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Foreword

vigorously worldwide. For the development and production of biopharmaceuticals, the optimization of processes is

crucial in order to bring new therapeutics to market as quickly and cost-effectively as possible. In the development of
such methods, scientists are dependent on state-of-the-art instruments and technologies, as can be seen from this Article
Collection: here you can find cutting-edge research and application articles describing the development of upstream and
downstream processes.

Biopharmaceuticals are the hopefuls in the fight against major public diseases and their development is being pursued

Special attention is paid to the development of continuous bioprocesses, which have the potential to significantly improve the
product quality as well as profitability. As stated in this collection’s first article (page 5), continuous manufacturing is the ‘fu-
ture production method for monoclonal antibodies’ (mAbs) — and thus not only of the greatest medical but also of economic
relevance. Three of the six drugs worldwide with the highest annual sales (2020) were based on mAbs ™., In this article, the
authors evaluate whether batch and continuous downstream processing lead to comparable results regarding product quality
attributes when performing a side-by-side comparability study.

Despite the great advantages of continuous or semi-continuous over batch-based processes, there are some challenges that
need to be addressed. In the comprehensive review article on page 15, you can read more about recent advances and ongo-
ing obstacles faced during the use of advanced process analytical technologies, process modeling, and control strategies to
enable continuous manufacturing of mAbs. It also discusses how advanced continuous manufacturing approaches that have
been adapted by other industries could be implemented for mAbs production in the near future.

Continuous and semi-continuous process are of growing importance in the biomanufacturing of other classes of therapeutic
proteins as well. One promising approach is perfusion-based upstream-processes, but the lack of appropriate scale-down
models is making the development of these processes more difficult. This problem has been addressed by the authors of the
research article which you can find on page 27. Therein, the development of a semi-continuous scale-down procedure for the
high-throughput screening and optimization of perfusion bioreactors is described.

Another major challenge in the production of biopharmaceuticals is discussed in the article starting on page 46: The purifica-
tion of biomolecules to obtain a safe and stable product. In their extensive study of the mechanism of copurification of host
cell proteins (HCPs), the authors identified the “difficult to remove” HCPs that are present in marketed mAbs. By elucidating
the underlying interactions of mAbs and HCPs, this work can help identifying the crucial residues responsible for mAb-HCPs
interaction.

Of utmost importance for a successful biomanufacturing program is efficient and effective cell line screening. In the study
presented on pages 59-70, the analysis of a 24-Deep Well Plate based screening strategy for the production of an industrially
relevant biopharmaceutical and its comparison to the industry-standard shake flask is reported. The authors demonstrate
that this cell line screening strategy can be successfully used to efficiently select cell lines for future production campaigns,
while saving development time and reducing costs and labor.

This Article Collection concludes with an application note from Sartorius, in which the utilization of Octet instruments for
protein quantitation, cell line development, early clone selection, and for many more applications is presented. It is demon-
strated how these versatile instruments, unlike many other bioanalytical tools, offer a combination of structural and functi-
ons assessment in the same system. Thus they support many stages of the drug development and manufacturing process. On
pages 71-80, you can learn more about how these instruments will help you in enhancing the efficiency in process develop-
ment and the manufacturing of biotherapeutics.

References

[1] Annika Holzgreve, Roman Skudas: Enhancing the efficiency of pharmaceutical drugs — Glycovariant separation using
mixed mode resin, Wiley Analytical Science 2021; https://analyticalscience.wiley.com/do/10.1002/was.0001877.
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1 | INTRODUCTION

| Jakub Domaradzkil | Jonathan Souquet® | Hervé Broly! |

Perfusion cell culture, confined traditionally to the production of fragile molecules, is
currently gaining broader attention in the biomanufacturing of therapeutic proteins.
The development of these processes is made difficult by the limited availability of
appropriate scale-down models. This is due to the continuous operation that requires
complex control and cell retention capacity. For example, the determination of an opti-
mal perfusion and bleed rate for continuous cell culture is often performed in scale-
down bioreactors and requires a substantial amount of time and effort. To increase the
experimental throughput and decrease the required workload, a semi-continuous pro-
cedure, referred to as the VCD,.y (viable cell density) approach, has been developed
on the basis of shake tubes (ST) and deepwell plates (96-DWP). Its effectiveness has
been demonstrated for 12 different CHO-K1-SV cell lines expressing an IgG1. Further,
its reliability has been investigated through proper comparisons with perfusion runs in
lab-scale bioreactors. It was found that the volumetric productivity and the CSPR, i,
(cell specific perfusion rate) determined using the ST and 96-DWP models were suc-
cessfully (mostly within the experimental error) confirmed in lab-scale bioreactors,
which then covered a significant scale-up from the half milliliter to the liter scale. These
scale-down models are very useful to design and scale-up optimal bioreactor operating

conditions as well as screening for different media and cell lines.

KEYWORDS
cell culture, perfusion, scale-down, screening, semi-continuous

in addition, continuous manufacturing is encouraged by the regulatory
authorities such as FDA.*”® Nevertheless, many practical factors such

Although fed-batch remains the most widely used bioreactor operat-
ing mode in the biomanufacturing industry, perfusion-based upstream
processes are receiving increasing consideration.!™ The main charac-
teristic of perfusion is continuous media addition and toxic waste
removal, which coupled with an appropriate cell retention device,
allow reaching higher cell densities compared to traditional fed-batch
systems. Continuous operation of a production bioreactor is interest-
ing for its process intensification potential, but also for its stable oper-
ation and low-residence time that lead to more consistent product

quality.>® Hence, perfusion is more and more widely considered and,

as acceptance for change, long-term operation, and development
timelines are still limiting the establishment of this technology.>”’
Process design and development is supported in the case of fed-
batch by various screening procedures, which are by now consolidated
and widely accepted.'°1# Similar tools are needed for the development
of perfusion bioreactors. This refers particularly to scale-down models,
which are complicated by technical limitations, specifically related to
the realization of continuous flow and cell retention in the milliliters
scale and even smaller. Semi-continuous operations have been proposed

to approximate continuous flows and to evaluate the performance of

Biotechnology Progress. 2019;35:€2790.
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high-density perfusion cultures in shake flasks and shake tubes in
the milliliters scale. In this work, we make a further step in this direction
and develop a scale-down semi-continuous procedure for predicting
growth and productivity in perfusion systems, which is also extended
to the 96-DWP unit in the microliters scale.

The developed procedure mimics a perfusion process at constant
perfusion rate. In particular, the viable cell density (VCD) is first mea-
sured, then the supernatant is separated from the cells to remove a cer-
tain fraction of it and replace it with fresh media, before resuspending
the cells as schematically illustrated in Figure 1. This is repeated on a
daily basis until reaching the maximum VCD that can be sustained by the
system. This procedure, in the following referred to as the VCD,ax
experiment, can, for example, be applied to various scale-down models
or high throughput units such as ST or 96-DWP, thus significantly
increasing the experimental throughput for screening applications.

To demonstrate the reliability of this procedure, we have applied
it to a set of 12 CHO-K1-SV cell lines expressing an IgG1, issued from
a previous screening based on fed-batch mode,'? using both 96-DWP
and ST. The results are compared, with respect to clone screening, in
terms of the VCD,ax and the corresponding volumetric productivities.
These values should be similar to the corresponding quantities in a
continuous system, with the assumption that the cells behave similarly
in a controlled steady state at VCD,.x and during the 24 hr before
the sampling at VCD .« in the semi-continuous experiment.

Next, we tested the reliability of the above results obtained at the
milliliters- and microliters-scale at the larger L scale using perfusion
lab-scale bioreactors. For this, we selected four clones for illustrative
purposes: two are among the top performing ones and two are
selected because exhibiting some different phenotypic characteristics
in terms of growth and/or productivity. With these clones, a push-to-

low approach with a fixed perfusion rate was performed in 3.5 L

Centrifugation (ST)
Sedimentation (DWP)

r\ Harvest
P& Daily Media
Resuspension Fresh media

v
O

FIGURE 1 Schematic of small-scale semi-continuous cell culture
to mimic perfusion at constant perfusion rate. In process control (IPC)
is made on a daily basis to determine the cell density. In particular, the
shake tubes (ST) or deepwell plates (96-DWP) are centrifuged or
sedimented to separate the cells from the depleted media that can be
removed and is considered as the harvest. The mAb concentration is
measured in this fraction. Then, fresh media is added to the original
volume, and the cell resuspended. This set of operation was
performed on a daily basis with a total media exchange for ST, and a
50% media exchange for the 96-DWP

bioreactors to identify the maximum achievable cell density for the
different cell lines for the fixed medium and perfusion rate.r? The
obtained CSPR,;, values were then compared to those found above
with the scale-down model experiments (96-DWP and ST). Finally, to
confirm the feasibility of the operating conditions defined in this
experimental approach, two of the four clones were selected for a
production, run to demonstrate stable operation for 15 days.

The outcome of this experimental study is twofold. First, it shows
that the VCD,,.x experiment described here can be used to design appro-
priate process conditions, using the CSPR,,,i, concept, and scale them up
at the bioreactor scale. Second, the procedure at small scale offers signifi-
cant advantages in terms of experimental throughput. Potentially, hun-
dreds of conditions can be tested in 96-DWP. This offers a new tool for
screening media and cell lines appropriate for perfusion processes.
Although ST allow lower throughput than 96-DWP because the handling
is manual, they can be very convenient due to their simplicity and avail-

ability in any cell culture lab, particularly for smaller experimental designs.

2 | MATERIAL AND METHODS

2.1 | Cell culture media

The perfusion cell culture medium used in this study was derived from
a proprietary chemically defined fed-batch platform medium that was
itself derived from DMEM/F12 medium. Several components were
enriched based on the consumption rates observed in prior experi-

mental campaigns.

2.2 | Cellline

Twelve CHO-K1-SV cell lines expressing an 1gG1 (Immunoglobuline G,
subclass 1) were used in this study. They are issued from a single trans-
fection pool and were selected for their differences in terms of growth

and productivity as described in a previous study.'?

2.3 | Semi-continuous cell culture

Fifty milliliter shake tubes (TubeSpin Bioreactor 50 by TPP, Switzerland)
were used at a working volume of 15 ml. During cultivation, the
shake tubes were incubated at 36.5°C, 5% CO,, and 320 rpm agita-
tion (ISF1-X, Adolf Kuhner, Birsfleden, Switzerland). Daily operations
included the following: a sample was taken for cell quantification, the
shake tubes were centrifuged (5 min, 200g), the supernatant was
removed and filtered for mAb quantification. Fresh medium was then
added to the culture to recover the initial working volume and the pel-
let was resuspended (Figure 1). The exchange volume was mimicking
a perfusion rate of 1 volume media/volume culture/day (VVD). The
shake tube was then placed back in the initial cell culture conditions.
It is worth noting that in this way the average volume exchange rate
in the two units is the same, however the compositions are different
as in the shake tube, they obviously change in time.

Cell cultures in 96-DWP (Greiner Bio-One, Austria) were incu-

bated in the same conditions as the shake tubes. Each well contains



BIELSER ET AL.

BIOTECHNOLOGY

450 pl of cell suspension. Liquid handling was performed using a
robotic platform (Biomek FX, Beckman-Coulter, Fullerton, CA). Daily
operations included the following: a sample was taken for cell quanti-
fication. Prior to medium exchange, the cells were settled for 30 min
in static conditions at 36.5°C, 5% CO,, then the clarified supernatant
was removed by aspiration and kept aside for mAb quantification.
Fresh medium was then added to the culture to recover the initial
working volume (Figure 1). The exchange volume used here was half
the culture volume, thus mimicking a perfusion rate of 0.5 VVD. The
reason for using a lower exchange volume than in shake tubes is the
difficulty in controlling the height of the pipetting tip which could lead
to cells removal by aspiration. In addition, the cell pellet is less dense
than the one issued by centrifugation and can also be of different vol-
ume depending on the condition.

The duration of the experiment might vary depending on the cell
line and media. The parameter VCD,. is identified as the highest cell
density reached before the first decay. After this first maximum, due to
the continuous media exchange, the cell culture typically starts oscillat-
ing between higher and lower cell densities, which however are not
related to the maximum value that can be achieved by the culture. In
general, a duration between 10 and 14 days was enough to determine
the VCDpax It is worthwhile to note that the sampling for cell count
corresponds to a certain amount of cell removal which somehow mimics
the bleed stream in the continuous set-up. In this case, this corresponds

to about 6 and 10% culture volume for ST and 96-DWP, respectively.

2.4 | Perfusion bioreactors

A total of 3.5 L perfusion bioreactors (Biostat B, Sartorius, Goettingen,
Germany) were operated using a fixed medium inlet flow (perfusion
rate), as shown in Figure 2. Alternating tangential flow filtration (ATF,
Repligen, Waltham, MA) was used for cell retention. The bioreactor
volume was controlled with a feedback from the bioreactor weight to
the harvest pump. An online biocapacitance signal (Incyte, Hamilton,

Bonaduz, Switzerland) was used to control the bleed stream and,

For a constant volume

Qin = Qnarvest +CQbiecea

Media
Fix the media flowrate Qin /

Cm,x

PROGRESS

therefore, maintain the cell biomass at the target set-point.2%?* A

15 ml sample was collected daily for cell count and mAb quantification.

2.5 | Perfusion screening runs

To find the optimal operating conditions for the four clones in a perfu-
sion set-up, a push-to-low approach was used, meaning that the CSPR
was sequentially decreased by increasing the VCD at a constant per-
fusion rate.'®21 The perfusion rate was controlled by fixing the pump
speed (rpm) and led to slightly different values for the four clones:
1.24 £ 0.07, 1.30 + 0.10, 1.14 £ 0.11, and 1.16 + 0.23 VVD, respec-
tively. The biocapacitance set-points were each maintained for 4 days
and were increased stepwise until the bleed flow was near or below
15% of the total perfusion rate. The capacitance set-points were fixed
at 40, 50, 60, and finally 70 pF/cm. These four steps are referred in
the following as set-points 1-4 (or SP1 to SP4), respectively. The per-
fusion rate was kept in the order of 1 VVD so as to create a fair
amount of biomass, without overtaking operational limitations such as

insufficient oxygen supply.®2°

2.6 | Perfusion confirmation runs

Clones 1 and 2 were selected to perform a longer perfusion run to
check the system's stability. The set-up was similar to the screening
bioreactors, and the biocapacitance target was directly set to
70 pF/cm and kept constant for about 15 days. The growth phase
lasted about 10 days and the stable steady-state operating phase, or
production phase, lasted from day 10 to 25.

2.7 | Analytical methods for cell culture

For experiments performed in 96-DWP, cell counts and cell viability
were determined using a Guava easyCyte (Merck Millipore, Darmstadt,
Germany) and mAb quantification was performed with an Octet QK

system (Pall ForteBio, Portsmouth, United Kingdom). For experiments

------ .

Qbleea
Bleed Cix
Xr

Cell retention device

FIGURE 2

ﬂ—> Cell free harvest thv”t
ix

Schematic of a perfusion bioreactor and the corresponding control system. The media inlet flowrate (Q;,) was fixed based on the

set-point of a volumetric pump. The harvest stream (Qnarvest) Was controlled to keep constant the overall bioreactor weight. The bleed stream
(Qpieeq) Was controlled based on the capacitance sensor. With the assumption, the bioreactor is a perfectly mixed system and that the cell
retention device retains only the cells, the concentrations inside the bioreactor, in the bleed stream and in the harvest stream are the same. The
cell concentration in the bioreactor and in the bleed stream is also equivalent
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FIGURE 3 Viable cell density
profiles of 12 different clones
during a VCD.x experiment in
deepwell plates (a) with 0.5 VVD
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performed in shake tubes and 3.5 L bioreactors, cell counts and viability
were performed using a Vi-Cell analyzer (Beckman Coulter, Brea, CA)
and mAb quantification was performed with a Biacore C instrument
(GE Healthcare, Waukesha, WI). Protein quality was measured on Phy-
tips eluates (Phytips, PhYNexus, San Jose, CA). Charge variants were
analyzed by capillary isoelectric focusing (iCE280 analyzer, ProteinSim-
ple, Santa Clara, CA) which identifies six clusters of possible charge iso-
forms, glycosylation via capillary gel electrophoresis with laser-induced
fluorescence detection (CGE-LIF, DNA genetic analyzer, 3130XL, Life
Technologies, Darmstadt, Germany), fragments with Caliper's LabChip
GXIl system (Caliper LabChip GXII, Perkin Elmer, Waltham, MA), and
aggregation by size exclusion high-performance chromatography (SE-
HPLC, Waters, Baden-Wattwil, Switzerland).

3 | RESULTS
3.1 | Semi-continuous screening application: VCD,,.x
experiments

VCDax €xperiments were performed using the 12 clones in 96-DWP
(eight replicates each) and ST (two replicates each) with daily media
exchange as described in Section 2.3. As expected, the clones
responded differently to the culture conditions which resulted in dif-
ferent growth profiles. Because the exchange rate was only 0.5 VVD
in 96-DWP and 1 VVD in ST the VCD,.x reached in 96-DWP was
lower than in the ST as shown in Figure 3. From these values, and for
the corresponding perfusion rate (P, expressed in day™?), the CSPRmin

(expressed in pL/cell/day) was calculated as follows:

[

CSPRuin = o
max

(1

and from the measured antibody concentration Cap (8man/L) at the
VCDax point, the volumetric productivities normalized with respect

to the reactor volume (expressed in gan/Lr/day) were computed:

Volumetric Productivity = Cyap - P

(2)

e

CSPR,i, was calculated when the
VCD,ax Was reached, by dividing
the perfusion rate by the cell
density, as indicated in (a)

Using these values, the 12 clones are ranked in Table 1 for both
scale-down models. It is seen that three groups can be identified.
Clones 1 and 5 shared the top 2 position in both screenings. Ranks
3-5 were occupied by clones 2, 6, and 7. The rest of the clones shared
lower ranking positions. In addition, it is seen that the two top per-
formers produced, based on the ST screening, more than 1 g/L/day,
while clones 2, 6, and 7 share productivity values in the range of
0.67-0.85 g/L/day. All the other clones exhibited lower productivity
that are close to each other (in the range 0.27-0.51 g/L/day). This
explains the strong variability in the ranking of positions 6-12. Never-
theless, the same top producers were clearly identified using the
VCDax experiment in ST and 96-DWP.

TABLE 1 Ranking of clones 1-12 based on the volumetric
productivity values computed from the corresponding mAb
concentrations reached at VCD,.y in ST and 96-DWP using
Equation 2, clones 1 and 5 are highlighted in bold because they were
identified as the two top producers in both screening methods

Volumetric Volumetric
productivity in productivity in Rank Rankin
Clone # ST(glg *day™) 96-DWP (gLz *day™) inST 96-DWP

#le 1.14 0.59 1 2
#5 1.01 0.67 2 1
#6 0.85 0.51 3 4
#7 0.82 0.47 4 5

#2e 0.67 0.53 5 3

#4e 0.51 0.28 6 9
#8 0.49 0.18 7 11
#9 0.46 0.45 8 6

#3¢ 0.45 0.36 9 7

#10 0.43 0.25 10 10

#11 0.36 0.10 11 12

#12 0.27 0.33 12 8

The four clones selected for further investigation in bioreactors are

marked with symbol (e).
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To confirm these results, the CSPR i, and the volumetric productiv-
ity were determined in lab-scale bioreactors. Because of throughput lim-
itations, the following exercise was made only with clones 1-4 marked
by a diamond in Table 1. They were selected for their differences in
terms of growth and productivity performances. For comparison, the
behavior of these four clones in a typical fed-batch experiment is illus-

trated in Figure 4.

3.2 | Perfusion screening

The behavior of clones 1-4 in a 3.5-L perfusion bioreactor, operated
as described in Section 2.5, is illustrated in Figure 5. The permittivity
signal was used to control the biomass at four different set-points
SP1 to SP4 at 40, 50, 60, and 70 pF/cm, respectively, as shown in
Figure 5a. The first capacitance value was chosen to have a cell den-
sity that was below the ones obeserved in the scale-down model sys-
tems, so as to make sure to have a stable perfusion. It was then
increased stepwise to reduce the CSPR progressively. Observed dis-
turbances in the biocapacitance signal are due to antifoam additions
that probably affected the signal for a short time before going back to
normal. Ideally such disturbances should not appear or should be mini-
mized, but they were regarded as tolerable for the present study. The
corresponding VCD data in Figure 5b indicate that clones 1-4
reached at SP4 VCD values of 554 + 0.2,42.7 £ 2.2, 72.7 £+ 1.4 and

Time (days)

50.7 + 3.0 (10° viable cells/ml), respectively. Note that the growth
behavior from one set point to the next one of the four clones is very
similar to that observed in fed-batch mode (Figure 4). In particular,
clones 2 and 4 grew to similar cell densities, clone 1 grew slightly
more, and finally clone 3 was the best grower.

From the data above at fixed perfusion rate and VCD increasing
from SP1 to SP4, the values of bleed flow rate and CSPR in Figures 6
can be computed for each clone. It is seen (Figure 6a) that at SP4 the
bleed flow rate was close to or below 15% of the total perfusion rate
for all clones, which can be regarded as reasonable target with respect
to product yield. No attempt was made to further increase the VCD,
and the CSPR calculated at this fourth set-point was taken as the
CSPR;;, for the bioreactor scale, also because the residual bleed was
in all cases below 15%, as shown in Figure 6. In a process optimization
perspective, this decision is not optimal for all clones because, for
some of them, the bleed fraction could be further decreased. In the
present case, this is especially true for clone 3 for which the bleed
flow rate at SP3 is still 15% of the total perfusion rate. Nevertheless,
in the frame of this study, the decision to fix the conditions at similar
capacitance signal for each clone simplified the operations. Therefore,
the VCD and CSPR at SP4 were defined as being the VCD,,.x and
CSPRin, respectively. It may also be noted that the CSPR of clone
3 was unexpectedly similar at the different SP (Figure 6b). This can be
explained by the slightly lower perfusion rate values at SP1 and SP2

801(A) 1 ®)
i SP4 70
iy
- SP3 2 60
: s
\g 50 SP2 é 50
T% SP1 =
2 40 ‘é 40
FIGURE 5 Permittivity or & 3
biocapacitance (a) and viable cell § 30 7 30
density (b) profiles of perfusion . =
runs for the four selected clones. 20 § 20 ~¢-Clone #1
T -0-Clone #2
The permittivity signal was used to
| the bi f 10 10 -e-Clone #3
c9ntro the |on.1ass at four ~oClone #4
different set-points SP1-SP4 at 0 0
40, 50, 60, and 70 pF/cm, 0 6 12 18 24 0 6 12 18 24
Time (days) Time (days)

respectively
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for this particular clone. This unwanted misalignment highlights the
need for robust and precise control of the experimental operating
conditions.

The CSPRin values estimated with the bioreactors are compared
in Figure 7 with the corresponding values obtained from the ST and
96-DWP scale-down models. The differences are very close to the
estimated experimental errors which is indeed a remarkable result
considering that the experiments span from milliliter to liter scale.

The last phase of this study was to confirm these findings in the
same bioreactor, with clones 1 and 2, in which the defined state
(VCDmax Using CSPR,;i, and 1 VVD) was maintained for a longer time

period.

3.3 | Perfusion confirmation

The results of the confirmation runs described in Section 2.6 are
shown in Figure 8. It is seen that the cell viability could be maintained
above 94% for clone 1 and above 90% for clone 2 throughout the
entire run. During the production phase, the biomass (calculated with

the cell diameter, assuming spherical shape of the cell) was very stable

40 H Perfusion screening
Semi-continuous (ST)
35 & Semi-continuous (DWP)

CSPR,,;, (pL/cell/day)

%
.
.
.
.
%
|
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.
|
_

Clone #1 Clone#2  Clone#3  Clone #4

FIGURE 7 Comparison of the CSPR,,;, values estimated for
clones 1-4 calculated using the screening bioreactors and the semi-
continuous VCD . experiments in deepwell plates (96-DWP) and
shake tubes (ST). Error bars are one standard deviation calculated
with each data point for the bioreactor steady states, and with two
and eight replicates for the semi-continuous experiments ST and
96-DWP, respectively
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for both clones (Figure 8b). The VCD nevertheless behaved differ-
ently. For clone 1, it decreased slowly from 62.8 to 42.1-10° viable
cells/ml, although the biomass stayed constant. On the contrary, the
VCD of clone 2 was stable at around 40.10° viable cells/ml
(Figure 8c). During the production phase, the mAb concentration was
also stable at 0.95 + 0.04 and 0.64 + 0.03 g/L for clones 1 and
2, respectively (Figure 8d).

The minimum CSPR values achieved in the confirmation runs were
again very close to the CSPR,;, defined in the preliminary screening
procedures, as shown by the comparison in Figure 9. The largest dif-
ference was found between a confirmation run and a ST experiment
for clone 2 and was 4 pL/cell/day, corresponding to a difference of
0.08 VVD for a system targeting 50-10° cells/ml/day. The same con-
clusion can be drawn for the volumetric productivities predicted in
the ST VCD,,ax experiment and in the screening and confirmation bio-
reactor runs, as shown by the comparison in Figure 10. Here, only
experiments operated at the same perfusion rate of about 1 VVD
were considered, thus excluding the results of the 96-DWP VCD,.x
experiments. Again taking into account the bleed, the volumetric
productivities for clones 1 and 2, respectively, were 1.08 = 0.09
and 0.77 + 0.06 g/L/day in the confirmation run, 0.98 + 0.08 and
0.53 £ 0.02 g/L/day at SP4 in the screening bioreactor and
1.08 + 0.01 and 0.69 + 0.01 g/L/day in the ST VCD,,ax €xperiment.

Figure 8e,f show that the glucose concentration and osmolality
were constant during the production phase for both clones. The bio-
reactor was operated in batch mode from day O to 3, thus explaining
the initial decrease in concentration. The perfusion rate was started
on day 3 and then the concentration increased and stabilized around
day 10, when the biomass set-point was reached. This was the case
for all metabolites, amino acids, and other media compounds mea-
sured during these runs (data not shown).

