed that cell growth of cultures treated with the LMC-mix is
inhibited and the peak cell density reaches only about 50% of the ref-
erence. At the same time, viability is not affected by the LMCs. The
data show the same trend observed in the spiking experiment
(Figure 1) and the effect of LMC-mix 3 on CHO cell cultures can be
described as cytostatic rather than cytotoxic, since only the cell
growth is affected and the viability remains high.

To gain a better understanding of the mode of action of the
LMC-mix on CHO cells, apoptosis was assessed after 3, 6 and 8 days
of cultivation in the fed-batch process (Figure 2b). On Days 3 and
6, almost no apoptosis signal was measured in both the reference and
the LMC sample. Since about 7% of the untreated reference sample
are characterized apoptotic, it can be assumed that the LMC-mix does
not induce apoptosis signals that are significantly different to the ref-
erence at the tested time points. The apoptosis induction in the refer-
ence can be attributed to culture-related stress factors such as
substrate limitations and toxic metabolites.

4.2 | Productivity of LMC-treated cultures

As Kelly et al have demonstrated, 0.05 mg/L bDtBPP induces a signifi-
cant decrease in IgG productivity in CHO-DP12 cells.® Therefore,
productivity of CHO DG44 cultures after LMC-treatment was
assessed using size-exclusion chromatography and ELISA. An IgG titer
about 58% lower than the reference was observed for the LMC cul-
ture at Day 8 of the fed-batch run (Figure S1a). This is not surprising,
because it can be anticipated that fewer cells produce less antibodies.
Consequently, the cell-specific productivity was assessed, as this
parameter contains more information regarding the single cell's ability
to produce IgG in a given time interval. The time intervals of interest
were chosen as the following: Day 0-Day 3 (lag phase and start of log
phase), Day 3-Day 6 (log-phase) and Day 6-Day 8 (stationary phase
and death phase). The comparison between reference and LMC sam-
ple shows that there is no significant difference in cell-specific pro-
ductivity (gp) in all three time intervals (Figure 3a). Hence, the lower
IgG titer in the LMC culture can be exclusively attributed to a lower
cell number producing the antibody, which is also indicated by the fact

that the cell cycle distribution of treated cells is not much different to
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FIGURE 3 Influence of leachable model compound mixture (LMC-Mix) 3 on CHO DG44 cells. (a) Cell-specific 1gG production (pg/cell x day)
of the reference (white) and LMC-treated CHO DG44 cultures (gray) on Day 3, 6 and 8. (b) Cell cycle distribution on Days 3, 6 and 8 of the
reference and LMC-treated cells assessed by flow cytometry. The share of cells in Go/G1-phase are illustrated in dark gray, cells in S-phase in light
gray and G,/M-cells are presented in yellow. Error bars represent the SD of three replicates

the reference (Figure 3b). Additionally, the binding affinity of the I1gG was conducted with concentrations provided in Table 1. As illustrated
does not change during the cultivation run and there is no effect of in Figure 4, 0.1 mg/L of the leachable bDtBPP caused a reduced cell
the LMC-mix on the binding affinity (Figure S1b). growth of only 65% + 12%, while the viability was not affected. This
observation is in line with a study by Kelly et al,*® who report that the
ECsp-value of bDtBPP has an impact on cell growth without apoptosis

4.3 | Interactions of LMCs induction. It is assumed that bDtBPP causes oxidative stress. At higher

concentrations this leads to apoptosis and consequently, lower viabil-
Cell growth in the presence of a toxic single leachable can have a dif- ities. Until then, however, the cell can cope with the oxidative stress by
ferent impact on cell growth than in the presence of a mix of leach- overexpression of specific proteins, such as Hypoxia upregulated protein
ables. Combinations of leachables, as used in this study, may exhibit 1 (HYOU1).*® Surprisingly, in contrast of bDtBPP, TOTM and
synergistic or antagonistic effects on cell growth caused by interac- acetophenone no living cells were detected in 20 mg/L BHT-treated
tions as described for multiple drug treatment.®® To elucidate whether cultures (Figure 4). TOTM and acetophenone did not impair cell growth
there is any interaction between the leachables, CHO DG44 cultures to a great extent, while BHT showed the most severe effect. This obser-