Other critical attributes like charge variants were also found to be
very stable during the steady state as shown in Figure 11a,d for the
two clones, respectively: five clusters extracted from the analytical
chromatogram and representing different types of (group) charge vari-
ants are shown as a function of time. Fragment and aggegates, also
known as low- and high-molecular weight species (LMW and HMW,
respectively) remained also very stable during the runs as shown for
the two clones shown in Figure 11b,e, respectively. HMW were below
1% in both cases during the entire steady state, whereas LMW levels

were slightly higher for clone 1. Glycosylation was also quantified but
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confirmation perfusion bioreactor runs as a function of time for clones 1 and 2

seemed to need more time to stabilize. For clone 1, complex forms
tend to increase slightly with time, while for clone 2, all glycoforms

were stable after day 14, as shown in Figure 11c,f.

4 | DISCUSSION

The described semi-continuous procedure was applied, with illustrative
purposes, to screen 12 CHO-K1-SV cell lines producing an IgG1 but
having different growth/productivity performances. We have shown
that the proposed semi-continuous procedure based on 96-DWP and
ST scale-down models is able to predict the CSPR,,i, in perfusion biore-
actors, with an accuracy very close to the experimental error, in spite of
the significant scale change from 0.5 ml to a few liters. The compari-

sons in Figures 7 and 9 show that the largest CSPR,;, difference

40
35
30
25

20

CSPR,;, (pL/cell/day)

Clone #2

# Perfusion confirmation
& Semi-continuous (DWP)

Clone #1

B Perfusion screening

Semi-continuous (ST)

FIGURE 9 Comparison of the CSPR,,,;, values estimated for
clones 1 and 2 from the screening and confirmation bioreactor runs
and from the semi-continuous VCD,., experiments in shake tubes
(ST) and deepwell plates (96-DWP). Error bars are one standard
deviation calculated with each data point for the bioreactor steady
states, and with two and eight replicates for the semi-continuous
experiments ST and 96-DWP, respectively

observed between a bioreactor and a semi-continuous experiment was
3 pL/cell/day, which corresponds to an error of about 6% in the perfu-
sion rate for a target density of 50-10° cells/ml. This is a very reason-
able error particularly when considering the benefit, these methods
could provide to accelerate the process development of a perfusion
process, particularly at the media and cell line screening stage.

With ST and 96-DWP scale-down models, the experimental
throughput is significantly increased compared to lab-scale bioreac-
tors (up to hundreds of different operating conditions in 96-DWP).
Table 1 shows that the performance assessment in ST and DWP iden-

tified the same clones as being the highest producers. Moreover, the
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FIGURE 10 Comparison of the volumetric productivity values
estimated for clones 1 and 2 from the screening and confirmation
bioreactor runs, and from the shake tubes (ST) VCD,.x experiments, at
the same perfusion rate of about 1 VVD. Error bars are one standard
deviation calculated with each data point for the bioreactor steady
states, and with two replicates for the semi-continuous ST experiment

1
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Critical quality attributes (CQASs) as a function of time during the steady state of the confirmation runs for clone 1 (a-c) and 2 (d-

f) and showing charge variants (a, d), fragments or low-molecular weights (LMW), aggregate or high-molecular weights (HMW; b, ), and
glycoforms (c,f) with galactosylated (Gal), high mannose (HM), sialylated (Sial), and fucosylated (Fuc) forms

predictions obtained with the ST semi-continuous experiment, that
was mimicking a perfusion rate of 1 VVD similar to the confirmation
runs, were very close to the productivities of the perfusions set-up
(Figure 10). Therefore, we can claim that the procedure in ST and
96-DWP can be used to screen for high-performance cell lines
adapted to a perfusion process.

An additional advantage of these systems compared to the use of
bioreactors is that the workload in terms of media preparation, equip-
ment preparation, and experiment monitoring is significantly reduced.

The fact that the CSPR,i, can be extracted by these high through-
put models is a relevant result as it is a very important parameter in
perfusion operation, that can be used both at the level of screening

22,23

for the best media-cell line combination, and later when searching

for the best operating conditions for perfusion bioreactors.t>1® It is
also interesting to note that the CSPR,,,, does not depend on the
adopted perfusion rate, as confirmed by the results of the ST and
96-DWP experiments conducted with 1 and 0.5 VVD, respectively.
The relation between cell density and media requirement is linear as
long as no other limitation perturbs the system. For example, if a cell
line and media combination allows for extraordinary cell densities
already at 1 VVD, it could be preferred to lower the tested perfusion
rate in a semi-continuous set-up, to avoid, for example, oxygen limita-
tions that would affect the experimental output.

The experimental procedure described here was illustrated using a
clone screening application. The procedure can nevertheless be
applied to any cell line/media combination. Media formulation for
example could be investigated by doing media blending, as it was
already reported for fed-batch.t>?42% |t can also be used for the
screening of a large number of clones (several hundreds in DWP), and
to identify the best candidates for perfusion cell culture. An aspect of
clone selection that was not addressed here is the stability of the

clone, which is of particular importance for continuous integrated

12

processing. To address this aspect, the proposed experimental proce-
dure could be repeated using an ageing cell expansion.

The confirmation runs were successful in the sense that they con-
firmed the applicability of the CSPR, i, that was estimated from the
scale-down models. The bleed was started as the maximum expected
cell density with the applied perfusion rate (calculated using the
CSPR,in) was reached. The bleed was controlled using an online bio-
capacitance probe and it was observed that the relation between the
VCD and the biocapacitance signal was not linear over time for both
clones, similarly to what was indicated in previous reports. The rela-
tion between VCD and biocapacitance measurement depends on dif-
ferent factors such as the conductivity of the medium, the cell size,
shape, and metabolism. When these parameters change in one direc-
tion or the other, there is a drift in the relation between the VCD and
the capacitance signal.?72? In the present case, some cells tend to
become larger once the steady state is reached, thus explaining the
observed drift with the VCD (Figure 8). Further studies are needed for
a more detailed understanding of how the capacitance signal and/or
the viable cell count should be used for the monitoring and control of
perfusion cell cultures are necessary to fully understand the implication
of these observations. Despite this, the operating conditions between
day 10 and 25 were very stable as shown by the concentration of prod-
uct, glucose, and osmolality (Figure 8d-f). Charge variant, LMW and
HMW levels were also very stable during the confirmation runs
(Figure 11a,b,d,e). Despite this, glycosylation seemed to need more time
to stabilize. For clone 2, for example, the glycoforms stabilize after day
15 (Figure 11f). This lag time between cell culture steady state and gly-
cosylation steady state was already reported by Karst et al.*° For clone
1, high mannose and sialylated (Sial) forms seem to accumulate over
time whereas galactosylated (Gal) forms tend to decrease. The general
trend seems to favor complex glycoforms while the run is progressing

in time (Figure 11c). This observation goes beyond the scope of this
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article, but it highlights the need for extra care in a real clinical develop-

ment project.

5 | CONCLUSION

A scale-down procedure for the high-throughput screening and opti-
mization of perfusion bioreactors has been developed. This is based
on the so called VCD,,., experiments performed on semi-continuous
cell cultures in ST or in 96-DWP. The concept is to exchange media
on a daily basis using sedimentation or centrifugation to retain the
cells in the system. Then, at the VCD,ax point, the CSPRi, and the
corresponding volumetric productivity were calculated.

The 96-DWP and ST semi-continuous cell culture procedure deliv-
ered a good estimation of the CSPR,i». This parameter is crucial for
perfusion operation as it can be used for defining a target cell density
for a given perfusion rate, or a given perfusion rate for a desired cell
density, at the very early stage of the manufacturing process design.
Another output is the ranking and assessment of volumetric produc-
tivity for, in that case, a set of different clones. In the present study,
the quantification in ST was used to predict successfully the produc-
tivity expected in a bioreactor system. For 96-DWP, the productivity
quantification was used only for ranking purposes, because the
applied perfusion rate was not the same one used in the bioreactors.

In conclusion, the semi-continuous procedure based on 96-DWP
and ST scale-down models allows a reliable screening of media and
cell line performances, as well as predicting an accurate design of per-

fusion conditions in bioreactors.
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1 | INTRODUCTION
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Host cell proteins (HCPs) are considered a critical quality attribute and are linked to
safety and efficacy of biotherapeutic products. Researchers have identified 10 HCPs
in Chinese hamster ovary (CHO) that exhibit common characteristics of product asso-
ciation, coelution, and age-dependent expression and therefore are “difficult to
remove” during downstream purification. These include cathepsin D, clusterin,
galectin-3-binding protein, G-protein coupled receptor 56, lipoprotein lipase,
metalloproteinase inhibitor, nidogen-1 secreted protein acidic and rich in cysteine
(SPARC), sulfated glycoprotein, and insulin-like growth factor-2 RNA-binding protein.
While the levels of HCPs in the investigated biosimilars were within the acceptable
range of <100 ppm, certain “difficult to remove” HCPs were found in the biosimilar
samples. This article aims to elucidate the underlying interactions between these “dif-
ficult to remove” HCPs and the mAb product. Surface study of rituximab exhibited
unstable discontinuous patches of residues on the protein surface that have high pro-
pensity to get buried and lower the solvent exposed area. The higher order structure
and the receptor binding were not affected, except for one of the biosimilars, owing
to extremely low-HCP levels in its final drug product. Finally, based on the combined
experimental and computational data from this study, a probable mechanism of
retention for the 10 HCPs is proposed. The results presented here can guide down-
stream process design or avenues for protein engineering during product discovery

to achieve more effective removal of the impurities.

KEYWORDS

ELISA, host cell proteins, mass spectrometry, molecular homology modeling, protein-protein

docking

of host cell proteins (HCPs), in particular, has often been highlighted

as a major process development challenge.?

A primary prerequisite in biotherapeutic development using cell-based
systems is to ensure safety, efficacy, and quality of these products.®
Target biotherapeutic product must be purified from the myriad of
host cell impurities that are present in the cell culture broth. Similarly,
it should be free from product related impurities and variants to an

acceptable level before being administered to the patients. Clearance

Broadly, protein A chromatography followed by anion exchange
chromatography as polishing step are used in a typical mAb purifica-
tion platform to achieve ~99% removal of the HCPs (~ng/ml concen-
tration).> Monitoring of HCP removal is typically performed using
enzyme linked immunosorbent assay (ELISA), which provides data

with regard to the cumulative amount of HCPs present in the given
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sample. More recently, the industry has been performing measure-
ment and characterization of HCPs using orthogonal analytical
methods (prominently mass spectrometry) both for identification and
quantification of the individual HCPs.* This is primarily because some
of the HCPs fail to elicit immune response and thereby are not
detected by the polyclonal primary antibodies.”> Another possibility is
that some HCPs are detected by multiple antibodies, resulting in a
larger than accurate signal.® A side-by-side comparison of four differ-
ent ELISA based measurements yielding varying results bears testi-
mony to the inadequacy of ELISA as a sole analytical method for HCP
analysis.®

Another driver for this shift is the risk posed in multiple forms
including immunogenicity and proteolytic cleavage of the target pro-
tein by some of the individual HCPs. For example, investigational
intravenous recombinant factor IX (rFIX) therapy (produced in Chinese
hamster ovary [CHO] cells) for the treatment and prevention of bleed-
ing episodes in people with hemophilia B had to be placed on clinical
hold (Phase Ill trials) on account of higher than expected rate of anti-
CHO antibody response in patients administered.” While the HCP
level in the product was well within the prescribed limits, enzymati-
cally active HCPs like lipoprotein lipases adversely affected product
quality during processing and long-term storage.® These observations
underscore the need for a comprehensive analysis of HCPs, both in
terms of their identity and quantity. Given the specie-specific impact
of the HCPs, it is desirable to generate a detailed understanding of
the underlying mechanism that lead to their copurification. Under-
standing the interaction profiles of the HCPs with the target mAb by
looking for common characteristics either with respect to the mAb or
the HCP may shed some light on the coelution.

Previous studies have proposed shortlisting of certain HCPs that
exhibit high propensity of retention with the target product during
downstream purification, tagged as “difficult to remove” HCPs. These
HCPs broadly belong to three categories: product associated HCPs,
coeluting HCPs, and HCPs with varying expression as CHO cells age.”
HCPs belonging to any of these classes are likely to enter the product
fraction of the protein A affinity step or any of the later polishing
steps. It has been previously established that product association

Product Associated

mode of HCP retention is more common than the coelution or vari-
able age expression mechanism of retention.’ Despite different thera-
peutic targets, a considerable sequence homology has been found
across different mAbs, and this results in a similar group of
associating HCPs.

While the product associated HCPs have strong interactions with
the target product, coeluting HCPs share interactions with the chro-
matographic ligand or the resin backbone and thus end up into the
final product pool. Till now, 118 out of 23,884 CHO HCPs have been
identified and they belong to either of these two classes.’®*? The
third class of HCPs have varying expression due to extended culture
durations.*® Another 92 CHO HCPs have been identified in this class,
particularly important where continuous bioprocessing is being
adopted for production of biopharmaceuticals.’® However, it was
found that 10 CHO HCPs have common characteristics to all the
three classes of “difficult to remove” HCPs® (Figure 1).

In this work, we have analyzed three biosimilars of rituximab for
the presence of these 10 “difficult to remove” HCPs. Further, in silico
modeling and docking studies were performed to understand the
underlying factors that lead to copurification of these HCPs with the
target product. It was found that discontinuous patches of aminoacids
on the mAb surface are relatively unstable and prefer to bury them-
selves from the solvent environment. Interactions of the “difficult to
remove” HCPs with these surface unstable patches explain their coe-
lution with the product.

2 | MATERIALS AND METHODS

Three biosimilars of rituximab marketed in India, Retuxirel (Reliance
Life Sciences), Maball (Hetero Drugs), and Cytomab (Alkem Laborato-
ries formulated at 10 mg/ml), were purchased from local authorized
distributor (Sai Distributors, New Delhi, and Vardhman Health Special-
ties, Bangalore). These have been referred to as Biosimilars 1-3 in no
particular order. All three biosimilars were formulated at a concentra-
tion of 10 mg/ml comprising of the following components: sodium cit-
rate dihydrate (7.35mg), sodium chloride (9 mg), polysorbate

Age-dependent
varying expression

+»+Sulfated glycoprotein 1
“*Insulin-like growth factor 2 RNA
binding protein

«»+Cathepsin D
«»Clusterin
*»*Galectin-3-binding protein
*»G-protein coupled receptor 56
«»Lipoprotein lipase
*»*Metalloproteinase inhibitor 1
“*Nidogen-1

FIGURE 1 Classification of HCPs
impurities that exhibit characteristics of
product association, coelution, and age
related variable expression. A small subset
of 10 HCPs have common properties
which show all the three behaviors that

+»SPARC

Co-elute
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makes them difficult to remove during
downstream purification and hence are
termed as “difficult to remove” HCPs



SINGH ET AL.

80 (0.7 mg), pH 6.5. The necessary analysis pertinent to this study

was performed well before the expiry of each of the biosimilar.

2.1 | Analysis of HCPs using octet

The level of HCP in the three biosimilars were assessed using dip and
read CHO HCP detection kit (Pall Fortebio LLC, CA) on RED96 Octet
system (Pall Fortebio LLC, CA). The samples and the HCP standard
were prepared by diluting in sample diluent from Pall Fortebio LLC,
CA. Other reagents and buffers necessary for the assay were prepared
according to the manufacturer's protocol.*® Briefly, the CHO HCP
sensors were hydrated in sample diluent for 10 min followed by their
incubation in samples and standards for 30 min. Next, the sensors
were again washed with the sample diluent and incubated in fluores-
cein anti-CHO antibody for 30 min. Finally, the HCPs in the biosimilar
samples were detected by sequential incubation of the prepared sen-
sors in sample diluent for 30 s, anti-FITC HRP antibody (60 s), stable
peroxide buffer (30 s) and metal enhanced DAB solution for 60 s. The
acquired binding rate data were analyzed using the Octet data analy-
sis software. Using the binding rate for each biosimilar, a calibration
curve was plotted using a five parametric fit and this was further used

for calculating the HCP concentration in the samples.

2.2 | Analysis of HCPs by MALDI-TOF-MS/MS
LC-MS/MS of the biosimilar samples was performed for identification
of the HCP species present in the final drug product. The sample prep-
aration involved HCP enrichment so as to overcome the limitations of
dynamic range owing to orders of magnitude concentration difference
between target product and the associated HCPs. HCP enrichment
was achieved using protein A and protein L chromatography performed
on AKTA® Purifier (GE Healthcare Life Sciences, Stockholm, Sweden).
Protein A/L resins (MabSelect SuRe and Capto L, from GE Healthcare,
Hatfield, UK) were packed in 1 ml HiTrap columns, and equilibrated
with 50 mM phosphate and 150 mM NaCl, pH 7.5 (5CV, 500 cm/hr).
The biosimilar samples diluted in x1 PBS was loaded at 500 cm/hr
onto the column to 20 mg of rituximab product/ml of resin. Elution
was performed with 100 mM glycine, pH 3 (10 CV, 250 cm/hr). The
elute was collected and loaded onto a protein L column equilibrated
with 50 mM phosphate + 150 mM NaCl, pH 7.5 (5CV, 500 cm/hr).
The flow-through fraction of the protein L eluent represented enriched
HCP species that otherwise coeluted with the target product.** Prod-
uct elution was achieved using step conditions with 100 mM glycine,
pH 3 (10CV, 250 cm/hr).

The flow-through fractions of the three biosimilars from protein L
chromatography were subjected to cold acetone precipitation, dried,
and stored at —80°C, until use. Further, tryptic digestion was per-
formed by resuspending the dried pellet in 6 M urea, 100 mM tris
buffer. This was followed by reduction and alkylation using DTT and
iodoacetamide. After incubation at room temperature for 1 hr, urea

concentration was reduced to 0.6 M by dilution with water. Further,
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digestion was performed by adding trypsin to the protein in the ratio
1:50 and incubated at 37°C overnight.

Digestion was stopped by adjusting the pH of the solution to <6
by adding concentrated acetic acid as needed. The tryptic digests
were desalted using C18 ZipTip™ (Millipore Corporation) before per-
forming MALDI-TOF-MS/MS. For mass spectrometry analysis, the
digested peptides were mixed with matrix solution and spotted on the
MALDI target plate. Analysis was performed using the UltrafleXtreme
MALDI-TOF/TOF Mass Spectrometer (Bruker Daltonik, Germany)
using sinapinic acid matrix. Data were acquired in positive ion MS
reflector mode and MS/MS. The resultant spectra was searched on
Mascot v2.2 (Matrix Science Ltd., London, UK) against UniProt data-
base with taxonomy as Cricetulus griseus (Chinese hamster; www.
uniprot.org; Proteome ID UP0O00001075). Parameters for database
searching included full tryptic digestion with up to two missed cleav-
ages, the precursor mass tolerance was set at 10 ppm, and fragment
mass tolerance was 0.5 Da. Carbamidomethylation (C) was set as fixed
modifications as the samples were alkylated during tryptic digestion.
Oxidation (M) and deamidated (NQ) were set as variable modifica-

tions. Hits with 95% or greater confidence interval were selected.

2.3 | Homology modeling of the “difficult to
remove” CHO HCPs

The sequences of the 10 “difficult to remove” CHO HCPs were col-
lected from the UniProt database with taxonomy as C. griseus
(Chinese hamster; www.uniprot.org; Proteome ID UP0O00001075).
None of the collected sequences had solved 3D structure in PDB.
Therefore, they were homology modeled using consensus based
approach. Five different homology-modeling suites (I-Tasser,
Bhageerath H, Phyre 2, Robetta and RaptorX) were chosen and the
sequences submitted.*>'? Structures obtained from these servers
were validated for their backbone conformation geometry, residue
contact, and energy profile using both individual servers such as
PROCHECK, VERIFY 3D, and ERRAT, as well as, Meta-Servers such
as through the NIH-SAVES server (https://services.mbi.ucla.edu/
SAVES/). The shortlisted models were further subjected to structural
refinement using 3D refine server (http://sysbio.rnet.missouri.edu/
3Drefine/) and Galaxy WEB server (galaxy.seoklab.org/). The resultant

high-quality models were used for further analysis.?%-2

2.4 | Protein-protein molecular docking and
interaction profiling

Keeping the aim of predicting the molecular interaction profile of
these “difficult to remove” HCPs with the target mAb, a crystal struc-
ture of mAb (PDB ID: 4KAQ) having a resolution of >2.48 A for
enhanced accuracy of docking results was retrieved from the RCSB
protein data bank.2® Protein-protein molecular docking of the high
quality and structurally refined HCPs with the model mAb were per-
formed using the ClusPro server version 2.0 (http://cluspro.bu.edu/
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login.php), with the parameter of balanced coefficients. ClusPro per-
forms rigid body search based on the fast Fourier transform (FFT) cor-
relation techniques. The docked structures were filtered using
distance-dependent electrostatics and an empirical potential rep-
resenting desolvation. The 2,000 conformations retained after the fil-
tering were clustered based on the pairwise RMSD. Finally,
representative conformations from the 30 largest clusters were
selected and refined using brief CHARMM minimization.?*?> Among
the top 10 docking results, the models with lowest binding energy
were selected for further analysis. The final docked HCP-mAb struc-
tures were further validated using Ramchandran plots to evaluate if all
the residues in the structure are stereo chemically feasible. Aggrega-
tion server A3D (22) was used to find the unstable surface residue of
mAb that may participate in HCPs interaction. PRODIGY server
(27) was used for estimating binding energies of docked complexes.
Interaction profile of HCP-mADb including hydrogen bond was calcu-

lated using CoCoMaps server (28).

2.5 | Structural and functional analysis
Structural analysis included examination of the secondary and tertiary
structure using far-UV CD and fluorescence spectroscopy of the mAb
biosimilars. Far-UV CD spectra were recorded in the range of
200-250 nm at 25°C on a JASCO J-815 spectropolarimeter according
to Reference 26.

For functional assessment, kinetics of binding affinity between mAb

biosimilars (analyte) and human FcRyllla (ligand) receptor (R&D systems)

was examined with Octet RED96 (Pall ForteBio) using biotin-streptavidin
chemistry. FcRyllla (CD16a) was biotinylated using the EZ-Link
biotinylation kit (ThermoScientific) with biotin: antibody molecular cou-
pling ratio of 1:3. Streptavidin kinetic grade biosensors (Pall ForteBio)
were hydrated in 1X kinetic buffer (Pall ForteBio part no. 18-5032) prior
to analysis. Assay steps included equilibration for 60s, 300s of
biotinylated-CD 16a loading (10 pg/ml), 120 s of baseline stabilization,
300 s of ligand-analyte association, and 600 s of ligand: analyte dissocia-
tion. Analyte concentration used were 60, 50, 25, 15 and 7 uM. Kinetic
buffer (1X) was used as the matrix throughout and the assay tempera-
ture was 30°C with a shaking speed of 1,000 rpm. Data were analyzed
and kinetic parameters determined from the acquired data using Global
(Full) fitting, specifying 1:1 kinetic model. Subsequent analysis of other
Rituximab biosimilars were performed using the same protocol with an
intermittent step of sensor regeneration and neutralization. Regeneration
was performed using 3 cycles of 30s incubation in 10 mM glycine,
pH 2.0 followed by neutralization in PBS for 30 s.

3 | RESULTS

3.1 | Quantitative analysis of HCPs

Figure 2 shows the levels of HCPs in the investigated mAb biosimilars.
All the three products have HCP levels <100 ppm as per the current
regulatory requirements of acceptable level of process related impuri-
ties for biosimilars. Figure 2a represents the standard curve depicting

the known HCP concentration to the binding rate observed in the
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H Protein A depleted

i Protein L depleted

FIGURE 2 Quantification of CHO
host cell proteins using biolayer
interferometry based assay. (a) Standard
curve correlating the binding rate to the
known HCP concentration. (b) Depicting
the effect of HCP enrichment using
protein A/L chromatography
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;I;i':nBtilf-i:din thL;Sftlc())\fvﬂE:)ZZf\ciifjctions Biosimilar 1 Biosimilar 2  Biosimilar 3
(coeluting HCPs) from protein L 60S ribosomal protein L29-like + - -
chromatography of the three rituximab Actin-related protein T2 + - -
biosimilars ADP-ribosylation factor-like protein 3 - + -
Alpha enolase - — +
Ankyrin-3-like + - -
ATP synthase subunit beta - - +
Cathepsin D + + +
Clusterin + + +
Dynein heavy chain 8 + - -
Dystonin isoform 1 + — -
Extracellular calcium-sensing receptor + - -
Galectin-3-binding protein - - 1
G-protein coupled receptor 56 + + +
Histone deacetylase complex subunit SAP30L + — -
Histone-lysine N-methyltransferase MLL3 + - -
Insulin-like growth factor-binding protein 3 + — +
Lactadherin + - -
Laminin subunit alpha-4 + - -
Lipoprotein lipase - + +
Lipoxygenase homology domain-containing protein 1 + - -
Metalloproteinase inhibitor 1 + + -
Metalloproteinase inhibitor 2 + — -
Microtubule-actin cross-linking factor 1 isoform 2 + - -
Nidogen-1-like, partial + - -
Peroxirodoxin 1 - - +
Phosphatidylinositol - + -
N-acetylglucosaminyltransferase
Procollagen galactosyltransferase 2 + - -
Regulator of G-protein signaling 9 i - -
RNA-binding protein 6-like isoform 1 + - -
SPARC + = =
Sulfated glycoprotein 1 - + -
Synaptotagmin-like protein 2 isoform 3 - + —
Transcription initiation factor - + -
U3 small nucleolar RNA-associated protein - — +
Zinc finger protein 120 - + -

Abbreviation: HCP, host cell protein.

Octet. In order to gain insights about the identity of the HCPs, with a
view to verify the presence/absence of “difficult to remove” HCPs in
commercial mAb biosimilar products, mass spectrometry based identi-
fication was performed. However, owing to dynamic range limitations
of mass spectrometry, the HCPs in the biosimilar mAb had to be
enriched using established technique of protein A and protein L chro-
matography.?” In this case, all the three biosimilars were protein A
purified by their corresponding manufacturers.

To enrich the HCPs that copurified with mAb, an additional pro-
tein L depletion step was employed. While Protein A resin effectively

binds to the Fc region in the heavy chain of the mAbs, Protein L resins

bind to the kappa region in the light chain of the mAb product. The
underlying reason for using protein L after protein A was that the for-
mer does not have the same affinity as the latter, and therefore
should effectively deplete HCPs from most of the protein A purified
biotherapeutics. Figure 2b supports this assumption as it is evident
that the flow-through fraction of the protein L elute is enriched with
the HCPs that otherwise copurified with the rituximab biosimilars.
Table 1 shows the list of HCPs that were found to be associated with
the tested three mAb biosimilar. It is seen that even though all the
three biosimilars are nearly equivalent in terms of HCP count, there is

significant difference in the distribution of the HCPs species. For
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instance, 23 HCPs were found in Biosimilar 1, but Biosimilars 2 and
3 contained 12 and 10 HCPs, respectively (Figure 3). Further investi-
gation revealed that of the 10 “difficult to remove” HCPs, 7 were pre-
sent in Biosimilar 1, 6 in Biosimilar 2, and 5 in Biosimilar
3. Specifically, G-protein coupled receptor 56, cathepsin D and
clusterin were common HCPs to all the three biosimilars.
Metalloproteinase inhibitor 1 was present in Biosimilars 1 and 2 and
lipoprotein lipase was present in Biosimilars 2 and 3. Moreover,
nidogen-1, SPARC, and insulin-like growth factor binding protein were
present exclusively in Biosimilar 1, sulfated glycoprotein 1 in Bio-
similar 2, and galectin-3-binding protein in Biosimilar 3.

3.2 | Surface study of rituximab

The mAb structure was analyzed to understand its surface stability in
context to water solvent. Aggrescan3D (A3D) server detects the
aggregation prone patches based on chemical nature of residue and
solvents exposed surface area of given residue along with its neigh-
bors.2® These aggregation prone detected patches are considered
unstable on protein surface and prone to involvement in fibril forma-
tion. These patches are unfavorably exposed to solvent and are rela-
tively more susceptible toward interaction with other molecules
(e.g., proteins). A3D score was used to detect these unstable patches
on the surface of mAb. Figure 4a shows the surface of mAb where
red gradient indicates unstable or aggregation prone patches while
blue gradient shows stable or soluble patches. It shows that there are
a few small unstable patches (shown in red color) detected on the
mAb surface, likely to promote interaction with different HCPs.
Figure 4b,c show the A3D scores of all residues in heavy and light

Biosimilar 2

Biosimilar

Biosimilar 3

FIGURE 3 Venn-diagram showing distribution of copurifed HCPs
in the three biosimilar products
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chains of mAb. A score greater than O indicates instability while nega-
tive scored residues are soluble on the surface. It is evident that ~10%
of residues in heavy and light chains are prone to interactions with
other molecules including HCPs. Further, structures of HCPs were
modeled using in silico approach and docked with mAb to investigate
the coverage of these relatively unstable residues and their participa-
tion with HCPs.

3.3 | Structure modeling of HCPs

The presence of “difficult to remove” HCPs in the investigated bio-
similars observed in this study, in conjugation to findings with previ-
ous studies, motivated us to understand the prevailing mechanism of
retention. In silico protein structure modeling was performed for
these HCPs that later docked with mAb to gain insight into their inter-
actions (Supporting Information Figure S1). Multiple protein structure
modeling servers were used to model HCPs structures: I-Tasser,
Bhageerath H, Phyre 2, Robetta and RaptorX. Later, these models
were scored with 3D refine and galaxyWEB servers.1>172122 |n addi-
tion, ProTsav server was used to score quality of model structure.
Few modeling servers could not process the input sequences of cer-
tain HCPs and thus did not produce the output model structures. A
total of 151 model structures were generated for the targeted
10 HCPs. Modeled structures of HCPs showed high content of
B-strands and loops (>50%) except for clusterin, insulin-like growth
factor, 2 RNA-binding protein, and sulfated glycoprotein-1, where
helices dominated. Further, quality of models was assessed using
NIH-SAVES and ProTsav server. ProTsav is a meta-server combined
eight individual servers (DDFIRE, ERRAT, NACCESS, PROSA,
PROCHECK, VERIFY 3D, MOLPROBITY and D2N)? and assigns a
cumulative score on a scale of 0-1. Any structure with a ProTsav
score < 0.4 is considered acceptable. However, modeled HCPs have
ProTsav score > 0.4, indicating relatively low quality. Therefore, the
models with low ProTsav score (highest quality) were subjected to
structural refinement program using 3D refine and galaxy WEB
servers. Final goal of refinement is to improve ProTsav score and thus
enhance the quality of model. Here, galaxy WEB server generated
refined models with ProTsav scores less than the original model.
Therefore, the refined models from galaxy WEB servers were used for
docking with target mAb (Table 2). However, structure model of
nidogen-1 HCP was deteriorated during refinement as per ProTsav
score, thus original model was used to docking. The final best quality
models used for docking are represented in Supporting Information
Figure S2.

3.4 | Molecular docking

The aim of performing HCP-mAb docking was to investigate the inter-
action of all 10 HCPs with mAb. Modeled HCPs were docked with
mAb using ClusPro 2.0 server?’ and best docked pose as per ClusPro

scoring was examined to study protein-protein interaction. Binding
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FIGURE 4 Surface analysis of mAb protein. (a) Red color gradient shows the instability or aggregation prone patches while blue color shows
the soluble patches on the surface. (b and c) A3D scores of heavy and light chain of mAb, it shows the aggregation/interaction propensity of

these residues with other molecule

TABLE 2
remove” HCPs

Galectin-3 G-protein

Listing the quality scores (ProTsav, GalaxyWeb and 3D refine) of the homology modeled structures of the “difficult to

-binding  coupled Lipoprotein Metalloproteinase Sulfated
I-Tasser model  Cathepsin D Clusterin protein receptor Insulin lipase inhibitor 1 Nidogen-1 SPARC glycoprotein 1
Model Model 4 Model 2 Model 4 Model 2 Model 1 Model 1 Model 3 Model 1 Model 5 Model 1
ProTsav score 0.553 0.6391  0.6092 0.7054 0.628  0.6261 0.5878 0.5616 0.695 0.9617

before refining

3-D refined Model 3 Model 5 Model 5 Model3 Model 5 Model 5 Model 5 Model 5 Model 5 Model 5
Score 0.6354 0.7286  0.6991 0.6969 0.6855 0.6334 0.6688 0.7203 0.7896 0.7398
Galaxy refine Model 3 Model 3 Model 3 Model 2 Model 5 Model 5 Model 2 Model 5 Model 2 Model 4
Score 0.5236 0.6025 0.5763 0.6134 0.5994 0.5103 0.573 0.6102 0.5843 0.6702

Abbreviation: HCP, host cell protein.

affinity of these complexes were calculated using PRODIGY server®®
and the estimated AG and Kp, values for 10 HCP-mAb complexes are
shown in Figure 5a.

Binding energies of these complexes (AG and Kp) indicate high
affinity of HCPs toward mAb. All 10 HCPs share similar binding free
energies (AG < —10 kcal/mol), considered as strong association of
protein-protein interaction. However, clusterin showed relatively
highest affinity whereas sulfate glycoprotein has the lowest (Figure 5a).
Electrostatic interactions play a major role in deciding binding affinity
of the two molecules. H-bond is a type of electrostatic interaction that

can be detected in the protein-protein complex to estimate its stability.
H-bonds in given 10 HCPs-mAb complexes were identified. CoCoMaps
servers®! were used to study H-bonds involvement in these com-
plexes. Figure 5b shows the number of H-bonds in all 10 complexes in
heavy and light chain of mAb. Here again clusterin exhibited highest
number of H-bonds (15 bonds). SPARC also showed a large number of
H-bonds in its complex with mAb. In summary, all 10 complexes
exhibited significant binding energy with one or more H-bonds.

After examining the H-Bonds, residues at protein-protein inter-

face were detected. This was determined by using the change in
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FIGURE 5 Binding affinity estimation of best poses of 10 HCP-mAb complexes. (a) AG and Kp, values for 10 HCP-mAb complexes.

(b) Number of H-bonds in 10 HCPs-mAb complexes in heavy and light chain of mAb. X-axis represent the complex of different HPCs with mAb

TABLE 3 Top five residues that showed maximum change in exposed surface area in free to bound state from heavy and light chain of mAb

in complex with HCPs

HCPs Heavy chain
Cathepsin D TRP106 ASN33 TYR101 TYR52 GLY104
Clusterin SER182 ARG43 LEU178 SER181 GLY42

Galectin-3-binding protein
G-protein coupled receptor 56
Lipoprotein lipase
Metalloproteinase inhibitor 1
Nidogen-1

SPARC

Sulfated glycoprotein 1

Insulin

TRP106 TYR101 TYR52 ASP57 SER31
TYR101 TRP106 TYR32 TYR102 ASN33
TYR101 TRP106 ASP57 TYR52 THR28
TYR101 THR28 TYR32 TYR52 SER31
TYR102 TRP106 TYR101 TYR32 TYR52
TYR101 TRP106 TYR52 ASP57 GLY104
TYR101 TYR32 TRP106 TYR52 ASN55
TYR101 TRP106 TYR52 ASN55 TYR102

Light chain

ASN93 SER30 THR91 TYR31 SER28
VAL3 ARG24 ALA9 GLN159 ILE10
TRP90 ASN93 THR91 SER92

THR91 ASN93 SER55 ASN52 LEU53
ASN93 THR91 TYR31 SER30 SER92
SER30 THR91 TYR48 TRP90 SER55
VAL59 LEU53 ASN93 ASN52 SER51
ARG24 SER28 SER51 THR91 LYS18
TYR31 TRP90

ASN93 TYR31 TRP90 THR91 PRO%4

Note: Residues detected as unstable in surface study (Figure 4a) of mAbs are in bold.

Abbreviation: HCP, host cell protein.

solvent exposed area in free to complexed state. Table 3 shows the
top five residues from mAb that showed maximum change in surface
area from free to bound state from heavy and light chain. Residues
that are predicted unstable or prone to interaction from surface study
using A3D server (list shown in Figure 4) are represented in bold in
Table 3. It is seen that each complex has minimum two and maximum
six residues from mAb that are detected unstable and sit at the inter-
face of the complex. It indicates that mAb interaction with HCPs is
driven by the process of burying these unstable residues to attain
higher stability in complex state. A closer observation of residues
shown in Table 3 confirmed that TYR101 and TRP106 are common in
all the complex except clusterin complex. This suggest that binding
region of these nine HCPs on heavy chain of mAb is similar while
clusterin binds to a different position. TYR101 and TRP106 also
showed high A3D score 2 1 (Figure 4) in surface study of mAb, imply-
ing a higher degree of instability and increased susceptibility to inter-

actions with other molecules.
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3.5 | Structural integrity and functional analysis
Structural integrity of the biosimilars at the secondary and tertiary
levels of structural organization were assessed using CD and fluores-
cence spectroscopy. As is evident from Figure 6a, the far-UV spec-
trum of all the three biosimilars overlapped with each other indicating
lack of significant changes in the secondary structure. As a general
structural characteristic of any mAb, antiparallel p-pleated sheet was
dominant, as evidenced by a dip at 216-218 nm. Data from the fluo-
rescence experiments also showed overlap of the tertiary structure as
evidenced from the common emission maxima at 350 nm and lack of
red/blue wavelength shift for all the three biosimilars (as shown in
Figure 6b).

The functional activity of the biosimilars was assessed via its
binding affinity to the Fcyllla receptor. Association and dissociation
profiles for all the three biosimilars appear to be quite similar

(Figure 6c). Also the binding affinity constants obtained for all the
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TABLE 4 Listing the probable mechanism by which the “difficult
to remove” HCPs copurify with the target mAb product

Probable
Predicted binding mechanism of
HCP strength with mAb retention
Cathepsin D Low Coelution/variable
cell line aging
Clusterin Higher moderate Product association
SPARC Lower moderate Product association

Lipoprotein lipase Higher moderate Product association

Coelution/variable
cell line aging

Galectin-3-binding Low
protein

Coelution/variable
cell line aging

G-protein coupled Low

receptor 56

Metalloproteinase Lower moderate Product association

inhibitor 1
Insulin-like growth Product association

factor-binding

Higher moderate

protein 3
Nidogen-1 Lower moderate Product association
Sulfated Low Coelution/variable

glycoprotein cell line aging

Abbreviation: HCP, host cell protein.

three biosimilars were also estimated to be statistically similar and
well within the specified range for the investigated mAb (Figure 6d),
except for Biosimilar 3, which showed slightly higher affinity (7.01

+ 0.23 pm) than the reference value (7.4-10.9 um) of binding affinity
of rituximab interaction with FcXllla receptors. The small change
(improvement) in observed affinity value could be explained based on
three basic observations made for Biosimilar 3: (a) The levels of HCPs
in Biosimilar 3 were least among the three biosimilars investigated;
(b) clusterin, cathepsin D and G-protein coupled receptor 56 are the
three “difficult to remove” HCPs that were found in all the three bio-
similars; and (c) galectin-3-binding protein is the only problematic
HCP that was uniquely found in Biosimilar 3, but not in Biosimilars
1 and 2. The computational docking study showed that galectin-3
binding protein binding affinity in terms of AG and Kp is not relatively
higher than other difficult to remove HCPs. Similar conclusion is also
be made using the H-bond numbers for this HCP. Taken together, it is
expected that the difficult to remove HCPs present in Biosimilar
3 exhibit low-binding affinities with mAb and their relatively lower
levels as compared to the Biosimilars 1 and 2. This perhaps translates
into slightly better experimental Kp for Biosimilar 3.

4 | DISCUSSION

In this work, we have identified 10 HCPs expressed in CHO cells as “dif-
ficult to remove” using information from literature.”*%*2 The ICH Q6B
guideline lays down the product specifications for biotherapeutics, but
does not address the exact composition and concentration of acceptable
HCPs in biotherapeutics.3? Historical industry practices required the
HCPs to be kept under 100 ppm.2*33 With the rise of biosimilars across
the globe, process changes are inevitable as biosimilar manufacturers do
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not have access to the process used by the manufacturer of the innova-
tor product.* Researchers have shown that these process changes or
manufacturing drifts could influence both the levels of HCPs as well the
HCP species finally end up in the biotherapeutic product.1%3>3¢ Thus,
while the criterion of 100 ppm target limit may be satisfied, manufac-
turers need a deeper understanding of the HCPs present in the product
and their impact on the product's safety and efficacy. In this article, we
focused on the 10 HCPs that exhibited all the three established features
that allowed them to be categorized as difficult to remove: (a) propensity
to associate with the mAb, (b) tendency to copurify with the products on
with the resins during downstream processing, and (c) exhibiting signifi-
cant changes in the expression as a function of cell age.”

Even though, not all 10 HCPs were found in each of the three
biosimilars, their presence in these products reinforce the findings on
challenges and risks posed by them. The common HCPs in all the
three biosimilars, cathepsin D, clusterin, and G-protein coupled recep-
tor represent lysosomal, secretory and membrane expressed CHO
host cell impurities, respectively. Clusterin has been reported to retain
in both protein A elutes as well as final formulated product in as many
as 29 mAbs spanning through all the four 1gG subtypes.3” It exhibits
multivalent interaction with Fc as well as Fab region of the mAb.3®
Cathepsin D, on the other hand, is generally found in the final drug
substance/product, exhibits proteolytic activity®® and is known to
cause fragmentation of the mAb products.*® G-protein coupled recep-
tor has been characterized to have attractive association with the
mADb product even under moderately high salt conditions during prod-
uct elution.!* Lipoprotein Lipase and metalloproteinase inhibitor-1
were found in two of the three mAbs that were investigated. Lipopro-
tein lipase has recently been attributed to cause degradation of poly-
sorbates, commonly used as excipients for preventing aggregate
formation in mAb formulations.®2 Nidogen-1, SPARC, insulin-like
growth factor binding protein, sulfated glycoprotein 1, and galectin-
3-binding protein were found only in one of the three biosimilars. In
addition, as evident from Table 1, it is seen that apart from these “dif-
ficult to remove” HCPs, indeed other HCPs were also present across
the biosimilar product that were investigated.

One factor that could be attributed for the widely different distri-
bution of these HCPs in various biosimilars of the same mAb is per-
haps the divergence in process conditions employed by the respective
manufacturers of these biosimilars. This is particularly true of both
upstream as well as downstream process conditions. In upstream
processing, the cell culture platform is increasingly adopting high cell
densities and perfusion cell culture modes for biotherapeutic produc-
tion.10121441 These newer modes impact a particular subset of HCPs,
as evidenced from a cell cultivation operated in batch and fed-batch
mode that resulted in expression of common HCPs in both modes on
Day 3 (equivalent cell densities), but subsequently led to higher
expression of few select HCPs in fed-batch mode.** In addition, it is
seen that the difficult to remove HCPs exhibited near equivalent
affinities to the biosimilar, except for the sulfated glycoprotein. These
could trigger competitive binding from among the HCPs and thereby
depending upon the existing process conditions, certain HCPs get

favored vis-a-vis others and end up coeluting with the product.
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As seen from this study, the relatively lower levels of the HCPs in
the final product (<100 ppm) does not cause any structural perturba-
tions or functional changes (except for slight changes in binding affin-
ity for Biosimilar 3) to the target therapeutic activity. Thus, at any
instant only a small ensemble of the mAb is associated with these
HCPs while a large majority remains intact and un-complexed. Based
on the experimental and computational data in this study, we propose
the following schemes/mechanisms by which the 10 “difficult to
remove” HCPs persist/copurify with the main product (Table 4).

A direct application of the findings from this study would be to
design a targeted purification scheme for selective clearance of HCPs
that are deemed to be problematic due to their persistence in the final
mADb product. For example, insulin-like growth factor-binding protein 3 is
shown to copurify with the mAb via product association (Table 4). There-
fore, the associative characteristics of this HCP could be countered by
reversing the interaction using high salt concentration during product
elution. In contrast, for sulfated glycoprotein such an approach is unlikely
to work as the mechanism of its copurification is via coelution/variable
cell line aging. Thus, with the limited mechanistic understanding devel-
oped in this study, well-designed process conditions could be chosen for
effective and targeted removal of HCPs, that are otherwise “difficult to
remove.” More elaborate studies employing docking analysis with suffi-
ciently well resolved full mAb structures (resolution >2 A) with HCPs,
along with experimental validation using biolayer interferometry/surface
plasmon resonance spectroscopy would be required to further build up

on the understanding gained in this study.

5 | CONCLUSIONS

Our aim in this article was to identify the “difficult to remove” HCPs
that are present in the three marketed biosimilar mAbs and further
shed light into the underlying interactions between the mAb molecule
and the HCPs that result in this behavior. Some of the HCPs observed
here were common to the 10 HCPs that have been previously
established as difficult to remove with the existing mAb purification
platform. The identified HCPs were modeled owing to lack of their
solved structures and docked with the mAb molecule. It was shown
that these HCPs have near equivalent affinity to a discontinuous
patch of aminoacids on the mAb surface that are unstable owing to
their tendency to bury themselves and strong attractive interaction of
mAb-HCP causes coeluting of these impurities with the target prod-
uct. This study also helped in identifying the crucial residues responsi-
ble for mAb-HCPs interaction. Careful mutation or biochemical
modification of these residues may weaken the interaction that
results in purified mAb free from HCPs. Similarly, residues that are
involved in surface instability of mAb can also be targeted to address
the purification process. A probable mechanism via which the “diffi-
cult to remove” HCPs copurify with the mAb product is proposed.
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Abstract

Continuous bioprocessing is significantly changing the biological drugs (or biologics) manufacturing landscape by potentially
improving product quality, process stability, and overall profitability, as was similarly seen during the adoption of advanced
manufacturing processes for small molecule drugs in the past decade. However, the implementation of continuous manufactur-
ing for biological processes producing protein-based drug molecules, such as monoclonal antibodies (mAbs), is facing several
new hurdles. The barriers to continuous bioprocessing can be overcome through improved process understanding via better
predictive capabilities enabled by hybrid modeling that can also lead to robust process control. This review article summarizes
the recent advances and ongoing obstacles faced during the use of advanced process analytical technologies (PAT), process
modeling, and control strategies to enable continuous manufacturing of mAbs. In addition, this review also discusses the pro-
cess strategies and future directions of advanced continuous manufacturing approaches that have been adapted by other

industries and that could be implemented for mAbs production soon.

© 2021 Society of Chemical Industry (SCI).

Keywords: biotechnology; industrial biotechnology; mathematical modelling; pharmaceuticals; process control; proteins

INTRODUCTION

The U.S. Food and Drug Administration (FDA) approved the first
recombinantly produced insulin biological drug product
(or biologics) back in 1982, and this opened a new horizon for
complex biomolecule based drug manufacturing using living sys-
tems." Since then, several biologics, including monoclonal anti-
bodies (mAbs), have been approved to treat many autoimmune
diseases, cancers, and genetic disorders in patients. Biologics
have also proven to be effective in the treatment of bacterial
and viral infections. For example, several mAbs (e.g., Itolizumab
from Biocon) are being used in ongoing clinical trials for treat-
ment of SARS-CoV-2 virus infections.” The reason why mAbs are
a popular choice for the treatment of a myriad of diseases is often
their specificity and safety. Furthermore, the availability of well-
established platform technologies for upstream production and
downstream purification processes has also enabled mass pro-
duction of protein-based biologics. However, the production of
a biological drug product with consistent quality and low cost
remains a challenge. Consequently, it is critical to improve prod-
uct quality and optimize the biologics production process
through the implementation of innovative manufacturing strate-
gies, such as the integrated in/on/at-line process monitoring,

modeling, and control that are being adopted by other indus-
tries.®> The FDA released critical guidance for the application of
process analytical technology (PAT) in the pharmaceutical
manufacturing industries.* The application of PAT systems, also
called process monitoring and analysis systems, in manufacturing
has paved the way for continuous process/product improvements
through strengthened process supervision, knowledge-based
data analysis, integration of quality-by-design (QdB) concepts,
and real-time feedback control.> Figure 1 outlines how process
modeling, PAT, and control systems can work synergistically
together for a continuous mAbs production line to meet both
industrial and regulatory requirements.

* Correspondence to: SPS Chundawat, Department of Chemical and Biochemi-
cal Engineering, Rutgers, The State University of New Jersey, 98 Brett Road, Pis-
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Continuous Monoclonal Antibody (mAb) Based Biopharmaceutical Drugs Production Enabled Using Real-time PAT, Modeling, & In-Process Controls
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Figure 1. Schematic outline of continuous mAb based biopharmaceuticals production line and how advanced PAT, modeling, and in-process control strat-

egies would enable mAb production with desired quality and yield.

In the last decade, the paradigm of continuous manufacturing
(CM) has gained traction due to demonstrated benefits in small-
molecule pharmaceutical based drug manufacturing, and it is
now being evaluated for biologics production.® However, the
implementation of principles of continuous manufacturing for
biologics production is not trivial and has, therefore, not seen
rapid industry-wide commercial adoption.” & Recent advances in
using CM techniques are mostly limited to individual unit opera-
tions with limited integration into the overall process. Currently,
there are no commercial products being manufactured by end-
to-end continuous bioprocessing; however, a few research case
studies have been reported from the collaboration of academia
and industry.” '° In particular, a 2021 guideline on integrated con-
tinuous biomanufacturing proposed an implementation strategy
for biopharmaceutical companies and contract manufacturers,
and provided a roadmap for vendors equipment design.'® Over-
all, the slow adoption of CM can be primarily attributed to the fact
that the continuous upstream portion is not being utilized to its
maximum potential via PAT and control strategies, and that the
continuous downstream equipment and sensing technology are
not yet fully mature. Furthermore, the current industrial mindset
is batch process oriented and, even with simple batch setups,
many companies fail to comply with regulatory standards. Hence,
there is much hesitation in to the adoption of comparatively more
complex continuous processes for commercial applications.®
Besides, for reliable end-to-end continuous processes to be oper-
ated, reliable predictive tools are needed in addition to the regu-
lar PAT tools strategically placed along the entire CM line. For
example, decision of loading sample onto the chromatographic
column after continuous upstream operation is challenging due
to the dynamic nature of upstream processes. This demands
quicker analysis (within seconds or even minutes) of culture
media for mAb concentrations to make faster decisions for
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downstream operations. Some authors have reported case stud-
ies where using at-line high performance liquid chromatography
(HPLC) or near infra-red (NIR) spectroscopy has enabled real-time
decision making."" However, in most scenarios, off-line drawn
samples are tested from the culture broth rather than in/at-line
for perfusion bioreactors. Another important process task in con-
tinuous manufacturing is implementable control of surge tanks
between unit operations. Surge tanks are critical and play an
important role as intermediary step in a continuous series of pro-
cess steps. Control of surge tanks necessitates the use of layered
control strategies to ensure robust control.’ As continuous pro-
cessing involves a series of steps with diverse reaction kinetics
and principles, application of PAT and/or control alone will not
ensure robust in-process control. Hence, hybrid modeling and
data analytics based tools must be used to make prompt deci-
sions using real-time data and past learnings from previous
design space results.'® '* Therefore, there is significant motiva-
tion to develop a clear scientific, technological, and regulatory
infrastructure to enable broader industry-wide adoption of con-
tinuous biomanufacturing in the future.

Here, we summarize the progress and hurdles in the implemen-
tation of CM for biologics like mAbs. We highlight the key issues
related to the integration of PAT, modeling, and in-process con-
trol strategies for continuous biomanufacturing. Lastly, we discuss
future directions and leveraging CM strategies that have been
successfully adopted by various other industries in recent years.

CURRENT STATUS OF CONTINUOUS
MANUFACTURING OF BIOLOGICS

A typical biomanufacturing process is comprised of an upstream
cell culture step, where a recombinant cell line harboring a gene
of interest is used to produce the desired bioproduct, followed
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by a series of downstream purification steps. To maximize process
throughput and improve process economics, there has been an
increasing emphasis on replacing traditional batch unit opera-
tions with continuous processes. Recent technological innova-
tions that have empowered this transition for mAbs production
are briefly discussed below.