were spiked with each leachable individually and an interaction study vation is even more striking considering that the presence of BHT in the
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LMC-mix did not cause such effects (Figure 1). These findings indicate To assess which leachable may mediate the antagonistic effect
that there is an antagonistic effect, that is, the toxicity of BHT is weak- for BHT, CHO cells were spiked with BHT in combination with
ened in the presence of the other LMCs. The effect of bDtBPP on cell bDtBPP, acetophenone and TOTM, respectively. Results are pres-
growth is nearly identical to the effect of the LMC-mix. ented in Figure 4b by means of viability loss (%) 2 h after leachable
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FIGURE 4 (a) Growth inhibiting effects of the individual leachable model compounds (LMCs) on CHO DG44 cultures after 3 days of
cultivation presented as normalized cell growth (%) in gray bars and viability (%) in black squares. (b) Toxicity of BHT only and in combination with
the other LMCs by means of viability loss (%) in CHO DG44 cultures 2 h after spiking. Error bars represent SD of triplicates. Act = acetophenone
(**p < 0.01, ***p < 0.001, Student's t-test)
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FIGURE 5 Combination effects of BHT and TOTM on CHO DG44 cells after 3 days of incubation. (a) Dose-response graph with 10 mg/L
BHT and varying concentrations of TOTM. Viable cell density (VCD) is depicted as black squares and the viability as circles. EC»q (black), ECso
(red) and ECgg (blue) values, derived from a non-linear fit using the Hill equation (red line), are illustrated as triangles. (b) Isobologram for the
interaction of BHT and TOTM. The dotted lines illustrate additive effects, the black line visualizes the shape of an exemplary antagonistic curve at
the ECgg value. The EC values of combination effects from A are represented as triangles, as indicated in the example of the ECgo with the blue
arrow. Bottom table: EC5, EC50 and ECgg values were derived from the respective dose-response experiments with BHT and TOTM individually
(Figure S2) and in combination. Error bars represent SD of n = 3 replicates
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spike with respect to the initial viability. The plasticizer TOTM seems
to abolish the toxic effect of the antioxidant BHT completely, whereas
both combinations BHT and bDtBPP as well as BHT and
acetophenone induce nearly 100% viability loss. Based on these data,
an antagonistic effect between BHT and TOTM can be assumed. To
further investigate this assumption, the toxicities of both substances
were determined by calculating ECy, ECso and ECgo values from
dose-response experiments (Figure S2). To study combination effects,
10 mg/L BHT and varying concentrations of TOTM were spiked to
CHO DG44 cultures. Figure 5a shows the normalized VCD after
3 days of cultivation. Using these data, an isobologram (Figure 5b)
was created as described in chapter 3.5. The dotted lines between the
equi-effective concentrations of BHT and TOTM individually repre-
sent theoretically combined effects in the case of additivity. The
shape of a typical antagonistic curve is depicted as a hyperbolic black
line using the example of the ECgp value. It is obvious that the calcu-
lated equi-effective concentrations for 20%, 50% and 80% VCD of
the combined effect (illustrated as triangles) is above the black line,
which means that the inhibitive effect of BHT is completely compen-
sated by TOTM. These results fit well to the previously reported find-
ings (Figure 4). However, it must be highlighted that this issue only
applies until TOTM causes a growth inhibition itself, which starts at a
TOTM concentration of about 1000 mg/L. Based on this, it can be
anticipated that the graph of the combination effect between BHT
and TOTM would rather look like a parabola instead of the typical
hyperbolic shape. The Cl, calculated according to Equation (3), is >2.5
for all three EC values, which implies a strong antagonism. A possible
explanation is that both substances compete for the same cellular
binding sites. Future experiments, aiming at identification of cellular
targets for BHT and TOTM, should be carried out to gain deeper
insights into this finding.

5 | CONCLUSION

Former studies on leachables found in SU systems have focused on
detrimental effects of these substances in biopharmaceutical pro-
cesses. These studies, however, have only focused on one leachable
individually, neglecting the fact that in a SU system a mix of different
leachables migrates into the process fluid. Therefore, our study char-
acterizes the effect of a mixture of selected LMCs, which are actually
found in extractable analysis, on a CHO production process. Interest-
ingly, even if we found growth inhibiting effects of the LMC mix in
both the dose-response experiments and a fed-batch run, the cell-
specific productivity was not impaired. These findings are contrary to
the data presented by Kelly et al, who describe reduced productivity
after bDtBPP treatment of CHO cultures.!® Since worst-case
approaches were applied for defining the LMC concentrations used in
this study, it can be anticipated that under normal process conditions
the impact of leachables on CHO cell cultures is even lower. Especially
during a cultivation carried out in perfusion mode, the impact of
leachables can be expected to be negligible due to lower leachable

concentrations, as the cultivation medium is exchanged several times

during a process. If any, we expect a possible impact of leachables at
the beginning of a process, where the leachable concentration per cell
is relatively high. Thus, the impact will likely decrease over time with
growing cell numbers. Since no effect on cell cycle, apoptosis or cell
viability was observed, long-term effects of LMCs on CHO cell culti-
vation are not anticipated. Surprisingly, we found that the inhibiting
effect of LMC mix on a CHO cell culture can be lower than their
expected cumulative effect and a strong antagonism is described for
the combination of BHT and TOTM.

Although we have shown that one LMC can weaken the toxicity
of another one, it must be stressed that this effect was only observed
with one cell line and possible effects of cultivation medium were not
considered. For a realistic assessment of the migration behavior of
process-equipment related leachables, the solubility of the compound
and the surface-to-volume ratio of the related SU material in the pro-
cess must be taken into consideration. Therefore, the exposure esti-
mation based on extractables and leachables data is of high
importance for a thorough risk-analysis of leachables in a biopharma-
ceutical process.
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