Upstream cell culture step

Compared to downstream unit operations, continuous upstream
cell culture is now well established. More than twenty
commercially-relevant biologics have been produced using cell
perfusion bioreactor technology.” Cell separation devices, such
as alternating tangential flow (ATF) and tangential flow filtration
(TFF), are used not only during perfusion (for achieving high cell
density) but also for the initial clarification of cell culture broth."
Table 1 highlights the advances in equipment and PAT technol-
ogy that have enabled the transition from batch to continuous
upstream operations. ATF or TFF can be used in various ways (like
at the N-1 perfusion seed culture stage) to enable high seed den-
sity process, concentrated fed-batch operations, or continuous
perfusion operations that offer various advantages. For example,
if the product is stable and longer operational duration is not an
issue for manufacturing, then concentrated fed-batch can be
used. If the product is stable, but manufacturing does not have
the facilities to incorporate full-scale perfusion technology, then
it can opt for high density processes and implement perfusion
at the N-1 stage to lower the scale of continuous operation. In
cases where the product is not stable in the culture medium
(e.g., hormones), then perfusion might be the preferred approach.
The reasoning is that, during perfusion, steady states can be main-
tained, and they are reported to yield consistent product quality
over time. However, process integration is still a major challenge
given that continuous operations need to be compatible with sev-
eral other stages of biomanufacturing to meet regulatory require-
ments. For example, while implementing perfusion technology,
integration with immediate downstream capture step is challeng-
ing due to the difficulty in establishing a balance between the dif-
ferent optimal mass flow rates for these distinct unit operations.
To tackle this issue, surge tanks can be introduced, where the
ATF filtrate can be kept on hold for a limited time; however,
the impact of surge tank hold time on product quality is needed
to support such operations.'? Another hurdle is the limited pro-
cess optimization for continuous perfusion operations due to time
and resource constraints.'® To this end, there is a critical need for
the development of scale-down equipment'” and associated pro-
cess models to better enable exploration of the design space of
perfusion technology and to enable more efficient integration
with downstream steps.

Downstream purification steps

The biologic product produced from a cell culture often needs to
undergo multiple steps of purification and characterization. For
example, a typical mAb product needs to be processed by 2-3
batch modes of protein chromatography, such as: initial capture
step (e.g., ProA affinity chromatography) followed one or two ion-
exchange or multimodal chromatography based polishing steps,
prior to product formulation. Besides these, there are several inter-
mittent protein concentration and buffer exchange, viral inactiva-
tion, and filtration based operations. Overall, these diverse unit
operations make it challenging to establish a truly integrated con-
tinuous process. To this end, important advances have been made,
which are summarized in Table 1. Two major options being
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investigated include periodic counter-current chromatography
(PCC) and simulated moving bed chromatography (SMB)."® How-
ever, these processes generally involve multiple separation col-
umns that require precise synchronization of all chromatographic
events and prompt decisions for desired protein fraction collection.
Hence, rapid modification of downstream protocols is needed to
enable real-time response to changes in intermediate product
quality attributes as influenced by upstream operations. Lastly,
there is a critical need for the development of scale-down equip-
ment (with integrated software and PAT) that would enable more
efficient integration with continuous microscale based perfusion
systems to explore the downstream protein purification/concentra-
tion design space more efficiently and cost-effectively.'”

Process analytics

The Food and Drug Administration (FDA) and other regulatory
authorities have advocated for an increased role of Process Ana-
lytical Technology (PAT) and Quality by Design (QbD) for drug
substance/product manufacturing since 2004. Hence, it has
become important to closely monitor the critical process parame-
ters (CPPs) and critical material attributes (CMAs) for deviations
that can impact final product critical quality attributes (CQAs, such
as mAb glycosylation, charge, or aggregate states); it is also impor-
tant to incorporate in-process control measures in real-time to
address failure-modes.® This has resulted in significant advances
in monitoring tools that have been developed over the last two
decades. Some examples include on-line cell biomass and cell cul-
ture monitoring via capacitance sensing20 and spectroscopic
techniques (e.g., Raman spectroscopy®' and NIR spectroscopy,®
Fourier Transform InfraRed spectroscopy® or FTIR, and Attenu-
ated Total Reflectance based FTIR or ATR-FTIR** spectroscopy).
Although major advances have been achieved for the integration
of PAT in the upstream cell culture step, downstream processes
still lag in advanced PAT implementation. Currently, there is a
growing trend towards the incorporation of automated sample
preparation devices, such as flow injection analysis (FIA) systems
integrated with dedicated at-line HPLCs, for monitoring several
biologic drug CQAs.?> However, these techniques have not been
widely adopted due to a lack of dedicated hardware and software
customization, as well as a lack of associated protocol develop-
ment for fully autonomous drug CQA analysis using FIA-based
PAT. Nonetheless, real-time monitoring of CQAs using PAT is
undoubtedly a major direction for future research.

Process integration

Various levels of process integration have been reported in the lit-
erature, including: (i) partial integration of a continuous upstream
process with an immediate product capture step, (i) complete
end-to-end integration wherein a continuous upstream unit opera-
tion is linked to a continuous capture step followed by batch down-
stream purification steps, and (iii) end-to-end closed system
wherein process fluids are not exposed to the manufacturing envi-
ronment.” A desirable continuous manufacturing process must
have all process unit operations fully integrated with appropriate
PAT tools and process model based ‘soft’ sensors to enable real-
time decisions to be undertaken autonomously based on process
deviations or disturbances. To the best of our knowledge, while
there is no reported case study in the open literature that demon-
strates the successful implementation of a fully integrated
upstream and downstream process for the scalable production of
biotherapeutics (like mAbs), this is now likely being implemented
at least at pilot-scale by some leading pharmaceutical companies.'®
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Table 2. Critical quality attributes associated with final drug product and examples of real-time PAT implementation to enable continuous
biomanufacturing

Quality Measurement or Process Analytical CQA Monitoring
Attribute Influence Process Location/s Technique (PAT) Style using PAT
Protein Titer Cell productivity Upstream Affinity chromatography On-line?”
Downstream Capillary electrophoresis At-line?®2°
Raman spectroscopy Offline
Infrared spectroscopy (IR)
Osmolality Cell Viability & growth Upstream Osmometry On-line3®?!
Raman spectroscopy At-line®?
Near-infrared (NIR) spectroscopy Offline
pH Protein stability Upstream Potentiometry On-line®
Downstream Infrared spectroscopy (IR)

Host Cell Contaminant Upstream Infrared spectroscopy (IR) On-line®
Proteins decrease in drug efficacy, Downstream Liquid chromatography with UV based At-line®
(HCP) Adverse immunogenic detection Offline

reaction

Host Cell DNA Contaminant Upstream, Reverse phase high performance liquid At-line®*
(HCD) decrease in drug efficacy, Downstream chromatography (RP-HPLC) with UV Offline

Adverse immunogenic Enzyme-linked immunosorbent assays
reaction (ELISA)

Protein Decreased Upstream, Size exclusion chromatography (SEC) In-line3>
Aggregation production, Downstream (Protein Infrared spectroscopy (IR) Off-line®

Lower drug A Capture, Viral Dynamic light scattering (DLS)
activity & safety Inactivation, Ultra/ Analytical ultra-centrifugation (AUC)
dia-filtration or
UF/DF)

Charge Drug safety, immunogenicity, Upstream lon exchange chromatography (IEC) Online3®

Variants and efficacy Downstream Capillary electrophoresis (CE) Offline®”
« lIso-electric focusing (IEF)

Size Variants Drug safety, immunogenicity, Upstream « Size exclusion chromatography (SEC) On-line®

and efficacy Downstream Offline

Glycosylation Drug Efficacy, immunogenicity, Upstream « Hydrophilic interaction liquid On-line®>*

stability Downstream chromatography (HILIC) At-line*®
- Capillary electrophoresis (CE) Offline

INTEGRATED PROCESS ANALYTICAL
TECHNOLOGY (IPAT)

With the adoption of the Guidance for Industry as outlined in ICH
Q8, there has been an increasing demand for improved process
understanding with the goal of delivering a quality product with
consistent performance.?® This can be achieved by understanding
the effect of process inputs, such as raw material attributes and
process parameters on the CQAs; this process envelope is known
as the design space. For a process to work in a designated design
space, it is important to have real-time information (i.e., using PAT
Sensors) on process parameters that can have a significant impact
on product attributes and to be able to control the process via
feedback and/or feedforward control strategies. Hence, this
section focuses primarily on advances in the integrated PAT tools
and sensors used in both upstream cell culture cultivation and
downstream purification. Table 2 depicts the important quality
attributes and the current state of process monitoring. Figure 2
depicts the general use of common PAT tools and automation
during a continuous bioprocess and how process control can be
conducted using these tools. The recent trends of PAT toolkit
development and implementation are discussed below.

32

To a significant extent, PAT has enabled process automation
and real-time control of a few process parameters for upstream
operation. For example, pH, dissolved oxygen, temperature, and
glucose concentrations are a few of the upstream parameters that
have been reported to be well controlled. However, monitoring
and control of product quality attributes (such as biological activ-
ity, aggregate states, charge variants, and glycosylation levels) is
not possible in real-time and there are only a few cases where
these CQAs were monitored via at-line PAT. There are two main
reasons for this lag in advanced PAT adoption. One is the availabil-
ity of robust and inexpensive sensors that can detect these small
variations in a complex bioreactor environment. The other reason
is a lack of complete understanding of the impact of process
parameters on product CQAs, which further limits application of
suitable control strategies. Some recent advanced PAT implemen-
tation case studies are further highlighted here. Raman spectros-
copy has gained significant attention for implementation in both
upstream and downstream processes. A key advantage in use of
Raman spectroscopy in CM as PAT is the ability to simultaneously
allow in-line monitoring and prediction of key culture parameters
(such as concentrations of glutamine, glutamate, glucose, lactate,
and ammonium), in addition to predicting viable cell density and
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Figure 2. Example of specific PAT tools implemented during mAb manufacturing to monitor CQAs. Blue denotes the process analytical techniques that
feeds information from the process and green denotes specific CQAs that are measured during each step of the bioprocess.

total cell density.*' The use of a single PAT probe to characterize
multiple culture parameters simplifies the task of sample analysis
by replacing multiple sensors with a single sensor that can gather
multiple sets of information at once. In addition, Raman spectros-
copy has been used for controlling lactate concentration which
has led to improvements in cell density, viability, and protein pro-
duction in mammalian cell culture* as well as with controlling
glucose levels in the bioreactor.** ** Using Raman spectroscopy
to predict different mAb isotypes and glycosylation species with
low prediction errors and through a permeate stream (without
sample removal) has also been reported.*> ¢ A recent study also
successfully implemented Raman spectroscopy for fine-tuning
mAb galactosylation levels in real-time by controlling lactic acid
feeding rate.*” However, this technique has certain limitations,
such as giving highly overlapping spectral signatures that require
deconvolution and having poor sensitivity to lower concentration
species (which makes it difficult to continually observe all desired
products). Moreover, the requirement of robust calibration
models for process validation and the need for raw data pre-
processing using complex chemometric approaches are some of
the other technical drawbacks that come along with the applica-
tion of Raman spectroscopy as a PAT tool. However, based on
technological advances that are continuing to be made, Raman
based PAT will find applications in monitoring of a wide range
of process parameters and quality attributes to suit the on-line
monitoring needs of continuous biomanufacturing processes.
Spectroscopic monitoring tools implemented in upstream and
downstream processing unit operations have become versatile
due to fast acquisition times and the ability to gather a multitude
of data with each acquisition. The use of in-line FTIR and Raman
spectroscopy probes has also been studied as a substitute
approach for at/off-line HPLC analysis during protein chromatog-
raphy to measure protein concentration and detect trace contam-
inants.>® A recent study utilized FTIR to monitor the purity and

quantity of fibroblast growth factor 2 in real-time.*® Other uses
of FTIR for quality evaluation have been applied for protein detec-
tion in aqueous two phase extraction*® and for in-line measure-
ments of protein concentration during ultrafiltration.>® Overall,
spectroscopic techniques are now showing an increasing trend
as PAT tools being used towards real-time decision making.*’

Another classical but realistic PAT approach is aseptic sampling
and rapid at-line analysis for desired portfolio of quality tests. For
example, UHPLC was used to enable continuous real-time moni-
toring of multiple mAb CQAs, namely: amino acid composition,>
charge states,> >* and glycosylation.?> >> Another example is Zip-
chip technology, which is based on the principle of Capillary Elec-
trophoresis (CE); this principle has gained popularity as an
alternative technique to UHPLC for elucidation of product attri-
butes, such as glycosylation and charge heterogeneity.?> 26 41 42
The increasing popularity of CE can be attributed to the rapid anal-
ysis times, which are usually within 1 min of sample processing
versus HPLC, where analysis may take around 10-60 min. Notably,
both HPLC and CE based PAT techniques suffer from low-
efficiency and the longer time needed for sample preparation
(or derivatization), which further delays the total time needed for
analysis and hinders their utility as on-line monitoring systems.
However, implementing these techniques at-line is still a real chal-
lenge because the hardware integration and software develop-
ment that are often needed also require multi-disciplinary
expertise and collaboration between multiple stakeholders
(e.g., FIA and HPLC equipment vendors). Furthermore, enabling
feedback control for controlling CQAs in-process requires more
work that can better link the impact of varying CPPs and CMAs
to achieve desired CQAs.>%>°

There has been a trend towards use of in-line spectroscopic PAT
to acquire process data over traditional off-line methods (such as
HPLC). The main advantage of such PAT is the easier integration of
in-line spectroscopic probes to rapidly acquire process data via
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Figure 3. Challenges associated with the implementation of advanced process models for upstream and downstream operations for continuous mAbs
manufacturing. Boxes on the left highlight the critical components that are needed to better understand both USP and DSP. Orange box highlights the
challenges of continuous manufacturing in process design and operations. Blue box, adjacent to the orange box, lists capabilities of process modeling
strategies. Process modeling box also catalogs the various modeling methods in order of increasing computational complexity.

non-invasive means compared to off-line HPLC. However, the
complex and highly overlapping spectral spectroscopic signa-
tures of background organic molecules, in conjunction with the
low concentration of target species to be analyzed, require access
to appropriate statistical tools that can accurately deconvolute,
analyze, and apply suitable control strategy. Multivariable data
analysis (MVDA) approaches hold considerable promise due to
their ability to correlate one or multiple events in a bioreactor
and in subsequent unit operations.® Chemometric tools (such
as MVDA) and other techniques, such as principal component
analysis (PCA), partial least squares (PLS), and orthogonal partial
least square techniques,®’ have been used to analyze spectromet-
ric signatures. Raman PAT based dynamic feeding strategies have
been implemented for CHO cell cultivation based off robust PLS
calibration models for shake flask and bioreactor cultures,®? as
well as chemometric based models for predicting key cell culture
metabolites.®> As we begin to exploit the potential of various
spectroscopic (and non-spectroscopic) techniques for use along
with soft sensors, this will shape how advanced PAT tools allow
faster data acquisition and provide better control of both
upstream and downstream unit operations.

INTEGRATED PROCESS MODELING

To overcome the challenges associated with the implementation of
PAT technologies, model-based methods are often developed to
assist in estimating the process parameters and product-related
attributes for making real-time control decisions.®* With longer
operating times for continuous operations, building a predictive

34

model for process analysis is critical to achieving in-time opera-
tional adjustments and decision making. By working towards QdB
and ‘digital twin’, process modeling can also be used for regulatory
decision-making.%®> The current modeling work has focused on
improvement of both single unit operations and integrated pro-
cesses with multiple operations. Figure 3 summarizes the critical
inputs, outputs, and challenges for continuous biopharmaceutical
operations and possible modeling approaches to overcome such
challenges. In the following section, we review the capabilities of
different modeling methods for facilitating continuous biomanu-
facturing for mAbs production and address possible approaches
to the current challenges in the field of CM of biologics.

Improvement of single unit operation

For each unit operation, predicting productivity, product quality
attributes, and the possibility of process deviations or failures is
critical to achieving stable continuous production for longer dura-
tions. Mechanistic, data-driven, and hybrid modeling based
approaches are currently being explored in continuous opera-
tions at all stages of process operations. In general, mechanistic
models mainly focus on the improvement of process understand-
ing and performance based on first principles and tracking the
dynamic changes for upstream and downstream operations.
Data-driven models investigate the statistical relations between
input and output data and demonstrate the predictive correla-
tions between process parameters and product qualities. Hybrid
models are built under the mechanistic model framework with
unknown parts of equations represented by data driven models.
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Summary of how process modeling and in-process controls have been used in recent times to facilitate unit operations selection and

Mechanistic models: Apply cell metabolism/biochemical reactions, cell culture, and fluid dynamic theories to mathematically capture upstream
(USP) and downstream (DSP) processes. For USP, flux balance/metabolic flux analysis, reaction kinetics modeling, and CFD simulations are often
used. Sometimes to simplify kinetic models, empirical relations are used. These methods are combined to improve model prediction capabilities.
For DSP, various fluid dynamics, diffusion, and thermodynamic theories are applied, such as general rate model, plate model, and Darcy's law.

Modeling approach Modeling platform Model details or representative examples Reference

Dynamic flux balance analysis (DFBA)  MATLAB Gassing and dilution rates modeled in ambr15 bioreactor. Kelly
DFB model could predict metabolic changes, such as et al%®
glucose consumption, and lactate consumption/
production shift.

Comparing response surface MATLAB Continuous USP (1.5-L bioreactor and ATF) modeled to Karst

modeling versus kinetic modeling simulate cell culture and glycosylation process under et al®®
different viable cell density and media supplement
concentrations.
GFA (glycosylation flux analysis) MATLAB Modeled cell growth/culture in 1.5-L bioreactor to capture Hutter
+ random forest modeling analysis 1gG galactosylation flux activity and predicted mAb et al®®
protein glycosylation state during the cell culture

Flux balance analysis (FBA) Insilico Inspector (Insilico Improved process understanding of the role of reactive Brunner

Biotechnology) oxygen species in metabolic pathways and further assist etal”’
with bioprocess intensification for high seed density USP
cell culture cultivations

3C metabolic flux analysis (MFA) INCA software package Compared fed-batch versus perfusion by capturing CHO Templeton
metabolic phenotypes to understand the metabolic etal’®
effects on cell biomass and protein production

Basis flux models MATLAB Basis flux model reduces the flux modes compared to the Rodrigues
elementary flux model and can be used to identify the etal’?
metabolic states with its corresponding reaction rates in
perfusion bioreactors

Data-driven approach + EFM MATLAB Modeled a 2-L stirred bioreactor to simulate process Abbate

+ kinetic modeling metabolic network under different initial values and feed etal’”?
stream compositions (e.g., glucose, glutamine, alanine)

CFD Ansys Fluent Simulated the ATF system and predicted pressure and local ~ Radoniqi
fluid dynamic profiles for water and supernatant etal’*
solutions to understand fluid dynamics changes under
different feed/permeate fluxes

Kinetic - Simulated cells and micelles blocking the ATF membraneto  Kelly
estimate transmembrane pressure etal®

General rate models MATLAB Applied mechanistic models to simulate the PCC protein-A  Gomis-
capture step and used multi-objective optimization to Fons
maximize mAb productivity and resin utilization. Authors etal’”®
also integrated PCC operations with other downstream
unit operations.

Transport dispersive model C++ Designed and optimized sequential multi-column Ng et al.”®
chromatography and maximize productivity. Understand
adsorbent properties (e.g., size, mass transfer) effect on
chromatography performance.

General rate models MATLAB Evaluated interconnected feeding rate, breakthrough Shi
percentage, and disconnected feeding time effect on etal””’®
twin-column chromatography system operation. Applied ~ Sun et al.”
process optimization to achieve high productivity and
DSP capacity utilization.

Lumped kinetic models MATLAB Simulated twin-column CaptureSMB process. Optimize Baur et al.2°
productivity and capacity by considering the effect of
loading flowrate and column size.

General rate models - Compare and optimize design of single column batch and ~ Guo et al®'

multicolumn continuous protein A chromatography.
Evaluated performances under different upstream
scenarios.
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Table 3. Continued

General rate model + Reinforcement CADET, MATLAB

learning
CFD OpenFOAM, SALOME,
ParaView
CFD ANSYS Fluent Workbench,

with importing
SOLIDWORKS CAD
geometry
Stagnant Film Model (SFM) -
+ Osmotic Pressure Model (OPM)
+ Boundary Layer Model (BLM) for
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Simulated 2 column continuous CEX for separation of Nikita
charged variants using mechanistic models. Optimized et al
flowrates to obtain maximum yield and productivity by
machine learning method.

Simulated fluid dynamics and pH distribution inside coiled ~ David
flow inverter under different feed inputs for viral etal®
inactivation DSP step

Investigated mixing inside tubular reactors by capturing Parker
velocity profiles during viral inactivation step. RTD were et al®
obtained here.

Simulated concentration polarization and mass transfer in Huter and
Single-Pass-Tangential-Flow-Filtration (SPTFF). Strube®

Understand membrane resistance, fluid properties, feed
pressure, and flow effect on output flux and protein/
excipient concentrations.

Data-driven Models: Design of experiment®® are implemented to choose different statistical designs and plan sets of experiments. Supported by
data-driven model/regression to statistically evaluate interactions between inputs and outputs of the process, identify major effects, and reduce
the number of experiments to characterize the system. Popular DOE methods include full factorial, fractional factorial, Plackett-Burman, central
composite, and Box-Behnken designs. Data-driven models include linear regression, response surface models, multivariate analysis, and machine

learning methods.

Hybrid Models: Combine data-driven and mechanistic models. Usually, apply a data-driven model to capture complex nonlinear relations and use
mechanistic models to capture critical physical and chemical interactions. Hybrid models have been widely used in both upstream and

downstream batch processes.

Modeling Modeling platform  Model details or representative examples Reference
approach
DOE + linear MODDE, JMP Used batch data to predict and correlate combinations of culture media and feed Kuiper
regression composition to cell growth, productivity, and titer. Further predicted media and etal®
feed effect in perfusion bioreactor.
DOE + response GraphPad Prism 6 Media screening using batch culture and applied response surface model to quantify ~ Mayrhofer
surface model Software, MODDE impact of feed supplements on culture performance (e.g., productivity, cell growth, et al®®
metabolism, morphology) to finally obtain desired perfusion media composition.
ANN + mechanistic MATLAB Build a hybrid model to capture the flux duration of the cross-flow ultrafiltration Krippl
model processes. The performance of the model has been tested in batch, fed-batch et al®
continuous UF mode.
DOE+ stepwise JMP Using DOE test different type of continuous chromatography (2 column, 4 column) Baur
model fitting and investigate feed titers, loading flow rates, and target breakthrough effects. et al®®
Using the model to optimize capacity utilization and productivity
PCA and PLS MATLAB Using statistical model to understand the relations between yield, purity, and Feidl,
regression. dynamic binding capacities with chromatography operating data. Using hybrid etal®

Data-driven +
lumped kinetic
model

In bioreactor modeling, to capture the relationship between
operating conditions (temperature, pH, dissolve oxygen, agita-
tion, perfusion rate, media supplements, etc.), productivity, and
product quality, mechanistic modeling methods (such as kinetic
modeling®® " and flux balance analysis)®®*° have been widely
used. As shown in Table 3, in recent years, dynamic flux balance
models have been found to be a promising method for continu-
ous bioreactor modeling to capture the intracellular metabolite
flux changes based on extracellular process conditions. Further-
more, a basis flux model has been developed that reduces the
stoichiometric numbers comparing to traditional elementary flux
models while identifying the metabolic states.”” The effect of
operating conditions, such as perfusion rate, aeration rate, and
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modeling to understand the effect of the aging parameters, including binding
capacity deterioration and mass transfer rate decrease, and to further optimize and
forecast the online process information at different operating states.

media supplements concentrations, are captured by simulating
cell metabolism pathways.®® With a better understanding of cell
metabolism, batch and continuous processing have been com-
pared to investigate the cell metabolic differences.”® The dynamic
process models can simulate substrate consumption and metab-
olite production rates, which can be used to build a high-
throughput screening platform to assist in media development
and clone screening.”®> However, most mechanistic models usu-
ally focus on limited media supplements and operating condi-
tions.”® In order to deal with media screening for a large
number of nutrients, data-driven and hybrid models can be used
instead. By augmenting Design of Experiments (DoE) with statisti-
cal models, such as multiple linear regression and response
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surface models, the optimum media formulation can be obtained
by quantifying the impact of different feed nutrients on cell
growth, metabolites, and productivity.®”” ®* > Such methods
can also be applied to build correlations between operating con-
ditions with CQAs and to obtain optimum design space for tem-
perature, pH, and time of production shift.>> % Compared to
mechanistic models, data-driven models have the ability to cap-
ture more variations in process conditions and product properties
at the same time, but they are usually poorly extrapolated. Statis-
tical analysis, such as principle component analysis (PCA) and
multivariate analysis, can be used to understand the effect of cul-
ture variations on productivity and product heterogeneity.”” Such
multivariate analyses can also assist in process understanding by
investigating cell metabolic profiles and shifts in physiological
states during perfusion cultures over different process scales.”®
Other machine learning methods (such as support vector
machines, neural networks, and Bayesian networks) have also
been adopted for metabolic pathway analysis,®® but have not
been widely used in analysis of perfusion systems.

In general, perfusion cultivation failure often results from con-
tamination and/or filter clogging of cell retention devices. These
uncertainties in the upstream process impacts downstream oper-
ations and results in overall process shutdown. Mechanistic
modeling can be used to predict process deviations or failure dur-
ing continuous bioreactor operation. Computational fluid dynam-
ics (CFD) simulations have been used to better understand
localized fluid behavior and filter fouling to predict the lifetime
and working efficiency of these filters.”* Similarly, kinetic model-
ing has also been used to capture pore blockage by cells and
micelles, which could also be used to predict upstream/down-
stream filter fouling.®”

Multi-column chromatography (MCC) and continuous flow-
through chromatography are used in primary capture and polish-
ing steps. Multiple process parameters exist (including intercon-
nected loading time, flow rate, feed titer, and bed height) that
impacts buffer consumption, productivity, product quality, and
yield. Compared to batch operations, continuous chromatogra-
phy has even more operating parameters. Thus, the design and
control of chromatography operations, as well as predicting the
efficiency and yield of each column, are important for the devel-
opment of continuous chromatography and its integration with
upstream processes.'® Mechanistic models, such as transport-
dispersive models and general rate models, have been widely
used to simulate fluid diffusion and binding kinetics in chroma-
tography processing.”> 7® 8 1017103 15 simylate MCC, recent
studies have integrated mechanistic models with column sched-
uling and interconnection nodes. Optimization methods have
been applied to investigate the interconnection feeding rate, feed
concentration, yield, and resin capacities to improve productivity
and resin utilization.”> 76 82 191 102 DoE with statistical models
have been used to assist with high-throughput screening of
downstream process operation parameters.'®* 1% Such methods
also been applied to continuous downstream unit operations to
identify the design space for different operations.'® In addition,
DoE can be used for parameter testing and support process opti-
mization while reducing the experimental burden.'®® Parameter
correlations can be also captured by multivariate analysis. Hybrid
model has been used to capture the effect of the aging parame-
ters (such as binding capacity deterioration and mass transfer rate
decreases) on continuous chromatography performance and to
further optimize and forecast the online process information at
different operating states.'® Continuous cation exchange
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chromatography (CEX) and anion exchange chromatography
(AEX) membrane adsorbers have also been simulated to capture
the efficiency of charged variant removal.#% '°® First-principles
based models for continuous chromatography and current chro-
matography technologies have been reviewed by Behere and
Yoon,'® Kumar and Lenhoff,' as well as Lin et al.'’® Methods
have also been proposed to capture aggregate formation,'"’
especially in batch process."’ ' However, limited modeling
work has focused on aggregates and host cell proteins for simula-
tion of downstream processes during continuous operations.

Other downstream unit operations, such as virus inactivation,
can be simulated by CFD to capture pH effects®® and residence
time distribution (RTD) variance.®* Mass transfer through the
single-pass tangential flow filtration (SPTFF) can be obtained by
a physicochemical model, such as stagnant film model, osmotic
pressure model, or boundary layer model. Product concentration,
filtration flux, and operation pressure can also be predicted and
optimized using these process models to facilitate production
performance improvement.®’

In recent years, hybrid models have been used in both upstream
and downstream batch operations modeling.'* '* 5 These
models capture the missing nonlinear relationships and interac-
tion variables, all of which improve the models’ predictive abil-
ity."'® In addition, a hybrid model has been used to capture
resin aging in chromatography and to improve the resin life-
time.'”” Integrating with on-line monitoring tools, a hybrid model
can be applied for real-time optimization of downstream pro-
cesses.''® Other modeling methods, such as surrogate models,
can also be used for dynamic process modeling, process schedul-
ing, and sensitivity or feasibility analysis at a lower computational
cost."” However, there are still limited reports that have incorpo-
rated hybrid modeling during continuous biopharmaceutical pro-
duction for process development.

Improvement of integrated process

Building an integrated continuous process requires a consistency
of upstream/downstream flow rates, and the operation of differ-
ent units will be compromised based on the capacities of other
operations in the CM process train. In addition, different types of
products will be suitable for different types of operating modes.
Thus, a preliminary design and scheduling of the integrated pro-
cess is critical in the decision of continuous operations. Based on
both upstream and downstream operations, in silico integrated
process models that capture each unit operation can be built.""®
118119 The size and locations of surge tanks can also be designed
by coupling mechanistic models with control systems that are
critical to dealing with equipment failures and unexpected devia-
tions during continuous operations.'> However, due to the high
computational costs of mechanistic models, which can cause dif-
ficulty with process analysis and optimization, the final integrated
process models are usually simplified by using empirical
equations,''® hybrid models, and regression models or developed
based on process simulators that use inbuilt input-output rela-
tions.'2°712% With the reduced computational costs, these simpli-
fied models can be integrated with PAT and a control system to
achieve dynamic process control.'?’ In addition, simulators are
widely used in process development and design to capture mass
balances and optimize process scheduling. Sensitivity analysis
and optimization methods can be used with integrated models
for early-stage process development and decision making. With
support from the economic analysis, environmental impact analy-
sis, and productivity/quality prediction, the operating modes
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(including batch, continuous, and hybrid) can be compared and
selected.'?" 12* 128 A recent publication covered the evaluation
of continuous, batch, hybrid models with single-use and stainless
steel equipment, and it studied the effects of process parameters,
media costs, market success, product lifetime, and manufacturing
scales on the cost effectiveness of different operating modes.'?®
Alternative operating platforms can also be evaluated using such
integrated models. For example, it has been shown that continu-
ous non-protein A based purification/capture platforms
(e.g., precipitation) provide a significant cost savings over protein
A based downstream platforms.’*° Obtaining residence time dis-
tribution for each unit operation will support and guide process
parameter adjustments and facilitate improvement of individual
unit operations. Process failure caused by product contamination,
equipment failure, or operation errors exist along the entire train
of continuous operations. Monte Carlo analysis can be used to
investigate the impact of failure rate on integrated continuous
processes in terms of economics, such as cost of good values, flex-
ibility of scheduling, and lot sizing decision.”*'™"** For
manufacturing platforms that contain multiple products, dynamic
scheduling can also be used to support the operational decisions
for multi-product operations and to provide optimal control
policy.'*

INTEGRATED ADVANCED PROCESS
CONTROL

The control of mAb and other protein production processes has
been studied and emphasized for several decades.'** However,
the production methods for the biopharmaceutical industry have
evolved considerably in the past decade. Growing emphasis has
been given to real-time adjustment of process operations
through implementation of advanced feedback/feedforward con-
trol strategies in order to consistently produce therapeutic prod-
ucts with predefined CQAs.2 The control system must ideally
optimize the resources involved in manufacturing, reduce offline
QC-lab based testing, and facilitate real time release (RTR) of bio-
pharmaceutical products.’®* In feedback control systems, the pro-
cess parameters and/or quality attributes are measured in real
time, but corrective actions are taken automatically only after
the disturbances affect product quality. A feed-forward control
strategy (which is complementary to feedback control strategy)
takes proactive actions before process disturbances impact prod-
uct quality."®® Thus, a control algorithm is needed to generate the
control actions (i.e, manipulated variable signal). Depending on
the need, either proportional integral derivative (PID) controller
or model predictive controller (MPC) can be used for feedback
control. PID is relatively straightforward to implement, whereas
MPC represents a family of more advanced controllers that utilize
a process model and optimization tools to predict the signal of
manipulating variables. MPC performs better in many scenarios,
such as when the process is dead time (or lag) dominant and
exhibits a strong interaction amongst control variables. However,
MPC is more expensive in terms of computational time because
optimization steps must be performed for every control action
taken.

On the other hand, the digital or ‘smart’ revolution in
manufacturing has begun with an explosion in process monitor-
ing, control, automation, and high-performance computing capa-
bilities. Combined with the development of data analytics,
advanced manufacturing concepts are transforming product
and process designs. However, most of these advancements
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and new directions have taken place in non-pharmaceutical sec-
tors, such as oil and gas, that traditionally have been several
decades ahead in terms of technology adoption. Within the phar-
maceutical sector, biomanufacturing processes (in particular)
have seen the least amount of technological breakthrough and,
therefore, represent a niche area for further scientific advance-
ments and commercial implementation of advanced in-process
control strategies.

Design and implementation of the control system

The design and implementation of an effective control system for
mAb production process analogous to the multi-level control
strategy proposed by the FDA is highly desired.'®” Here, Level
1 (also known as adaptive Engineering controls) is essentially
the local level control where process variables (e.g., pH, tempera-
ture, output flow rate, and dissolved oxygen) are robustly mea-
sured in real-time using sensors that are already commercially
available and controlled using classical control systems. These
process parameters (controlled variables) are known to directly
influence cell-culture properties and mAb product quality. This is
the most basic type of closed-loop control but will nevertheless
mitigate the risk of producing out-of-specification product, pro-
vided that the identified correlations are accurate. In the past, sig-
nificant attention was paid to developing Level 1 control systems.
For example, Ashoori et al. have investigated the control of pH
and temperature on bioproceses.'*® Khan et al. were concerned
with controlling dissolved oxygen in a fermenter using a PID
(Proportional-Integral-Derivative) Controller.'>® The structure
and functional activity of a monoclonal IgG1 antibody produced
at the outer limits of numerical ranges of fed-batch culture control
parameters (such as pH and temperature) were examined with
the aim of providing assurance that an antibody produced under
varying culture conditions was of consistent quality based on a
carefully defined set of specifications.’* It has also been shown
that accurate control of flow rates, media composition, and cell
density of a CHO cell perfusion bioreactor allowed the production
of a constant glycosylation profile for over 20 days.”

The second level (Level 2) of control strategy, which is called
model-based Pharmaceutical controls and is relatively less devel-
oped, is based on direct measurement of the cell culture output
properties that directly correlate with mAb product yield for the
biomanufacturing process. These properties include viable cell
density and extracellular metabolites (e.g., lactate). In the third
level (Level 3) control strategy, in-process material attributes (such
as varying media batch/lot) and quality attributes (mAb glycosyl-
ation and charge states) can be measured and appropriate control
actions can be taken correspondingly. Both mAb glycosylated
(or charge state intermediates) and the concentration of cell
metabolites are important early indicators of mAb product qual-
ity. Therefore, this control layer can allow faster regulation of the
key CQAs. Much less attention, however, has been paid to imple-
menting Levels 2 and 3 control strategies in continuous mAb
manufacturing and, therefore, this is still an underexplored area
of research.

A growing interest has been seen towards the utilization of
advanced process control (APC) strategies, such as model predic-
tive control (MPC) and integrated feedforward control, both of
which can be built upon the control structures described in the
Levels 1-3 strategies."" '*2 A significant number of studies have
focused on MPC of fermentation processes.'*® 3 % However,
most work in this area is patented and this signifies the impor-
tance of applying MPC for continuous biomanufacturing.'** '
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Figure 4. General outline of control system implementation for a continuous biopharmaceutical manufacturing plant using suitable PAT and process

models.

High cell density and high titers of mAb production via cell
medium design and rational control of the bioreactor were first
proposed back in the mid-1990s."*’ In recent years, significant
advances have been made in the area of control of upstream pro-
cesses for achieving desired mAb product CQAs. O'Callaghan et al.
(2010) compared the cellular control of recombinant human IgG4
monoclonal antibody synthesis in different CHO cell lines.'® CHO
cell line specific prediction and control of recombinant mAb N-
linked glycosylation has also been investigated.'*® Metabolic con-
trol of recombinant mAb N-glycosylation in GS-NSO cells was pro-
posed.”® Sha et al. (2016) studied N-Glycosylation design and
control of mAb production.'' However, to date and to the best
of our knowledge, MPC has not yet been fully deployed for the
control of continuous mAb production processes in the open liter-
ature. Feedforward control is useful in cases where there are large
disturbances that can be measured, characterized, and controlled
to proactively mitigate the undesired effect on product quality.
Therefore, a significant amount of work has focused on feedfor-
ward and combined feedforward/feedback control of fermenta-
tion processes in general.">>'** Feedforward control has also
been applied for chromatographic separation.'>> However, feed-
forward control strategy has not been used yet for mAb
production.

The essential steps for the implementation of control systems in
continuous biomanufacturing processes are shown in Fig. 4. The
monitoring tools (sensors),'*® control hardware, and software
required for implementation of the control system need to be
identified as the first step.’®’ In the second step, the sensors need
to be integrated within the physical plant to facilitate real-time
on/in/at-line monitoring. This step integrates sensors with the
equipment in the plant through a suitable sampling interface,
software, and hardware. The measured signals are then sent to
the control platform in step 3. For spectroscopic sensors, the
development of suitable calibration models,’*® online prediction

tools, and their integration with PAT data management tool and
the control platform via the OPC (OLE process control) communi-
cation protocol are additional steps to be considered. Through
these steps, the measured signal, along with any other signals
(e.g., alarms), can be sent to the control platform to be recorded
in the historian, and any data from the control platform can be
sent back to the PAT data management tool for data storage,
inspection, and auditing purposes. The plant can then be inte-
grated with the control platform in step 4. In this step, the plant
hardware/unit operations are connected with the control plat-
form so that they can be operated through the control interface.
Standard industrial communication protocols (such as Fieldbus,
EtherNet/IP, or OLE process control) can be used to establish such
communications. Subsequently, the control loops need to be
implemented into the control platform, and the plant can be
run under a closed-loop scenario.

Several studies related to the application of control systems in
manufacturing industries, including the pharmaceutical industry,
have been published over the last few decades. In these studies,
emphasis has been given mainly to the development of cutting-
edge on-line measurement and monitoring tools. Several spectro-
scopic techniques have, for example, been successfully imple-
mented in pharmaceutical manufacturing processes,’*'®* and
in food manufacturing processes.'®*'%” A few attempts have
been made to demonstrate the integration of control hardware/
software and sensors with the plant and, therefore, to implement
the control system into an actual pilot-plant process.'®® Ladner
et al.'®® developed an at-line microreactor for automation of enzy-
matic reactions that enables the real-time quality control neces-
sary for mAb production. This methodology, called D-PES (which
stands for Diffusion-mediated Proteolysis combined with an Elec-
trophoretic Separation), can subsequently perform mAb tryptic
digestion and electrophoresis separation of proteolysis products
in an automated manner. This approach presents a fast and easy
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way for the quality control of mAbs.'®® Steinebach et al.'”® pro-
posed a model-based adaptive control of a continuous capture
process for mAbs production. The proposed adaptive procedure
maintains a specified yield at optimal operating conditions in
the presence of process disturbances, such as changes in the
upstream titer and aging of the resin. Hogiri et al. proposed a
pH-shift control strategy for producing mAbs in CHO cell cultures
using a pH-dependent dynamic model."”" Karst et al. implemen-
ted several control loops to enable the stable operation of a fully
integrated mAb production process.®® The liquid flow across the
integrated process was regulated using three direct feedback
control loops. In particular, the flow rate in the ProA capture unit
was set by a volumetric feed pump. Its effective value, including
valve switch times, was checked periodically by collecting the
flow through at the unit outlet. In two separate control loops,
the harvest rate from and the feed flow rate to the reactor were
adjusted to keep the weight of the surge tank and the reactor vol-
ume constant. In addition, the volumetric fraction between the
base and the enriched media in the feed stream was adjusted
according to the viable cell density set point. The latter was con-
trolled online through direct feedback of the biocapacitance
probe measurement to the bleed pump.

PAT has been found to be useful for Level 2 process control and
is an emerging control strategy. Most of the efforts here have
been focused on real time monitoring and control of the glucose
concentration. Berry et al. proposed a Raman spectroscopy based
in-process glucose control system.'”? A nonlinear model predic-
tive controller has also been proposed to control the glucose con-
centration.** Matthews et al. proposed glucose monitoring and
adaptive feeding of mammalian cell culture in the presence of
strong autofluorescence using near Infrared Raman Spectros-
copy.'”® Closed loop control of lactate concentration in mamma-
lian cell culture by Raman spectroscopy has been proposed as
well #2

Over the last few years, various methods and tools for down-
stream biomanufacturing process control have been developed.
Patel et al. proposed a multi-angle light scattering PAT tool for
real-time monitoring of mAb molecular weight that is useful
for downstream process control.'”* Real-time monitoring and
control of the column loading phase of a protein A capture step
has been also proposed.'”> A PAT approach based on ultravio-
let/visible light (UV/VIS) spectroscopy for the inline protein con-
centration measurements needed for quality control and
automation of downstream separations has been developed.'”®
Papathanasiou et al. proposed a model-based control strategy
for intensification of downstream processes.'”” A significant
amount of work has been particularly done in the area of chro-
matographic separation process control. A model-based adaptive
control of a continuous capture process for mAbs production has
been presented by Steinebach et al.'”® The model-based control
presented in this work guarantees not only operation of the pro-
cess at fixed specifications in terms of yield and purity, but also
maintenance of optimal performance with respect to resin utiliza-
tion and buffer consumption.'””® Mendhe et al. compared PAT
based approaches for making real-time pooling decisions for pro-
cess chromatography by using the incorporation of feedforward
control.”® A dynamic control strategy of a continuous chroma-
tography process independent of cell culture titer and impurities
has also been developed.'”® In addition, online control of the
twin-column countercurrent solvent gradient process for bio-
chromatography has been implemented.'”® Advanced control
strategies for the multicolumn countercurrent solvent gradient

40

WWW.S0Ci.org

V Chopda et al.

purification process have been also developed.'®® NIR has been
applied for the real-time control of loading in Protein A chroma-
tography in continuous manufacturing of monoclonal
antibodies."

These recent advances lay a solid foundation for the implemen-
tation of a robust process control strategy in continuous biophar-
maceuticals manufacturing. The risk of product or process
deviations in a continuous setup necessitates the use of robust
and intelligent controllers that are capable of handling deviations
in a fully automated manner.'®’ Developing such integrated con-
trollers has several challenges with respect to developing model
predictive control strategies, control hardware, and software inte-
gration, and interfacing between the unit operation equipment
and control system. However, a fully integrated closed-loop con-
tinuous mAb manufacturing process has not yet been reported
in the open literature and, therefore, this is an active and open
area of research.

CONCLUSIONS

Based on ongoing scientific and technological advances in vari-
ous research fields, significant opportunities have surfaced in
recent years for improving the efficiency of manufacturing pro-
cesses and quality assurance systems in the biopharmaceutical
drug manufacturing sector. Continuous biomanufacturing
approaches are being continually pursued by academia/industry
via the introduction of novel and innovative analytical tech-
niques/methods for rapid/robust PAT, predictive product and pro-
cess model development, and finally, the integrated
implementation of PAT-models with advanced process control
strategies to produce biologics with the desired quality attributes
in an economically viable manner.
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Continuous processing is the future production method for monoclonal antibodies
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a study evaluating the comparability between batch and continuous processing based
on product quality attributes was not conducted before. The work presented fills this

gap comparing both process modes experimentally by purifying the same harvest
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material (side-by-side comparability). Samples were drawn at different time points
and positions in the process for batch and continuous mode. Product quality
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determined. The resulting polished material was processed to drug substance and
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further evaluated regarding storage stability and degradation behavior. The in-

process control data from the continuous process showed the high degree of
accuracy in providing relevant process parameters such as pH, conductivity, and
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1 | INTRODUCTION

The development of the MoBiDiK pilot plant focuses on “Modular
Bioproduction, Disposable and Continuous” suitable for the purifica-
tion of any monoclonal antibody (mAb). By applying modular design
principles (Bramsiepe et al., 2014), the engineering effort for the
design of disposables, backbone structure, and automation is
minimized. The utilization of disposable equipment in all product-
contact areas eliminates the need for cleaning and enables fully
closed manufacturing. Consequently, low-bioburden production in
controlled, non-classified environment becomes possible. As pub-
lished before, the initial project focused on a fully continuous process
by linking perfusion culture in the upstream process (USP) with a
fully continuous downstream process (DSP; Klutz, Magnus, et al.,
2015). The current pilot plant consists of a fed-batch USP and a
continuous DSP. This process mode is known as a so-called hybrid
process as defined by Konstantinov and Cooney or a semi-continuous
process as defined by the BioPhorum (BioPhorum, 2019; Konstanti-
nov & Cooney, 2015). A pilot plant of the continuous DSP was built in
a 110-m? laboratory in Leverkusen, Germany. The continuous
production mode is primarily enabled by the use of BioSMB
chromatography units (Bisschops, Frick, Fulton, & Ransohoff, 2009).
Several other unit operations (UOs) of the continuous DSP have been
evaluated in detail during the project, for example, continuous viral
inactivation (David, Maiser, et al, 2019; David, Waldschmidt,
Lobedann, & Schembecker, 2019; Klutz, Kurt, Lobedann, &
Kockmann, 2015; Klutz, Lobedann, Bramsiepe, & Schembecker,
2016) and continuous viral filtration (David, Niklas, Budde, Lobedann,
& Schembecker, 2019). Therefore, these two viral safety steps are
not further discussed in this study. A high degree of inline process
analytics enables a fully automated continuous process. In the past,
the DSP of the process was successfully operated for 4 weeks
without interruptions, demonstrating the process robustness and
ability to run the process under closed conditions (data not shown).

However, the influence of the process mode on the product
quality has not been investigated yet in full detail, which is an
essential prerequisite for successful implementation of the technol-
ogy at every stage of the product life cycle. Therefore, a compar-
ability study was conducted where the same harvest material was
purified side-by-side by a batch and a continuous DSP with similar
process parameters. In-process samples were analyzed regarding

product concentration, product quality attributes, product-related
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revealed no significant differences in the intermediates and comparability in the drug
substance between the samples of both process modes. The stability study of the final
product also showed no differences in the stability profile during storage and forced
degradation. Finally, online data analysis is presented as a powerful tool for online-
monitoring of chromatography columns during continuous processing.

continuous processing, DSP, mAb, side-by-side comparability

impurities, and process-related impurities. Regarding the continuous
DSP, samples were also taken at different time points to evaluate the
influence of the process duration as well as the start-up and shut-
down phase on these parameters. The final product of both process
modes (final drug substance) was further tested for product quality

attributes and stability under different storage conditions.

2 | MATERIALS AND METHODS

2.1 | Materials

Harvest material was generated in a 200-L Sartorius fed-batch
reactor (Sartorius Stedim Biotech, Goéttingen, Germany) using a
Chinese hamster ovary (CHO) cell culture. The processing time from
vial thaw to harvest was 33 days. The maximum viable cell density
was 18.02 x 10° cells/ml. The bioreactor was harvested using a Pall
Stax depth filter (Pall GmbH, Dreieich, Germany). The 0.2 um filtered
product had an IgG titer of 2.8 g/L.

GE MabSelect Sure was used as Protein A (ProtA) capture resin
(GE Healthcare Life Sciences, Little Chalfont, UK). GE Capto SP
ImpRes was used in the intermediate bind & elute (B/E) chromato-
graphy process. Sartorius Sartobind Q membrane adsorber capsules
were installed as final polishing step.

Citric buffers were employed for all chromatography steps. In
case of continuous processing, buffers were 0.2 um filtered into 200-
L Sartorius Flexboy bags. Intermediates for batch processing were
0.2 um filtered using Sartorius Sartopore 2 filters before storage.
Sartorius Sartoguard NF filters were used as intermediate filters in
continuous production to remove precipitates.

Pall BioSMB PD systems (Pall Biotech, Dreieich, Germany) were
utilized for continuous chromatography, whereas Akta process systems
(GE Healthcare Life Sciences) were used for batch chromatography.

The Sartorius devices Sartoflow Advanced and Hydrosart 30 kDa
cassettes were used for UF/DF and the Planova BioEx filter (Asahi

Kasei Medical Ltd., Tokyo, Japan) was used for virus filtration.

2.2 | Analytics

Pre-defined product quality attributes were determined offline from

samples drawn at pre-defined different positions and time points

47



BIOTECHNOLOGY]

DAVID ET AL

DIOENGINEERIN

within the batch and the continuous process (in-process control) as
well as for the full characterization of the final product or drug
substance. Sampling took place before and after every chromato-
graphy step in batch as well as in continuous mode. Three samples
were taken during the steady-state phase of the purification process
(early, middle, and late sample). At specific sampling positions, also
samples during start-up and shut-down of the pilot plant were drawn
(see Figure 2 further details).

Various analytical methods were utilized to determine
different product-specific attributes as well as process-related
impurities. These include product concentration, purity, charge
variant distribution, binding activity, oxidation, molecular weight,
N-glycan profile, as well as the determination of the impurities
such as host cell proteins (HCPs), deoxyribonucleic acid (DNA),
and leached ProtA. Regarding product purity, monomer/intact
1gG, high molecular weight species or aggregates (HMW),
potential fragments or low molecular weights (LMWs), as well
as the percentage of sum of light chain (LC) and heavy chain (HC)
were determined. An overview of the used analytical methods
can be seen in Table 1.

In the continuous mode, the bioburden samples were derived
from the retentate side of the 0.2-um filters, as possible microbial
contaminations would concentrate at these positions.

Stability tests were conducted at room temperature
(18-26°C) and 40°C for 4 weeks each. The final product
solutions were stored in sterile low-density polyethylene bags

during the study.

TABLE 1 Analytical methods

2.3 | Plant setup

The key principles this study follows to evaluate the side-by-side
comparability between batch and continuous downstream processing
are (a) purifying the same harvest material, (b) utilizing the same
process steps, and (c) using similar parameters.

In this study, these steps are capture (ProtA), low pH viral
inactivation, intermediate purification by cation exchange chromatogra-
phy (CEX), and final polishing by anion exchange chromatography (AEX).
Figure 1 shows the process overview for the continuous DSP including
sampling spots and techniques. Before the first chromatography step, the
harvest is pre-filtered by a 0.2-um filter. ProtA chromatography is
executed in B/E mode as in the batch process, but by using a BioSMB
chromatography with five columns, a continuous feed stream is used and
a continuous eluate stream is generated. After the ProtA step, pH is
adjusted for the following low pH viral inactivation (VI). To generate the
necessary hold time for the step, the novel helical flow inverter (HFI) is
introduced into the system (Lobedann, David, Borchert, & Waldschmidt,
2018). Afterwards, pH and conductivity are adjusted for the following
flow through (FT) UO and intermediate CEX. Another filtration step takes
place before the intermediate chromatography step. The CEX is executed
in B/E mode like the ProtA step, but due to the necessity of peak cutting
to gain the required product purity in this step, an intermittent elution
stream is generated. The CEX eluate is again adjusted regarding pH and
conductivity and 0.2 um filtered before the polishing AEX in FT mode.
The material after the polishing AEX chromatography of both process

modes was further processed through VF and ultrafiltration/diafiltration

Product attribute
Concentration

Concentration

Purity (monomer, HMWs)
Purity (intact 1gG, LMWs)
Purity (LC, HC)

Charge variant distribution (main peak, basic & acidic
variants)

Binding activity
Oxidation

Molecular weight (intact, reduced, deglycosylated,
reduced, and deglycosylated molecule)

N-glycan profile

HCPs

DNA
Leached Protein A
Bioburden

Endotoxin level

Analytical method
POROS-A high performance liquid chromatography (HPLC; pre ProtA samples)

Absorbance at 280 nm wavelength (A280) with Light Scattering Compensation by
A320 subtraction (post ProtA samples)

Size exclusion chromatography (SEC) HPLC
Capillary gel electrophoresis or under non-reduced conditions (CGE-nr)
Capillary gel electrophoresis or under reduced conditions (CGE-r)

Capillary isoelectric focusing (clEF)

Binding enzyme-linked immunosorbent assay (ELISA)
RP-HPLC after iDES digestion
RP-UPLC-MS

HILIC uHPLC using Prozyme kit Glykoprep®-plus Rapid N-Glycan sample preparation
with the InstantAB labeling (GPPNG-LB; ProZyme, Hayward, CA)

ELISA (resDNASEQ™ Quantitative CHO DNA Kit with PrepSEQ™ Residual DNA
Sample Preparation Kit (Thermo Fisher Scientific, Waltham, MA)

Quantitative polymerase chain reaction (QPCR)
ELISA (Protein A ELISA Kit for MabSelect SuRe; Repligen, Waltham, MA)
Total aerobic microbial count (TAMC) and total yeast/mold count (TYMC)

Test kit N588 Pyrogent-5000 from Lonza (Basel, Switzerland; according to the
harmonized testing method of Ph. Eur., USP, JP, and TGA)

Abbreviations: HC, heavy chain; HCP, host cell protein; HMW, high molecular weight; LC, light chain; LMW, low molecular weight
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FIGURE 1 Continuous process overview including sampling
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(UF/DF), all in batch mode. Therefore, the process parameters including
filter areas were identical after the AEX chromatography step.

In the continuous DSP, pH and conductivity are inline-monitored and
feedback-controlled if needed (Bernshausen, Lobedann, & Schwan, 2016).
UV is only inline monitored. All modules are highly automated and
synchronized using a SIMATIC PCS7 process control system (Siemens
AG, Munich, Germany). A steady-state fluid connection exists between all
modules and the entire process is a closed system. Intermediate hold
times are very short due to small volumes of ~300 g in the intermediate
surge tanks. The resulting average residence times can be seen in Table
S1. To allow sufficient operating space, the surge tanks are dimensioned
to a volume of 1L. Sampling for bioburden and instantaneous grab
samples are executed in either manual or automated mode; sampling for
integral samples is achieved in the automated mode (Schwan, Kistler, &
Lobedann, 2016). Grab samples are taken in a very short time and are
only representative for the current status, whereas integral samples are
drawn over a long period of time and are thus representative for this
prolonged time. Consequently, integral sampling is applied where a
constant flux exists with varying parameters, for example, the ProtA
eluate stream. At sampling positions were mixing and therefore
homogenization takes place, grab samples are taken. The batch DSP
uses the same UO in the same process modes (B/E or FT) as the
continuous DSP. Due to the different nature of both process modes,
several differences exist in process control and sampling strategy. In the
batch DSP, pH and conductivity adjustments are performed manually. No
fluid connection exists between the different UOs. Samples are taken
manually from the pooled process intermediate between the different
UOs. As the purification process takes several days, process intermedi-
ates were stored at 2-8°C between UOs.

Finally, low-bioburden production plays a major role in the
production of pharmaceuticals. In the batch process, all chroma-
tography steps were sanitized with sodium hydroxide. In the
continuous process, the majority of the parts were y-irradiated
with at least 25kGy, including the chromatography columns.
Where no y irradiation was applicable, the parts were treated
with ethylene oxide (EO) or autoclaved before introduction into

the system.
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2.4 | Experimental procedure

To preclude the impact of storage on the starting material, the
harvest stored for 6 days at 2-8°C was split into two parts for the
two process modes immediately before processing. 44 L of harvest
material was purified in the batch process, whereas 125L was
purified in the continuous process. The harvest part for the batch
purification was equilibrated to room temperature and processed on
the ProtA column within approximately 2 hr. The batch production
until the AEX step was carried out in 7 days comprising intermediate
storage at 2-8°C. Batch chromatography processes followed
standard procedures for installation and processing. This included
sanitization before each step with sodium hydroxide.

During the continuous DSP, the first step was the inline
calibration and adjustment of the pH and conductivity sensors inline
in the conditioning modules using citrate buffers at the operating
point. The entire DSP was then primed with process buffers and
controlled with respect to flow, pH, and conductivity. Once steady-
state conditions were reached, the harvest was connected to the first
filtration module of the DSP. During the whole continuous produc-
tion time (40 hr), the harvest was supplied out of a chilled vessel. The
feed material was equilibrated to room temperature during the initial
0.2 um filtration before entering the ProtA UO. The reached average
flow rates during the steady-state phase can be seen in Table S2.

The shut-down phase was initialized by replacing the harvest feed
with ProtA equilibration buffer. ProtA chromatography operation
continued until all five columns were eluted. After stopping the ProtA
module, a low pH buffer flush at the inlet of the VI module continued
chasing product. CEX chromatography continued loading until the
inlet protein concentration dropped below 0.15g/L resulting in a
loading density of 22 g/L of the last column load. A separate integral
sample of the last two CEX elutions was taken, representing the shut-
down phase of the UO. The subsequent hold-up was chased with CEX
elution buffer. The AEX FT chromatography continued processing
until the inlet protein concentration was below 0.15g/L. It is
important to note that the process was fully automated including
start-up, shut-down, and handling of events. The established
parameter control strategy ensured that only product within normal
operating ranges (NORs) was further processed. To allow the
comparison between both process modes, setpoints and NOR values
of the batch process were established in the continuous process.

Process parameters were kept identical between batch and
continuous production wherever possible. This included chromato-
graphic buffers, resins, and membrane types. Furthermore, column
load conditions with respect to conductivity and pH were the same.
The AEX load density for example was comparable between both
process modes at <470 mg/ml membrane. The used amount of
buffers was scaled according to the column size for both process
modes, meaning that the used amount of column volumes (CVs) were
identical.

However, some adaptations were implemented due to the nature
of the continuous process. Table 2 summarizes these adaptations and

their potential impact on yield and impurities. For example, the y
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TABLE 2 Differences in batch and continuous DSP and possible impact on yield, product quality, and impurities
Potential impact Potential
uo Parameter Batch Continuous on severity
ProtA Column 1colx34L 5 col x 98 ml each BioSMB columns - Low
in series 1+2
Aseptic processing Sanitization 0.1 M NaOH 25 kGy gamma irrad.+cyclic Yield, Impurity High
sanitization 0.1 M NaOH
Load density (g/L) 37 51 Yield, Impurity Medium
Load/wash velocity (cm/h) 300/300 150/170 Impurity Low
Elution Peak cutting No peak cutting Yield, Impurity Medium
Elution velocity (cm/h) 300 50 Yield Low
Cycles per column 1 14 Yield, Impurity Low
Vi pH control Manual adjustment in hold-tank  Continuous adjustment Low
Time control Manual CFI and flow Yield, Impurity Low
FT UO Load pH and conductivity post VI neutralization - storage  Simultaneous pH & conductivity Impurity Low
- dilution adjustment
Load (mg/cm?) 320 220 Impurity Medium
Flow rate (L:-m %h7%) 453 22 Impurity Medium
mAB feed concentration Constant Time-dependent Yield, Impurity Medium
CEX Column 3L(H=20cm) 4 col x 390 ml (H=20cm) - Low
Linear velocity load (cm/h) 225 150-225 Yield, Impurity Low
Aseptic processing 1M NaOH 25 kGy gamma irrad.+cyclic 1M Yield, Impurity High
NaOH
Cycles per column 1 6 Yield, Impurity Low
AEX Number and size of 200 ml 5x 150 mi - Low
adsorbers
Bed height (mm) 4 8 Impurity Low
Aseptic processing 1M NaOH Autoclaving Low
Flow rate (MV/min) 15 0.5 Impurity High
Load processing Batch uniform flow rate Staggered depending on feed bag Impurity High
level
mAB feed concentration constant Time-dependent Yield, Impurity Medium
Load conductivity and pH Manual adjustment in hold-tank  Continuous adjustment Impurity Medium

Abbreviations: AEX, anion exchange chromatography; CEX, cation exchange chromatography; CFl, coiled flow inverter; ProtA, Protein A; UO, unit

operation

irradiation of the ProtA chromatography columns for the continuous
process could impact the ligand and therefore also impact the
product and impurity binding at the resin.

Finally, the aim of the process mode change was the compar-
ability of the critical process parameters of both process modes.

2.5 | Data management

This section describes an online monitoring of column integrity for
both ProtA and CEX chromatography. Asymmetry factor (AF) and
height equivalent to theoretical plates (HETP) were used as
indicators for column performance. As demonstrated by Bork,
Holdridge, Walter, Fallon, and Pohlscheidt (2014), both indicators
can be calculated directly from transition phase data.

Here, SIMATIC SIPAT (Version: 5.0.0.3; Siemens AG, Munich,
Germany) was used for data management, whereas MATLAB
(Version: R2016b; MathWorks, Natick, MA) was used for data
analysis. With this setup, it was achieved to calculate the
performance indicators as soon as a transition phase was completed

and its data available in a process database. However, such time
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series could not be analyzed directly within the process control
system without additional efforts.

To overcome this issue, merely start and endpoint of a transition
phase were provided by the process control system via an OPC
interface. Within SIPAT, this information was then used to collect the
whole time series from a process database. MATLAB was then used
to execute the data analysis. The univariate results AF and HETP
were fed back to the process control system for further processing,
visualization, and—in the future—use for advanced control strategies.

Moreover, data management by SIPAT includes contextualization
of the data. Context information is column ID, batch ID, plant ID, and
product ID. All data are stored in a SIPAT database.

3 | RESULTS & DISCUSSION

In the following sections, the results of the side-by-side comparison
between batch and continuous DSP are shown with respect to
process parameter control, analytical results, and online data
analysis. In addition to the results presented in this study, a second

identical side-by-side comparability study was performed previously
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(data not shown). The results for this second study are comparable to

the results presented in this study.

3.1 | Parameter control in the continuous process
The key to the successful application of the same process conditions
in batch and continuous mode are the correct pH and conductivity
values before VI, CEX, and AEX chromatography. Consequently, a
rigid control strategy for these process parameters was applied
throughout the entire continuous process. Two examples of the inline
control results will be shown in this chapter: (a) conditioning before
VI and (b) conditioning before FT UO and CEX.

Figure 2 represents inline data from the conditioning module
upstream of the HFI. The startup phase lasted ~3.8 hr, after that the
continuous capture chromatography was in steady state, leading to a
homogenous periodic input flow into the VI UO. Figure 2 shows the pH
and conductivity distribution as well as the mAb concentration based on
UV measurement during the entire run. In addition, the durations of the
integral sampling as well as the start of the flushing procedure are shown.
The given minimum (min), maximum (max), mean, and standard deviation

(+o) values were calculated based on the time period indicated in white in

Figure 2. In case of the conditioning upstream to the HFlI, this time period
was defined between 4.0 hr (steady state of the ProtA step reached) and
37.8hr. Hence, this phase starts after BioSMB startup and product
entering the UQ. The start of the final buffer chase took place at the end
of the steady state.

The upper diagram of Figure 2 shows the pH distribution. The set
point for the pH feedback control was 3.70, resulting in an average
reading of 3.71 with a standard deviation of 0.04 in the steady-state
phase. The middle diagram in Figure 2 shows the resulting conductivity
values, which were monitored during the process. Again, a tight
distribution with a mean conductivity of 8.15mS/cm and a standard
deviation of 0.03 mS/cm could be observed, resulting from the pH control
and the periodic change of wash and elution buffer. Finally, the mAb
concentration based on UV measurement can be seen in the lower
diagram of Figure 2. The mAb concentration was monitored during the
process showing the results from the elution of ProtA chromatography.
The start-up and shut-down phase of the plant can be clearly seen in this
diagram. The mean mAb concentration slowly increased until the steady
state was reached after one BioSMB cycle, as the ProtA columns were
filled with harvest material instead of pure buffer. During the steady
state, periodical fluctuations could be observed, which were caused by

the mixture of eluate and wash buffer as well as the protein peak elution
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behavior, which is characteristic for the BioSMB process (see also David,
Maiser, et al., 2019). In more detail, a small fluctuation could be observed
repeating every five peaks, showing minor differences in loading density
between the five columns. During the first 13 hr of operation, an overall
increase in mAb concentration was observed due to an adjustment of the
production rate after 7 and 12 hr. At the end of the process, the shut-
down phase showed typical ramp-down behavior as the plant was chased
with buffer. The second example for the inline process parameter control
can be seen in Figure 3. Whereas the conditioning in front of the HFIl was
necessary to enable sufficient VI. Here, the conditioning is needed for the
successful performance of the subsequent chromatography step. pH and
conductivity were adjusted simultaneously. The upper diagram of Figure 3
shows the course of pH, whereas the lower diagram shows the course of
conductivity. For both pH and conductivity, high control accuracy was
achieved leading to a mean value identical to the corresponding set point.
The standard deviation for pH and conductivity was 0.01 pH and 0.01
mS/cm, respectively. Two events with out-of-NOR pH and conductivity
values can be seen in Figure 3 at 23.3 hr and 24.2 hr, both caused by a
sensor switch. All sensors relevant for process control were placed
redundantly in the pilot plant, allowing sensor switches with inline
flushing, cleaning, and calibration. A small dead leg allowed the flushing of
cleaning buffer (sodium hydroxide) into the product line, causing an
increase in pH and conductivity. As a result, the PCS software
immediately paused the outflow of the conditioning module until the
respective values returned into the NOR space, preventing the further
processing of out-of-NOR product. Therefore, these two events are a
good example of the pilot plant's capability to react to deviations and
resuming the process after solving the respective issues automatically
and independently.

As similar sensors were used for batch and continuous proces-
sing, the measurement precision in both process modes is compar-
able. For the conductivity sensors, a precision of +5% can be
assumed, whereas the precision for pH meters in general is £0.1 pH
units. During the continuous process, sensors were calibrated and
adjusted before and after processing to ensure measurement
accuracy and enabling the identification of the sensor drift. For pH
sensors, the maximum drift was 0.07. The conductivity sensors
drifted by <0.01 mS/cm at maximum. To conclude, the process
control was very precise as shown by the low standard deviation. The
correctness of measurement was mainly limited by the measurement
probe precision. Consequently, the process control accuracy shown
in this study guarantees the same process conditions for the entire
DSP material based on the measurement data collected.

3.2 | Analytics

3.2.1 | Process intermediates

The results for the analytics over the course of the process can be
seen in Figure 4. Product-related parameters are shown with red
curves and process-related impurities with blue curves. One curve is

shown for the batch results, whereas three to four curves are shown
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for the continuous process mode. As already described in Section 2.3,
up to five different samples were taken with various methods at
different time points of the continuous process.

The upper left diagram in Figure 4 shows the mAb concentration
over the course of the process. As the batch and the continuous
downstream were both fed with the same harvest material, the initial
mAb concentration is the same with 2.8 g/L. In general, it can be
observed that the mAb concentration is increased by the first and
second chromatography step, whereas it decreases in between these
steps. This can be explained by the stream conditioning steps and the
chasing of product at the end of an AEX cycle. Comparing the three
continuous samples during the steady-state phase at each sampling
position to each other, only small differences in the mAb concentra-
tion and no temporal trend can be observed (maximum difference at
AEX FT with 0.85g/L). As expected, mAb concentrations are
significantly lower during start-up and shut-down compared to
steady state due to lower loading of the ProtA columns. The only
sample where the mAb concentration is significantly higher in
comparison to the other continuous samples is the start-up sample
of the CEX eluate. This can be explained by start up issues of the
integral sampling, resulting in a shortened sampling duration at which
higher product concentrations were eluted.

Comparing batch and continuous results, differences in the
mAb concentration are apparent. The batch mAb concentration is
significantly higher compared to the continuous samples after
ProtA and CEX chromatography. For the ProtA eluate samples,
the explanation for this process behavior lies mainly in the
different peak collection modes of ProtA chromatography. As
already described in Table 2, peak cutting takes place in the batch
process but not in the continuous process. For the continuous
ProtA chromatography, fractions before and after the product
peak during the elution are also part of the product stream to
generate the continuous flow. This is not the case for batch
chromatography where peak cutting is applied to reduce the
product volume. Consequently, the mAb concentration of the
batch sample is higher despite the lower loading density. In case
of the CEX chromatography step, a higher loading density led to a
higher product concentration in the eluate. Lower concentration
in the AEX pool was attributed to a longer chase at the end of an
AEX cycle.

The four small diagrams in the upper right corner of Figure 4
show the investigation of product-related impurities based on SEC-
HPLC and CGE. The upper two diagrams show the HMW and
monomer results measured with the SEC-HPLC. Both diagrams show
no significant differences between batch and continuous as well as
between different time points within the continuous process. The
lower two small diagrams show the results of the CGE under
reducing and non-reducing conditions. The results at non-reducing
conditions show no loss or impact on intact IgG during downstream
purification, for both process modes. The results of each batch
sample and all corresponding continuous process samples show no
major differences. The CGE-r results show a stable percentage over
the entire process.
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Additionally to the results for product-related impurities
shown in Figure 4, the charge heterogeneity was evaluated with
the help of clEF. No differences between the different samples
could be observed over the entire process of the two process
modes. The charge variant distribution was stable.

In the lower part of Figure 4, the process-related impurities
are shown in blue. The middle diagram on the left side shows the
leached ProtA concentration over the process. In general, it can
be seen that the initial ProtA to mAb ratio is higher for the
continuous process than for the batch process. Mainly this effect
is caused by the different eluate collection. Peak cutting results
in less ProtA per mAb than without peak cutting at the same
concentration of leached ProtA in the elution stream. In both
process modes, the leached ProtA concentration decreased
rapidly due to the FT UO before the CEX. Afterwards, the ProtA
concentration was stable close to the limit of quantification
(LOQ) for the assay used.

The host cell DNA concentration over the course of the process is
shown in the lower left diagram in Figure 4. The gray area marks the
samples where the DNA content was not quantifiable. Consequently,
the data shown in this area are the respective quantification limits
for each sample. Comparing the continuous and the batch samples to
each other, the curves are almost identical. The major depletion of
DNA takes place during the ProtA chromatography step. The
remaining DNA is then removed by the FT UO afterward.
Consequently, no DNA could be detected in the CEX Load samples
and beyond.

The last diagram in Figure 4 on the lower right side shows the
HCP concentration over the course of the process. The main
reduction of HCPs takes place during ProtA chromatography,
followed by FT UO and CEX. The analysis results of ProtA load
and eluate are almost identical when comparing batch and
continuous samples, respectively. Beginning with the CEX load
samples, the results of the continuous and batch samples differ.
As the specific load of mAb and the flow rate on the FT UO is
higher in batch mode than in continuous mode (see Table 2), the
HCP breakthrough is higher as well. During the course of the
continuous process, increasing breakthrough of HCPs is detected
as expected for a flow through unit operation. Nevertheless, the
resulting final measurements of the AEX FT samples show similar
low HCP concentrations.

Regarding yield, both process modes were able to achieve a
final drug substance yield >80%. The intermediate yields between
batch and continuous process can hardly be compared as a
definite step vyield is difficult to specify for the continuous
process. Due to the nature of this process mode, the mass
balance necessary for accurate yield determination is dependent
on the accuracy of the equipment, for example, pumping speed
and flow meter measurement. Therefore, small fluctuations in
this equipment lead to equivalent yield fluctuations and finally
misleading comparisons between batch and continuous process.
Consequently, the authors decided to only consider the final
yield.
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FIGURE 5 Charge variants distribution during the stability
studies [Color figure can be viewed at wileyonlinelibrary.com]

3.2.2 | Final drug substance

The final drug substance results of both process modes were
identical or showed no significant differences (exemplary data shown
in Figure S1). All samples were within the required specifications for
product and process-related impurities. Tests for host cell DNA,
endotoxins, and microbial load were negative.

To conclude, the results of the final drug substance for batch and
continuous processing show full comparability between both process
modes. Consequently, the study design and execution can be
regarded successful. In addition, the stability of the final drug

substance was tested and will be discussed in the next chapter.

3.2.3 | Stability studies

The results for the charge variants distribution are given in Figure 5
(see CGE-nr and SEC results in Figures S2 and S3). The stability study
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at room temperature (upper diagram) does not show any significant
impact on the charge heterogeneity. Moreover, no difference
between batch and continuously produced mAb solution can be
observed. At elevated temperature (40°C, lower diagram in Figure 5),
a shift from the main peak to acidic isoforms as well as a slight
increase of basic isoforms can be observed over the 4-week study

time. Again, no significant difference between batch and continuous
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samples can be observed. The shift towards acidic isoforms during
storage at 40°C can be explained by several effects of the chemical
degradation pathway of mAbs. These include sialylation, deamida-
tion, c-terminal lysine cleavage, and adduct formation (Khawli et al.,
2010). Moreover, several effects for the formation of basic isoforms
exist. Especially the oxidation of methionine, cysteine, lysine,

histidine, and tryptophan was observed during the incubation of
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formulated mAb at elevated temperatures (Chumsae, Gaza-Bulseco,
Sun, & Liu, 2007; Lam, Yang, & Cleland, 1997; Vlasak &
lonescu, 2008).

To conclude, the stability study showed that the degradation profile
of the final product is comparable between batch and continuously
produced mAb considering charge heterogeneity. Moreover, the
degradation profile visible at elevated temperature is explainable by
already understood processes of chemical mAb degradation.

Regarding the other tested quality attributes including protein
concentration, monomer concentration, HMWs, protein oxidation,
and activity, no significant difference between both samples was
observed at room temperature as well as at 40°C. Consequently, the
comparability of batch and continuously produced final drug
substance was also shown in a stability study including a wide range

of relevant quality attributes.

3.3 | Microbial control

For all samples tested, the results for TAMC, TYMC, and endotoxin
were below the LOQs. This leads to values <1 cfu/ml for TAMC and
TYMC and <10EE/ml for endotoxin. Consequently, the batch
intermediates as well as the entire continuous process can be

considered as bioburden-free during the conducted runs.

3.4 | Results of online data analysis

Figure 6 shows the original data and the respective results for AF and
HETP analysis. Sixteen cycles were performed for each of the five
ProtA columns, resulting in a total number of 80 cycles. For CEX
chromatography, seven cycles were performed for column 1 to
column 3, and six cycles for column 4, resulting in a total number of
27 cycles. Starting with ProtA (left diagrams in Figure 6), AF and
HETP show a slight variation among the five columns with variation
coefficients of 2.2% for AF and 5.5% for HETP, respectively. The
variation coefficients regarding the different cycles for column 1 to 5
range from 1.3% to 2.0% for AF and from 2.2% to 3.3% for HETP,
respectively. This indicates a high comparability in the packing
quality of the column bed.

Regarding the CEX results (right diagrams in Figure 6), a similar
picture presents itself. The AF and HETP show very little variation
among the four columns with variation coefficients of 2.4% for AF
and 5.4% for HETP, respectively. Complementary to the low
variability in between the columns, the variability between column
cycles of the individual columns was in a conventional range. Here,
variation coefficients for column one to four range from 0.8% to 3.8%
for AF and from 2.7% to 7.5% for HETP, respectively.

For both systems, ProtA and CEX, the results of the online data
analysis are consistent with the results of an offline integrity tests
with the more traditional pulse injection method, which has been
performed by the column vendor before the process for AF

estimation (ProtA columns between 1.25 and 1.37; CEX columns
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between 1.30 and 1.37). Overall, the method implemented has shown

high capabilities to be used as a tool for online monitoring of
continuous chromatography systems.

4 | CONCLUSIONS

The aim of this study was to evaluate whether batch and continuous
downstream processing lead to comparable results regarding product
quality attributes when performing a side-by-side comparability
study. The basis was the transfer of batch process parameters to the
continuous mode and the evaluation of the impact of differences on
yield, product quality, and impurities. The same harvest material was
purified in both process modes to ensure comparable starting
positions. To ensure the same pH and conductivity levels as in batch
mode, a rigid control strategy in the continuous mode was
implemented, leading to small standard deviations from the
respective set points. Samples were drawn at every UO in batch
and continuous mode to allow comparison of product quality. In
addition, during the continuous process, samples were drawn at
different time points to assess product quality over the entire
processing time. The intermediate samples of the batch and the
continuous process showed comparability when taking inevitable
differences into account. In addition, the samples of the continuous
process during start-up, steady-state, and shut-down were compar-
able as well. Moreover, the analytics of the final drug substance
showed the comparability between batch and continuous mode over
various product quality attributes, product-related and process-
related impurities, as well as storage and degradation behavior.
Moreover, it was shown that the samples in the continuous mode
led to consistent results at all time points. Finally, online data
analysis was introduced as a powerful tool for online evaluation of
chromatography column integrity.

To the knowledge of the authors, it was demonstrated for the first
time that changing the process mode does not impact final drug
substance characteristics. This opens a way to switch the process mode—
independent from the product life cycle, from clinical trials to large-scale
production. Finally, this study is an important milestone to implement
continuous processing and thereby to speed up the availability of new,
promising therapeutics through closed processing and the usage of
quality by design principles.
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Efficient and effective cell line screening is paramount toward a successful biomanufactur-
ing program. Here we describe the implementation of 24-deep well plate (24-DWP) screen-
ing of CHO lines as part of the cell line development platform at AbbVie. Incorporation of
this approach accelerated the identification of the best candidate lines for process develop-
ment. In an effort to quantify and predict process performance comparability, we compared
cell culture performance in and in shake flasks, for a panel of Chinese Hamster Ovary cell
lines expressing a monoclonal antibody. The results in 24-DWP screening showed reduced
growth profiles, but comparable viability profiles. Slow growers in 24-DWP achieved the
highest productivity improvement upon scaling-up to shake flasks. Product quality of the pro-
tein purified from shake flasks and 24-DWP were also compared. The 24-DWP culture con-
ditions were found to influence the levels of acidic species, reduce the GO N-glycan species,
and increase the high-mannose N-glycan species. Nevertheless, the identification of undesir-
able profiles is executed consistently with the scaled-up culture. We further employed multi-
variate data analysis to capture differences depending on the two scales and we could
demonstrate that cell line profiles were adequately clustered, regardless of the vessel used
for the development. In conclusion, the 24-DWP platform was reasonably predictive of the
parameters crucial for upstream process development activities, and has been adapted as
part of the AbbVie cell line development platform. © 2017 American Institute of Chemical
Engineers Biotechnol. Prog., 34:175-186, 2018
Keywords: cell line development, scale-down, 24-deep well plate, Chinese Hamster Ovary,
cell culture

Introduction

Biopharmaceutical development and production has become
a significant part of the global pharmaceutical industry, expand-
ing in terms of clinical molecules available to patients.' One
of the biggest challenges in CMC development is the managing
of program timelines for the progression of a particular protein
through the various stages of development. Cell line

Correspondence concerning this article should be addressed to
S. Yoon at Seongkyu_Yoon@uml.edu.

© 2017 American Institute of Chemical Engineers

development stands out as commanding a relatively large por-
tion of the cumulative time required for deve:lopment.6’7 The
selection of Chinese Hamster Ovary (CHO) cell clones that
express the desired protein is the mission of cell line develop-
ment.*? Previous work by others have highlighted opportuni-
ties to streamline cell line generation and process development,
including the precise screening of clones, the implementation
of high-throughput techniques, and consistent scale-up.'*~'?
Various methods are employed for predicting cell line perfor-
mance as an upstream process transitions from the bench scale to
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the lab scale. Shake flasks are an established platform that sup-
ports enough volume to allow daily growth and metabolic moni-
toring. Deep-well plates, in particular 24-deep well plates (24-
DWP), enable scale-down development with an increased
throughput while reducing the footprint and saving on reagents.
24-DWP and shake flasks offer distinct advantages, and one may
adopt one platform over the other for project-specific needs.
Other platforms, such as minibioreactors, are amenable toward
metabolite monitoring, and can be fully automated."*'* Which-
ever culture vessel is used, there is an apparent need to stream-
line cell line development activities to ensure the work stream is
efficient, and to ensure the cell line development does not have
an undue impact on the critical path.

24-DWPs have been used by researchers, although the
industry adoption is not yet fully embraced. Barrett et al.
reported that shaking kinetics in 24-DWP influence the oxygen
transfer and may impact cell culture phenotypes in terms of
growth and antibody production.15 Increased evaporationleklg
and fluid dynamics intrinsic to the deep-well architecture'”
may affect the culture behavior. Similar challenges are
observed for transient transfection, when 24-DWP’s are used
for high-throughput screening of antibodies. Bos et al. looked
at evaporation volume, shape, speed and aeration to identify
optimal growth conditions and glycosylation profiles in HEK-
293.%° The 24-DWP used as post-transfection vessel shows
both the expression levels®! and the size of the expressed pro-
tein®” are consistent when compared to shake flasks. Markert
and Hansen observed that deep-well plates performance can
be replicated at the lab-scale in terms of cellular productiv-
ities, phenotypes, and protein quality.*>** Rouiller et al
described that 96-deep well plate can expedite clonal screen-
ing while still providing acceptable scalability.25 However,
despite reports such as these, we believe and prove in this
work that 24-DWP do provide for a valuable utility toward
high-throughput cell line development, and the predictions
from them are reasonably accurate to justify their use.

In recent years, AbbVie has evolved its upstream high-
throughput cell line development platform, where the cell
line development (CLD) group performs the initial clone
screening in 24-DWP and the top candidate cell lines are
transferred to process development (PD). In our experience,
the 24-DWP screening strategy enables higher throughput,
seamless integration with automation, and more accurate cell
line decision making, compared to static well plates.
Throughout the evolution of our platform, we have observed
some differences in process performances in 24-DWP com-
pared to shake flasks and laboratory-scale bioreactors. Over
the course of numerous programs, the top cell lines produc-
tivity and growth rate might or might not improve upon
transfer from CLD to PD, in an unpredictable fashion. We
wanted to investigate such erratic behavior and understand
how 24-DWP performance translates to larger scale culture.

The degree of discrepancy embodied in the 24-DWP CLD
screening, must be properly quantitated in order for this assess-
ment to occur. Late-stage process development has historically
utilized tools to identify trends in large datasets. Some of these
tools include multivariate analysis (MVA) and process model-
ing.?*~2® These tools are an important part of continued process
verification (CPV) and are an integral part of ensuring consis-
tency of biologics manufacturing. However, there has been lit-
tle work to incorporate these tools in cell line development.

In this work, we demonstrate the effective implementation
of 24-DWP screening in the cell line development for a
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monoclonal antibody. We approach the investigation by
comparing the results from 24-DWP to shake flasks. We
report consistent process performance that enabled the pre-
cise ranking of 21 duplicate stable CHO cell lines expressing
a monoclonal antibody. Product quality was also assessed in
the two platforms and cell line profiles are reported for pro-
tein size, charge, and glycosylation. The differences that did
exist between the culture vessels did not interfere with the
ability to respectively rank the cell lines in terms of their
overall process performance. Through the use of multivariate
data analysis, we were able to capture these differences and
we could demonstrate that candidate cell line profiles were
adequately clustered, regardless of the vessel used for the
development. We further verified the accurate ranking of 24-
DWP performances to the 3L bioreactor scale for a subset of
cell lines. The 24-DWP platform can be adopted for success-
ful screening of cell lines and provide an early prediction of
the cell culture parameters crucial for process development.

Materials and Methods

Development of Chinese Hamster Ovary cell lines

Dhfr-deficient Chinese Hamster Ovary (CHO) cells were
transfected with a dhfr™ vector carrying the DNA sequences
of the immunoglobulin employed for this study.?’ Stable cell
lines were derived from independent pools, cultured in
nucleoside-free, animal component-free medium, and iso-
lated as described in the following paragraph.

Post-transfection cellular pools were seeded in 96-well plates
and cultured to confluence in a Forma incubator (Thermo
Fisher, Waltham, MA, USA) set at 37°C, 80% H,0, 5% CO,.
Promising cell lines were expanded in 24-well plate and then
transferred to 24-DWP (square-well, pyramid bottom, Appli-
kon, Foster City, CA, USA) sealed with a Duetz sandwich
cover (EnzyScreen, Heemstede, Netherlands). Throughout the
static culture, wells were scanned for cellular confluence on a
Clone Select Imager (Molecular Devices, Sunnyvale, CA,
USA) with the aid of a fully automated liquid handler (Hamil-
ton Robotics, Reno, NV, USA). The supernatant fraction of the
wells was measured for antibody titers on Day 18 (96-WP) and
Day 6 (24-WP), on an Octet QK384 equipped with a ProA—
Protein A biosensor for the specific binding to the Fc region of
the IgG (Pall ForteBio, Menlo Park, CA, USA).

The cultures in 24-DWP were counted by trypan blue
exclusion on a CEDEX analyzer (Roche Innovatis, Indianap-
olis, IN, USA) and passaged every 3 or 4 days. At the time
of the first passage, an aliquot of the cell culture was used to
seed a shake flask, while still maintaining the 24-DWP cul-
ture. In such way, 21 cell lines were duplicated in the two
vessels and labeled #1 through #21. The cultures in 24-DWP
were seeded in 4 mL and shaken at 225 rpm in a 25 mm
throw incubator shaker (Infors-HT, Annapolis Junction, MD,
USA)_ The cultures in shake flasks were seeded in 50 mL of
final volume in a 250 mL Erlenmeyer shaker and agitated at
140 rpm. Each cell line was then developed simultaneously
at 36°C, 80% H,O, and 5% CO, in the two vessels until
ready for the fed-batch experiment.

Fed-batch experiment

On the day of the inoculation, duplicate cultures of each
cell line in the two vessels were seeded at 0.45 million via-
ble cells/mL. Cell counting was performed by CEDEX to
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measure the viable cell density (VCD), viability, and cell
diameter. The supernatant retains were collected on Days 5,
11, 13, and 15 for later titer analysis by Octet. A consistent
feeding scheme and glucose supplementation was applied to
all cultures. The fed-batch experiment was performed at
35°C, 80% H,0, 5% CO,, and terminated on Day 15 or
when viability dropped below 50%. Cultures were harvested
by precipitating the cells for 30 min at 500g, at room tem-
perature and then separating the supernatant from the cell
pellet. The harvested supernatant was later used for the sub-
sequent analysis.

Throughout the fed-batch experiment, the integrated viable
cell density (IVCD) was calculated from the VCD, as follows™:

VCD,+VCD,_
IVCD, = K%) XAI} +IVCD,_,

In equation, IVCD; represents the IVCD at time point ¢, and
IVCD,; represents the IVCD at the previous cell counting
time point (i.e., cell counting Day 1 and Day 0); VCD, rep-
resents the viable cell density at time point ¢, and VCD,
represents the viable cell density at the previous cell count-
ing time point; Ar represents the difference between time ¢
and 7-1. The specific productivity (Qp) measured in pg/cell/
day, expresses the daily amount of antibody produced on a
per cell basis, and was calculated as follows:

__ titer
IVCD

O

Product quality analysis

Fed-batch harvest was clarified, and then purified using a
MabSelect Protein A affinity column (2D-HPLC Dionex, Sun-
nyvale, CA) operating at low pH, step elution gradient and
detection at 280 nm. The size was measured by size exclusion
chromatography SEC using a TSK-gel Super SW3000 column
(Tosoh Bioscience, Tokyo, Japan) operating with 100 mM
Na,S0,4/100 mM Na,HPO, pH 6.8 mobile phase. Charge var-
iants were analyzed by cation exchange chromatography
(CEX) using a ProPac WCX-10 analytical column (Dionex,
Sunnyvale, CA) operating with 10 mM sodium phosphate/pH
6.0 mobile phase. N-linked oligosaccharides were measured by
2-AB label (ProZyme, Hayward, CA, USA) following the
manufacturer’s recommended procedure. Briefly, purified anti-
body samples were digested with N-glycanase (Prozyme, Hay-
ward, CA, USA) and labeled with 2-AB by reductive
amination. The labeled glycans were separated and detected by
HPLC using a GlycoSepN column (ProZyme, Hayward, CA).

Statistical analysis of cell lines performances in 24-DWP
versus shake flask

The growth and titer of cell lines were compared at key
time-points throughout fed-batch experiments. The preferred
method for assessing statistic dependence was Spearman’s
Rho (r¢) nonparametric correlation.*® This analysis was better
suited than Pearson’s product-moment correlation R to
study the ranking of cell line performances that do not follow
normal distribution, as in the case of a cell line development
program, where outstanding cell lines shall not be treated as
statistical outliers. The absolute value discrepancy between
two datasets was assessed by the least square regression
(LSR), intended to measure the fit of all cell lines into a model
linear regression curve. The slope and the intercept offer an

essential metric to assess the distance between 24-DWP and
shake flask data.?' The variation of growth and titer in the two
vessels was described by unsupervised principal component
analysis [PCA] using SIMCA (UMetrics, MKS Data Analytics
Solutions, Malmo, Sweden). A total of 6 growth variables
(IVCD at Days 5, 7, 8, 11, 13, and 15) and 4 titer variables
(titer at Days 5, 11, 13, and 15) were measured to describe 42
different observations (21 cell lines from 24-DWP and 21
from SF). The dataset consisting of 420 data points was col-
lected and each data point in both vessels was the average of
duplicate cultures (n =2). A two-component PCA model was
generated and the relationship 24-DWP to shake flask for each
cell line was reported in a score scatter plot. Cell lines were
then grouped based on hierarchical clustering analysis [HCA]
using SIMCA (UMetrics, MKS Data Analytics Solutions,
Malmo, Sweden) to identify groups of cell lines that displayed
similar patterns in terms of process performance.

Comparison of 24-DWP to 3-L bioreactor scale

A parallel cell line development program was executed for
a different antibody (Antibody B), similar in sequence, struc-
ture and biological activity to the immunoglobulin analyzed
throughout this study. Cell lines developed for antibody B
underwent an identical screening methodology and develop-
ment strategy, with the exception that the top 4 producers
(B03, B12, B13, and B27), as identified by 24-DWP screen-
ing only, were further scaled-up to the 3 L bioreactor scale.
No shake-flask screening was performed as part of the CLD
activities for molecule B. The fed-batch conditions were
kept consistent between 24-DWP and 3L bioreactors, with
the exception of either online, or daily monitoring and con-
trol of pH, DO, and glucose. The IVCD and harvest titer
were calculated at the end of each culture.

Results and Discussion

Scale-up influences protein expression and growth without
affecting the ranking of cell line performance

An essential requirement of any scale-up model is the
reproducibility of process performance across the tested plat-
forms. In the context of cell line development, those parame-
ters were typically the protein expression levels and the
cellular growth profiles. The cell cultures are compared in
progressive platforms: from static (96-WP, 24-WP) to sus-
pension (24-DWP vs shake flask). To ascertain the impact of
our scale-up platform toward comparability in cell line pro-
cess performance, we utilized nonparametric statistics. The
ranking of cell lines indicated the similarity of titer and
IVCD, and it was compared by Spearman’s Rho correlation
(rs). We investigated the relationship between the static cul-
ture titer and the scaled-up suspension culture (Figure 1).
Protein expression was highly correlated in static cultures of
progressively increasing volumes such as from 96-well plate
to 24-well plate (r; =0.80, Figure 1A). Upon transition from
static to suspension culture, no correlation was observed for
absolute titer (ry = 0.18; Figure 1B). The loss of titer correla-
tion suggested that cellular phenotypes were influenced by
the improved growth rate.*> We pointed at the increased
oxygen transfer in shake flasks as a major driver for the phe-
notype change as reported.26 The lack of agreement greatly
impacts CLD screening ability and reinforced the need of a
supplementary screening step for the suspension culture,
such as shake flask or 24-DWP. The introduction of 24-
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Figure 1. Correlation of protein expression at increasing culture volumes. Static titer measured at confluence: Day 18 (96-WP) and
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lines that this work investigates in greater detail.

Table 1. Comparison of Protein Expression in 24-Deep Well Plate
Versus Shake Flask Fed-Batch

Day n P Iy R? LSR

5 21 <0.001 0.98 0.96 y=1.0lx
11 21 <0.001 0.90 0.71 y=0.93x
13 20 <0.001 0.79 0.69 y=0.97x
15 16 <0.001 0.89 0.77 y=0.86x

Twenty-one duplicate cell lines were compared in the two platforms.
Protein expression was measured at Days 5, 11, 13, and 15 and corre-
lated by Spearman’s Rho ranking (r5) and Pearson’s (R%). Absolute val-
ues were measured by linear square regression (LSR), where y was the
protein expression in 24-deep well and x in shake flask.
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Figure 2. Cumulative progression of IVCD at Day 8 (crosses
and dotted line) and Day 13 (dots and solid line).

DWP, allowed a faster transition from static to suspension
than shake flasks as result of the smaller working volume
enabling the 24-DWP culture. We calculated this time saving
as about 7 days for the average cellular doubling time. In
contrast to 96-WP, the titers were highly comparable in 24-
DWP vs shake flask (Figure 1C) at the tested Days 5, 11,
13, and 15 as reported in Table 1 (r, of 0.98, 0.90, 0.79, and
0.89). This guided the selection of the candidate cell lines
#2, 4, 6, and 8, out of the pool of 21 cell lines screened.

The IVCD cumulative progression was monitored and sat-
isfactory ranking was observed (Figure 2). Cultures demon-
strated nearly identical cellular accumulation until day 8 of
the fed-batch (y = 0.89x, where y was the IVCD in 24-DWP
and x in shake flask), with a strong correlation (ry=0.81).
From Day 8 onward, the values showed a significant decline.
The reported Day 13 of the fed-batch scored lower r¢ (0.72)
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Figure 3. Viability comparison at Day 13 of the fed-batch.

and significant flattening of LSR (y = 0.69x). All cell lines
showed a decreased IVCD in 24-DWP; and while the slow
growers still correlated, most of the rapid growers lost corre-
lation. The most severe loss in correlation was observed at
the high end of the Day 13 curve where rapid and very rapid
growers showed IVCD above 150 x10°day-mL~" in shake
flask but scored about 100 X 10%day-mL~"' in 24-DWP. We
suspected the IVCD reduction to be caused by the physical
culture conditions (i.e., water loss through evaporation and
increase in osmolality), rather than cell line physiology and
we’ll discuss it in the following paragraphs. The correlation
loss may be consequential to the individual growth charac-
teristics of each cell line, and impacting only rapid growers
but not moderate to slow growers.

We hypothesized that the IVCD reduction was caused by
lowered growth rate in 24-DWP rather than a premature cel-
lular death.'>* In fact, cell lines 2, 4, and 6 showed identi-
cal viability at day 13, >80% in the two platforms, despite a
significantly reduced IVCD (Figure 3). The remaining lines
showed consistent viability decay, reaching 24-DWP values
as low as half than the ones in shake flask (i.e., #8). Growth
reduction and viability decay appeared uncorrelated events.

Protein expression comparison in different culture vessels

Comparative analysis between the two different culture
methods needs to be performed to make a decision on which
cell lines to carry forward. The below sections highlight a
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representative mean with which we categorize and select
individual cell lines at AbbVie.

Cell lines showed reasonably predictive titers in the two
platforms (shake flask vs 24-DWP) at the analyzed days, as
reported in Figure 1C. We decided to select the top candidate
lines 2, 4, 6, and 8 based on their fed-batch progression, and
the titer values achieved at the day of the harvest in both plat-
forms, as reported in Figure 4 and 5 (harvest for cell line
#8 occurred on day 13). Harvest titers of cell lines #2 and
#8 were 2.60 and 1.81 g/L (24-DWP) and 2.43 and 2.02 g/L.
(shake flask). This corresponded to titer ratios of 1.07 and
0.90 (Table 2). The harvest titer discrepancy was more pro-
nounced in cell lines #4 and #6 with titer ratios of 0.74 and
0.86, respectively. In those lines, the 24-DWP cultures did
not achieve the same titer as the corresponding shake flasks
with 2.19 and 2.21 g/L (24-DWP) versus 2.98 and 2.56 g/L
(shake flask) for cell lines 4 and 6, respectively.

The screening in 24-DWP allowed an accurate identifica-
tion of which clones to move forward. Although correlation
between vessels was quite good for titer, the absolute values
were slightly different. We found that slow growing lines
had the biggest difference between the vessels. Regardless of
this, the ranking remained consistent and allowed to still
select the best candidate lines. Protein expression in 24-
DWP greatly correlated to shake flask and could enable suc-
cessful ranking. Cell lines 4 and 6 emerged as outstanding
performers at every stage of the analysis. Cell lines 2 and
8 were clustered in the pool of low producers in the static
culture, and upon adaptation to shaking, they improved their
protein expression.

All candidate cell lines showed a comparable lag and
early exponential phase of the growth curve, followed by a
consistent decline in 24-DWP after Day 8, as reported in
Figure 5. The viability, differently from the VCD, progressed
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Table 2. Titer Values Comparison in 24-Deep Well Plate (24-DWP)
Versus Shake Flask (SF), at Days 5, 11, 13, and 15 and Average Rel-
ative Ratio (24-DWP/SF)

Titer (mg/L)

Cell Line 2 4 6 8
Day 5 24-DWP 139 197 186 175
SF 133 186 200 161
Ratio 1.05 1.06 0.93 1.09
Day 11 24-DWP 1239 1750 1424 1746
SF 1540 2313 1455 1622
Ratio 0.80 0.76 0.98 1.08
Day 13 24-DWP 1994 2183 1860 1814
SF 1902 2556 2304 2022
Ratio 1.05 0.85 0.81 0.90
Day 15 24-DWP 2602 2190 2208
SF 2429 2957 2565
Ratio 1.07 0.74 0.86
Average ratio 0.99 0.85 0.89 1.02

Table 3. IVCD Values Comparison in 24-Deep Well Plate (24-DWP)
Versus Shake Flask (SF), at Days 5, 11, 13, and 15 and Average Rel-
ative Ratio (24-DWP/SF)

IVCD (10%dayem L)

Cell Line 2 4 6 8
Day 5 24-DWP 14 11 10 16
SF 15 14 14 18
Ratio 0.90 0.82 0.75 0.89
Day 11 24-DWP 90 51 45 97
SF 105 72 69 129
Ratio 0.85 0.70 0.65 0.75
Day 13 M24-DWP 120 61 54 117
SF 146 94 90 172
Ratio 0.82 0.65 0.60 0.68
Day 15 24-DWP 145 69 62
SF 181 111 109
Ratio 0.80 0.62 0.57
Average ratio 0.84 0.70 0.64 0.77

similarly in all cases, including the early decline of line #8.
All cultures in 24-DWP reached lower peak VCD than the
shake flask cultures, throughout the fed-batch.

Based on their performances, candidate cell lines could be
divided into rapid growers (#2 and 8 achieving harvest IVCD
of 181 and 172 X 10%day-mL™" in shake flask) or slow
growers (#4 and 6 achieving harvest IVCD of 111 and 109 X
106~day-mL71), as summarized in Table 3. Notably the rapid
growers group reached higher 24-DWP/shake flask ratios with
average values of 0.99 and 1.02 for titer and 0.84 and 0.77 for
IVCD. Contrarily, the slow grower group achieved average
ratios of 0.85 and 0.89 for titer and 0.70 and 0.64 for IVCD.
Rapid growing cell lines 2 and 8 showed similar titer in the
two culture conditions, whereas the slow growing cell lines 4
and 6 showed a significant decrease in the 24-DWP. This sug-
gested that rapid growers could overcome the lowered growth
rate in 24-DWP and showed little or no impact on the protein
expression. Conversely, slow growers could not overcome the
lowered growth rate and this reflected in reduced titer values.
This data indicates that compared to rapid growers, slow
growing cell lines in the scaled-down culture bear a greater
potential to improve their protein expression when scaled-up.
To explain the reduced growth, we hypothesized that the
higher evaporation in 24-DWP may elevate the culture osmo-
lality,'® although this parameter was not specifically mea-
sured. The 24-DWP manufacturer technical sheet (http://
www.enzyscreen.com/oxygen_transfer_rates) reports a daily
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Figure 6. Key parameters: viability, cell diameter, IVCD, titer,
and Q, (specific productivity) measured over the
duration of the fed-batch. Bars represent the average
ratio of 24-deep well plates (24-DWP) relative to
shake flask (SF) values, = SD (standard deviation),
n=21.

water loss of at least 0.6%, accounting for about 10% volume
reduction or more, over a 15 day fed-batch. Others report
daily evaporation to account up to 5%, translating to 75% vol-
ume reduction throughout the fed-batch.*® In our 24-DWP
platform, we measured the water loss only at the end of the
fed-batch, and we detected ~30% volume reduction. The
hypothesized osmolality increase might be sensed by the cells
as a proliferation suppression signal, in a cell-line-dependent
fashion.”**> Duetz sandwich covers were employed in this
study to mitigate such effect, but we suspect that they are not
sufficient to completely avoid the problem.'®!” We speculate
that inadequate oxygen transfer may be a secondary cause,
known to act in a cell-line-dependent fashion.”® Barrett
et al.'® confirmed that the deep-well plate reduction in oxygen
transfer is a combination of three factors: (a) reduced fluid/air
interface, (b) shaking kinetics influencing mass transfer, and
(c) culture volume and speed, all intrinsic to the deep-well
plate architecture. The physical culture conditions were suffi-
cient to enable VCDs up to 17 million cells/mL in rapid
growers (i.e., cell line #2 and #8). Despite all this, it is possi-
ble that slow growing lines in 24-DWP have higher oxygen
uptake rates and therefore reach oxygen transfer limitations at
lower cell numbers. The regulation of cellular proliferation is
a complex cellular network and it is also possible that other
factors other than oxygen transfer limitations play a role in
the lower densities observed in the 24-DWP, specifically for
slow growing cell lines.*® However, further investigation is
necessary to completely understand this phenomenon.

A comparative analysis was also executed on the remaining
cell lines not identified as candidates. Cellular phenotype of
every line was monitored and compared in the two platforms
(Figure 6). The analysis corroborated the growth reduction
effect in 24-DWP and proved that this phenomenon happens
consistently on every cell lines regardless of the individual
growth profiles or productivities. The below section describes
the results for the two sets of 21 duplicate cultures.

Time course data (Days 5, 11, 13, and 15) from the fed-
batch experiment was collected and the duplicate cultures
(n=72) were averaged in 24-DWP and in shake flask, with
respect to viability, cellular diameter, IVCD, titer, and Q,
(Figure 6). Each data point in 24-DWP was normalized by
the corresponding value in shake flask and a relative ratio
was obtained. The relative ratios of each data point of all the
measured cell lines were averaged and data variation calcu-
lated. Viability at Days 5 and 11 scored a ratio close to 1,
meaning similar values were achieved in the two cultures
during the exponential phase. However, it declined at Day
13 (ratio of 0.84 £0.24). Such discrepancy normalized on
Day 15 (ratio of 0.90 = 0.10). The high variation indicated
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Figure 7.
flask (SF).

that the viability response was dependent on the cell line, as
some cell lines started dying earlier than others when grown
in 24-DWP. Cellular diameter was comparable throughout
the duration of the fed-batch. Cellular size, an indicator of
the overall physiology and morphology,”’ was slightly
smaller in 24-DWP at day 5 (ratio of 0.87 = 0.02) and on
subsequent days it was similar to shake flasks. The size of a
cell reflects the relationship between its growth rate and divi-
sion frequency,38 as discussed by Tzur et al. We hypothesize
that the 24-DWP architecture may dictate an initial smaller
cell size, that tended to increase as result of the reduced cel-
lular growth in 24-DWP, over the course of the fed-batch.
IVCD was progressively reduced in every cell line of about
30% with respect to the values achieved in shake flask
(ratios of 0.86, 0.74, 0.69, and 0.68 on Days 5, 11, 13, and
15, respectively).

Titer was a highly reproducible parameter with all values
in 24-DWP matching the ones in the shake flask (highest
variations of 14%). Specific productivity, being a function of
decreased growth and unchanged titer, resulted in an
improvement with respect to the shake flask control (up to
ratio of 1.45 % 0.23 at day 13). Other factors may contribute
to the increased specific productivity, such as the hypothe-
sized osmolality increase in 24-DWP, also described by
Shen et al.*® In terms of protein expression, the 24-DWP
platform enabled a successful ranking of cell lines, as well
as a satisfactory prediction of the shake flask values. We did
not perform any offline gas, pH, and metabolite analysis to
minimize the requirement for culture volume, but we are
cognizant that the 24-DWP is admittedly not a perfect scale-
down model; therefore, some deficiencies exist. In most
instances, this is acceptable because we are compromising
data for speed and throughput.

Product quality comparison in different culture vessels

A comprehensive quality analysis was performed in an
effort to understand the 24-DWP impact on protein process-
ing and post-translational modifications (Figures 7 and 8).

SF (Main %)

SF (Basic %)

Size exclusion chromatography (SEC, top) and cation exchange (CEX, bottom) in 24-deep well plate (24-DWP) versus shake

Within the framework herein described, the product quality
analysis is a fundamental part of the clone screening in
CLD. The harvest protein was collected, purified, and ana-
lyzed for size (SEC), charge (CEX), and N-glycans (2-AB/
HPLC). The product quality in the 24-DWP platform was
comparable to that of the shake flask and allowed a precise
screening and exclusion of undesirable profiles, which is ulti-
mately the goal of any cell line development program.

SEC analysis (Figure 7, top) showed that all the molecular
weight species can be predicted in the 24-DWP platform.
The high molecular weight, main peak, and low molecular
weight achieved correlations of 0.99, 0.98, and 0.84, respec-
tively. All correlations were statistically significant and the
difference in vessel did not affect the percentage of mono-
mer versus other species.

CEX analysis (Figure 7, bottom) was used to measure the
charge variants of the expressed protein. The main and the
basic species were highly correlated with r¢ values of 0.72 and
0.69, respectively. Lower correlation was achieved for the
acidic species (1, = 0.3); however, undesirable cell lines #14
and 17 scored identical values (about 45% and 70% of acidic
species) and it was still possible to pick out those cells lines.

Many factors can influence acidic species, and reports in
literature have shown various ways with which to control
their levels.*” The exact reason for the acidic species differ-
ences across the tested cell lines was not specifically known.
However, what was known was that some cell lines support
higher levels of acidic species when grown in the same exact
culture conditions. As a result, those cell lines were excluded
from further consideration, and the 24-DWP format enabled
this decision-making process. Cell lines #9, 14, 16, 17, and
18 revealed size and charge quality characteristics incompat-
ible with the CLD program acceptance criteria (monomer
80% or lower and high acidic species) and their development
was terminated.

Subsets of cell lines were screened for glycan analysis.
GO-GIcNAc, GO, and total mannose species collectively
accounted for the majority of the measured N-glycan species.
The analysis of glycans in the 24-DWP versus shake flask
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Table 4. Glycan Analysis Summary Table

P T R? LSR
GO-G1cNAc <0.001 0.96 0.81 y =11lx
GO 0.016 0.73 0.81 y=0.79x
G1-Gl1cNAc 0.012 0.75 0.60 y=1.17x
Gl 0.150 0.49 —0.01 y=1.50x
Mannose <0.001 0.86 0.77 y=1.13x

Duplicate cell lines were compared in the two platforms with respect
of glycan species (GO-GlcNAc, GO, G1-GlcNAc, G1, and mannose).
The normalized harvest values correlate in terms of Spearman’s Rho
ranking (r,) and Pearson’s (R%) and were statistically significant with the
exception of Gl. Absolute values were measured by linear square
regression (LSR), where y was glycan amount in 24-deep well and x in
shake flask.

analysis, showed a sufficient correlation to perform screening
of undesirable profiles (Figure 8). GO-GlcNAc, GO, Gl-
GlcNAc, and total mannose showed respectively 7, values of
0.96, 0.73, 0.75, and 0.86. G1 species were poorly corre-
lated; however, cell lines #16 and 18 were captured by the
24-DWP as undesirable profiles but this cannot be inferred
by the SF. The absolute values differed by the amount
reported (Table 4) in the form of Y =aX. The 24-deep well
showed a decreased GO (Y = 0.84x) but increased GO-
GIcNAc, G1-GlcNAc, G1, and mannose (a 1.11, 1.17,
1.50, and 1.13, respectively). The undesirable profiles such
as low GO and high mannose could be captured. We
observed that 24-DWP supported a slightly more efficient
terminal glycosylation, with a lower amount of GO, and
higher amount of G1 species. This may be intrinsic to the
scale-down culture condition.'*?® However, like some of the
other process performance variables, the absolute values dif-
fered as reported in Table 4. Based on the glycan analysis,
cell lines 16, 17, and 18 showed high mannose content and
were not carried any further.

While the molecular weight species could be accurately
predicted, the charge variants and the glycosylation profiles
showed some discrepancy in the two platforms. However,
this did not prevent the identification of cell lines presenting
undesirable product quality profiles.
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Glycan analysis of G0-GlcNAc, G0, mannose, G1-GlcNAc, and G1 species in 24-deep well plate (24-DWP) versus shake flask

Principal component analysis [PCA] and hierarchical
clustering analysis [HCA] allow the identification of
candidate cell lines while capturing the phenotypic
differences depending on the scale

Our current cell line screening platform was effectively
improved by the introduction of PCA and HCA as means to
capture the relationship among the relative performances of
cell lines. Furthermore, such tools simplified the identifica-
tion of cell line clusters showing similar performances and
could efficiently isolate the candidate cell lines from the
expanded pool.

PCA was executed on all 21 cell lines in the two produc-
tion conditions (21 cell lines from 24-DWP and 21 cell lines
from shake flask). The scatter plot summarizes the relation-
ship among performances of all cell lines. Most of the vari-
ability was well explained by the model. A strong two-
component model was built (Figure 9), characterized by
good fit (R2X value of 0.894) and good prediction (Q2X
value of 0.788). The IVCD variables increased left to right
along the horizontal axis. This described the component 1
(R2X of 0.547) of the PCA model. Cell lines with high
IVCD localized on the far-right part of the plot. The Titer
variables increased bottom to top along the vertical axis.
This described the Component 2 (R2X of 0.347) of the PCA
model. Cell lines expressing high amount of protein local-
ized on the top part of the plot. The correlation of perform-
ances in the 24-DWP (circle) with shake flask (triangle) was
expressed in terms of proximity between the two shapes.

PCA enabled the selection of candidate cell lines 2, 4, 6,
and 8 regardless of the culture scale. The candidate cell lines
demonstrated high proximity meaning high similarity of per-
formance across the two different culture vessels. All shake
flask cultures shifted one or more units to the right which
was consistent with the greater IVCD achieved versus 24-
DWP, with the exception of cell lines #11 and 18. The
majority of cell lines don’t shift along the vertical axis of
titer, indicating no difference in protein expression when
scaled-up. Cell lines 4, 6, 16, and 18 show the greatest verti-
cal shift (titer improvement) and localize in the left part of
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growers 2 and 8.
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Figure 10. Comparison of top 4 cell lines in 24-deep well plate

versus 3 L reactor. IVCD in 24-deep well plate
(black column) and 3 L reactor (grey column).
Titers in 24-deep well plate (black dot) and 3 L
reactor (grey dot).

Table 5. Analysis of Top 4 Cell Lines in 24-Deep Well Plate (24-
DWP) Versus 3 L Bioreactors

Cell Line B03 Bl12 BI3 B27

ICVD (10° day mL™") 24-DWP 98 136 117 134
3L 164 188 166 174
Rank 24 pwp 1 4 2 3
Rank 3. 1 4 2 3
Rati03L/247pr 1.68 0.38 1.42 1.30

Titer (g/L) 24-DWP 26 28 27 25
3L 31 33 30 29
Rank 4 pwp 2 4 3 1
Rank 5. 3 4 2 1
Ratios; o4 pwp 1.17 1.17 113 1.16

the PCA score plot (reduced growth area). This indicates
that, in the CLD program herein described, low growers ben-
efit the greatest from the improved growth in shake flask and
this reflects in a titer improvement, as also suggested by data
reported by others.*?

Groups of cell lines sharing similar global performances
were recognized by the SIMCA software, and HCA was

used to isolate 5 distinct profiles. Profiles were defined by
high (H), moderate (M), or low (L) values for titer and
IVCD. Groups HL (green) and HM (yellow) included cell
lines with desirable protein expression but low and moderate
growth characteristic, when compared to the rest of the pool.
Candidate lines 4, 6 and 2, 8 were captured within the same
clusters regardless whether the culture was grown in 24-
DWP or shake flask. A number of low performers, # 10, 16,
and 18 (LL, blue), 1 and 5 (MM, light blue), 11 and 14
(MH, red), showed negligible changes in the global perform-
ances when scaled up and were captured in the same cluster.
Cell lines localized at the top part of the moderately desir-
able group (light blue) may be considered as backups for
further studies. Remaining low-performing lines show a par-
tial overlap of characteristics upon scaling-up and transi-
tioned into the adjacent group to the right upon improved
growth rate in shake flask. Those cell lines are not normally
pursued in a cell line development program. The HCA clus-
tering model is effective for screening desirable candidates
out of the pool of less desirable ones; therefore, we are not
particularly concerned about the lack of co-clustering of
those low performing lines.

The PCA and HCA observations explains the behavior of
titer values when scaling up 24-DWP to the larger scales
and supports the claim that low growers are ideal candidates
for scale-up and can be identified during the CLD screening.

Scale-up comparison between 24-DWP and laboratory-
scale bioreactors

We lastly wanted to quantify the degree of similarity
between 24-DWP values, as captured during the CLD
screening, to the 3 L bioreactor scale. To achieve that, we
tested the top 4 cell lines from a parallel CLD of a similar
molecule B. The development followed the same trajectory
as the main immunoglobulin of this study. Cell lines B03,
B12, B13, and B27 were selected for further scale-up and
advanced to 3 L bioreactor scale. We verified that the larger
3 L scale, delivers slightly higher productivities and
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increased growth, perhaps attributed to the pH control, glu-
cose monitoring and better oxygen transfer, when compared
to the 24-DWP results (Figure 10). The IVCDs and titers are
reported in Table 5 and measured as ratios relative to the
24-DWP values. The average 3 L to 24-DWP ratios corre-
sponded to 1.44 =0.14 and 1.16 = 0.02 for IVCD and titer,
respectively. Regardless of the absolute values, the ranking
as assessed by spearman’s rho, shows nearly identical scores
of r¢ = 1.0 and r¢ = 0.8, respectively, for IVCD and titer,
enabling the satisfactory prediction of performances (Table
5). The limited dataset in 3 L bioreactor did not allow us to
investigate any further trend or sample clustering, relative to
these top producer cell lines.

These results corroborate the value of scale-down 24-
DWP screening and its introduction at multiple stages of
upstream development. We are cognizant about the limita-
tions of this system (i.e., lack of pH control, glucose moni-
toring, metabolite analysis, and daily cell count) and we look
forward to the advancements in analytical capabilities to
overcome these limitations. The current state of technology
can support CLD screening activities, largely based on titer,
growth, and product quality assessment. Yet we believe that
further improvements can actualize the benefits of 24-DWP
into more areas of the development (i.e., process develop-
ment and characterization, cell line stability study, and
others), and perhaps lead to a progressive reduction of shake
flask studies. However, the validity of performance predic-
tion was verified across multiple setups, and we conclude
that the effective incorporation of the 24-DWP and multivar-
iate data analysis can significantly improve early cell line
development screening.

Conclusion

In upstream development, there is a constant requirement
to accelerate the clone selection activities. One of the means
to achieve a faster timeline is predicting cell line phenotypes
and performances, including protein expression, growth pro-
file, and product quality. A successful program is enabled by
several aspects including the precise screening of perfor-
mance post-transfection, the rapid transfer and stable adapta-
tion of the candidate cell lines to suspension culture, and the
determination of a desirable quality profile.®

In this study, we report the analysis of 24-DWP for the
production of an industrially relevant biopharmaceutical and
its comparison to the industry-standard shake flask. We
observed that cell culture evolution in the 24-DWP platform
is consistent with shake flasks and enables the successful
ranking of process performance. The scale-down platform
can be used for screening candidate cell lines as part of the
cell line development (CLD) activities, facilitating further
upstream process development efforts.

The approach herein described is compatible with early
CLD work stream and constitutes a continuously updated
process. In our work, we adopted a Process Analytical Tech-
nology tool, multivariate data analysis (MVDA), to create an
iterative and cumulative dataset to make informed decisions
from a statistical basis. The inclusion of the 24-DWP screen-
ing in CLD functions is not fully embraced by the industry
and few examples are known, mostly describing the scalabil-
ity of established cell lines.*** In our experience, 24-DWP
enabled the transfer to suspension culture, 1 week before
shake flasks. Besides the time and reagent saving, the ability
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to start a production fed-batch in the 24-DWP was advanta-
geous with respect to implementation in an automated sys-
tem.”>*! The reduced bench-work also simplified the routine
analysis and operations (i.e., multichannel pipetting, plate
footprint consistent with automated assays, reduced incubator
occupancy), allowing more fed-batch experiments to be exe-
cuted simultaneously, hence improving the throughput.

While acknowledging the benefits of the deep-well plate,
we historically observed a disagreement between the 24-
DWP and the shake flask performances. Over the course of
multiple biomanufacturing programs, the absolute values of
growth and productivity diverged in the two scales when the
candidate lines were expanded to the shake flask lab scale.
We explored multiple combinations of shaking speeds and
culture volumes and the ones here used, achieved the closest
comparison to the shake flask culture. The degree of the dis-
crepancy was independent of the well position and hard to
predict; therefore, we decided to investigate this phenome-
non as part of the 24-DWP screening in CLD. No full com-
parability study was reported in literature for a large pool of
cell lines, therefore we decided to describe our approach to
solve this problem. In our analysis, not only were we able to
test the 4 candidate lines, but also the additional 17 that
were not chosen for process development, attaining a great
degree of sample variability, along with the possibility to
explore trends and patterns. With this rationale in mind, we
executed a comparison of cell line performances in the shake
flask versus the 24-DWP as part of the cell line development
screening effort.

During CLD screening, the 24-DWP phenotypes achieved
cell culture duration and viability comparable to the ones in
shake flask. Cellular productivities ranked reasonably well,
enabling the selection of promising candidates. Cultures in
24-DWP achieved lower IVCD primarily as a consequence
of growth suppression mechanisms, unrelated to early cellu-
lar death events. Such effect did not compromise the produc-
tivity of rapid growing lines, as opposed to slow growing
lines that bore a greater potential to improve their productiv-
ity upon scaling-up. We could not extrapolate this specific
trait in the 3 L bioreactor because the sample size was lim-
ited and any effort to study trends would have been not sta-
tistically significant.

The product quality, size, and charge of the protein are
the supplementary screening criteria to enable the identifica-
tion of undesirable profiles. The 24-DWP showed high rela-
tive ranking and good absolute prediction of values for size
and charge; therefore, it is suitable as supplementary screen-
ing criteria during cell line development. When looking at
glycans, we observed decreased GO and increased high-
mannose species in 24-DWP compared to shake flask. This
may be caused by the distinct culture conditions although it
did not compromise the selection of cell lines that matched
the program requirements, showing acceptable relative rank-
ing. Overall the 24-DWP offered a reliable platform for
delivering comparable performances and quality of the thera-
peutic protein.

Multivariate statistical analysis showed that 24-DWP cul-
tures delivered similar performance to shake flask. Cell lines
were clustered based on their mutual relationships and upon
scaling up to shake flasks we reported two phenomena. On
the one hand, all the cell lines consistently improved their
growth rate. On the other hand, only slow growers improved
their productivities. The 24-DWP platform identified the
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desirable profile of candidate lines 2, 4, 6, and 8§ that stand
out when compared to all the developed cell lines, regardless
of the scale. This observation and the associated multivariate
analysis methodology should help facilitate the identification
of lines to move forward in the pipeline. We further verified
the accurate ranking of 24-DWP performances to the 3 L
bioreactor scale for a subset of cell lines. In conclusion, the
24-DWP scale can be successfully implemented in cell line
screening and enabled an efficient selection of cell lines suit-
able for future manufacturing campaigns, while saving
development time and reducing cost and labor.
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Abstract

The high costs of discovery, development and production of therapeutic drugs necessitate the need for improved process
efficiencies and economics. Analytical tools that circumvent traditional biologics analysis processes such as the need for
labeling of reagents while allowing for real time visualization of data can help save development time and facilitate improved
efficiencies during process development. Octet® instruments are used in a wide range of applications in process develop-
ment and biotherapeutics manufacturing; including in early bioprocess development applications such as cell line develop-
ment and clone selection and in downstream applications such as the determination of dynamic binding capacity for affinity
purification columns. The technology’s ability to monitor binding interactions in real-time coupled with its capability to ana-
lyze samples in their crude matrix and in high throughput can help shorten development and analysis times dramatically
lead-ing to significant cost savings. In this application note, insights from Octet ® instrument adopters at GlaxoSmithKline and
Aragen Biosciences illustrate multiple examples where the Octet® system has been used to improve process efficiencies and
highlights its advantages over HPLC and ELISA in various segments of process development.
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Introduction

Analytical techniques that measure protein quantity and
quality are used in nearly all stages of research, process
development and manufacturing of biotherapeutics. UV
spectroscopy, ELISAand HPLC have beenin use for
decades for protein quantitation in physiological and
process samples, and continue to be the workhorses
despite their many limitations. To characterize the
functional activity of proteins during biotherapeutic
development, label-free biosensor-based binding assays
are increasingly being utilized. The high cost and lengthy
times associated with drug discovery and development

have forced biopharm companies to improve the efficiency
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and economics in all stages of development. These key
drivers have fueled the search for innovative analytical
techniques that provide improved performance and
speed without increasing costs. Biopharmaceutical
companies have enthusiastically adopted Sartorius’
Octet® systems due to their broad utility in protein
quantitation and functional characterization combined

with enhanced throughput, decreased sample preparation
requirements, and low cost of operation. This white paper

describes the use of Octet® instruments for protein
quantitation, particularly in the areas of process
development and quality control.
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Figure 1: Applications of Octet® instruments in the drug research and development process.
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Advantages over ELISAand HPLC

The principles of concentration measurement with an
Octet® system are similar to established immunoassays
such as ELISAand HPLC. However, protein quantitation
protocols on the Octet® platform provide several
advantages. The Octet® platform monitors binding of
proteins from solution to a biosensor surface in real time,
without need for labels or other detection reagents. This
real-time monitoring of binding interactions enables clear
discrimination between specific and non-specific binding
signals, which can shorten assay development times
dramatically. Octet® assays are also much faster:
quantitation of a 96-well plate requires 15-30 minutes, or
60 minutes for a 384-well plate, depending on the
instrument model. Figure 2 provides a comparison of
analysis times. Analysis of 70 samples on an Octet® R8
system requires as little as 55 minutes including operator
hands-on time, whereas ELISA or HPLC assays require at

Protein quantitation of 70 complex samples

Octet® systems

Sample and
instrument prep Sample analysis
30 min 10 min
‘ ‘ 60 min total assay time

Sample run time
20 min

40 min operator hands-on time

least 22 hours including several hours of analyst
involvement. Samples run on Octet® systems are also
recoverable, so that researchers may save and reuse
precious sample for other experiments. In addition, Octet®
assays are not affected by absorption interferences in
colored samples or by light scattering with turbid samples,
enabling measurement of analyte concentration in crude
matrices such as cell culture supernatant, cell lysate and
serum. Octet® concentration assays are complemented by
the platform’s ability to measure functional activity. For
example, titer for a monoclonal antibody (mAb) can be
determined using biosensors coated with Protein A, while
the functional activity of the mAb can be assessed in a
second assay step involving binding to its specific antigen.
In contrast, HPLC and A280 spectroscopy can determine
only the total protein concentration of a sample, and
separate assays must be used to measure biological activity.

>
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5 hr operator hands-on time

21.5 hr total assay time
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Figure 2: Comparison of protein quantitation in complex matrices using Octet® systems and alternative methods.
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Bio-Layer Interferometry
Technology (BLI)

BLI technology monitors and analyzes the interference
pattern generated from the reflection of white light from
two different surfaces: a layer of immobilized protein on the
biosensor tip and an internal reference layer (Figure 3). Any
increase or decrease in the number of binding molecules to
the biosensor surface produces a change in optical
thickness that causes a shift in the interference pattern.
Unbound molecules in complex matrices and changes in
the refractive index of the surrounding medium have
minimal effect on the interference pattern. BLI technology
simplifies protein quantitation by enabling specific
measurement in complex samples. The one-step Dip and
Read assay format uses native proteins, without need for
labels or secondary reagents.
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Figure 3: Bio-Layer Interferometry is an optical analytical technique
that analyzes the interference pattern of white light reflected from two
surfaces. Changes in the number of molecules bound to the biosensor
causes a shift in the interference pattern that is measured in real time.

Concentration Measurement

Accurate determination of biologically relevant protein
concentrations is essential to several areas in the
biopharmaceutical industry including research,
bioprocessing, quality control and manufacturing. The
Octet® platform uses a simple Dip and Read approach for
rapid analysis of samples in 96 and 384-well microplate
formats. The concentration of the target protein or
antibody in a sample is determined via a direct binding or
sandwich assay. Biosensors coated with a capture
molecule, called the ligand, are dipped into solutions
containing the analyte in a highly parallel, automated
method to measure binding interactions. In a typical
quantitation assay, a standard curve is generated using
known amounts of the protein analyte, and unknown
sample concentrations are interpolated from the standard
curve (Figure 4). Concentration can be calculated from the
initial binding rate of the interaction which is based on the
initial slope or from the binding rate at equilibrium.

74

Biosensors

. Standard

O Reference

00000000
0000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000
00000000

. Unknown

Binding Rate (nm)

0 Time (sec) 120

Binding Rate (nm)

v

Concentration

Figure 4: A typical quantitation assay setup. Biosensors dip into
standards run in duplicate to obtain binding rate (nm) vs. time (sec)
curves. The initial slope of the interaction is used to create the
standard curve of the binding rate vs. concentration. The concentration
of an unknown sample is then interpolated from the standard curve.



Quantitation Applications for
Drug Development

Research and Early Bioprocess Development

The Octet® platform is a useful tool for cost-effective pro-
tein expression screening in research and early bioprocess
development with several significant benefits.

Octet® platform advantages

= Antibody and protein concentrations can be determined
in crude matrices, such as cell lysates or hybridoma
supernatants, saving time and resources when processing
a large number of samples.

Octet® assays have a dynamic range of greater than two
orders of magnitude, enabling a single quantitation assay
to be utilized across all development stages - from early
cell culture to production bioreactors.

Octet® systems perform rapid quantitation with minimal
userinvolvement. 96 samples are analyzed in as little as
20 minutes, and 384 samples in 70 minutes. With
additional plate handling automation, Octet® RH16
systems can process more than 1200 samples per day.
Samples are analyzed in a non-destructive method and
are fully recoverable, which is advantageous when working
with low sample volumes and precious samples.

Octet® systems are easy to learn and operate. Multiple
analysts can operate the instrument with minimal training,
allowing rapid integration of these systems into laboratory
workflows.

Early clone selection

In clone selection, thousands of hybridoma or phage clones
are screened to determine positive binding clones and their
protein secretion levels. Titer measurements are used to
select high-producing clones and to normalize the
functional activity of these clones in crude matrices.
Integration of an Octet® system into the antibody discovery
workflow affords increased screening throughput. With
Octet® RH16 and Octet® RH?6 instruments, automated
plate handling can also be added to achieve even higher
throughput. Octet® quantitation assays are also used to
determine loading levels of chromatography columns for
small-scale purification.

Cell line development

Harvest samples are screened on Octet® systems to select
high-expressing clones during various scale-up procedures
involving 96-, 48-, 24- and 6-well plates, fed batch shake
flasks, and bioreactors (Figure 5). Octet® assays also are
used to determine protein levels during media develop-
ment for fed-batch and bioreactor processes (Figure 5).
This is performed by comparing protein secretion levels fol-
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Host Cells Vector

Transfections

96-well Plates

Range: 1-300 pg/mL
Throughput: 1000s clones

24-,12- and 6-well Plates

Range: 1-500 pg/mL
Throughput: 200-500 clones

T-flasks

Range: 1-500 pg/mL
Throughput: 100-150 clones

Octet® system

Shake Flasks

Range: 1-700 pg/mL
Throughput: 50-100 clones

Octet® system

Fed-batch Shake Flasks

Range: 1-700 pg/mL
Throughput: 12-20 clones

l Octet® system

1-3 L Seed Bioreactors

Range:1-4 g/L
Throughput: 2-5 clones

Figure 5: Protein titer assessment and growth media optimization
using the Octet® system at different stages of cell line development.
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lowing variations in feeding regimes, strategies and con-
centrations. Data acquisition and subsequent data analysis
can be performed rapidly for hundreds of samples, bypass-
ing traditional processing bottlenecks. Please see Sartorius
Application Note “Fc-Fusion Protein Quantitation in Cell
Culture Supernatants” for more information.

Downstream Process Development

Efficient development of manufacturing processes for anti-
bodies and recombinant proteins is a critical need for bio-
pharmaceutical companies. Increasingly stringent
regulatory requirements targeting better understanding
and control of manufacturing processes are expected to
impact product quality and performance. The Octet® plat-
form can quickly determine the impact of multiple process
variables at different stages of the purification process, and
help identify optimal conditions that provide protein prod-
uct with the desired yield, binding specificity and potency
(Figure 6). Pre-configured reagents and protocols are avail-
able for rapid quantitation of protein products, host cell
proteins (HCP), and residual Protein A levels during purifi-
cation processes.

Octet® platform advantages

= One Octet® instrument can be used to measure protein
titer, host cell proteins and residual Protein A contaminant
levels.

= Octet® assays are faster to develop and run than ELISA
and HPLC assays.

= Octet® assays can be automated with robotic and liquid
handling systems for complete, walk-away screening.

Cell culture

harvest Affinity chromatography s

Optimizing dynamic binding

capacity of column resins

= Detect protein breakthrough
in flow-through in crude
matrix

Optimizing binding, wash
and elution conditions

= Protein binding/activity
= Residual Protein A

= HCP (general & specific)
= Protein recovery

Polishing chromatography
(at least 2 steps)

Optimizing dynamic binding

capacity of resins

= Bind and elute mode: determine
protein breakthrough point

= Flow-through mode: determine
final fraction when target
protein detectable

Dynamic binding capacity (DBC)

of chromatography columns

Affinity chromatography often is the first major purification
procedure performed on harvested cell culture samples in
downstream bioprocessing. The dynamic binding capacity
(DBC) of an affinity chromatography column is defined as
the amount of protein that will bind to the column resin
under a defined condition. DBC is determined by continu-
ously loading a sample containing a known concentration
of target protein and monitoring this protein in the flow-
through fractions. Quick determination of DBC using HPLC
or A280 spectroscopy is hampered by the presence of large
amounts of host cell proteins in the flow-through fractions.
Specific detection of the protein of interest among contam-
inants is straightforward with Octet® systems, reducing the
time required to optimize purification conditions (Figure 6).

Binding, wash and elution conditions

Numerous chromatography binding and elution conditions
are tested during optimization studies, including different
buffer compositions, salt, pH, operating temperature and
sample injection volume. High-throughput tools, such as
mini columns and 96-well filter plates, often are used to
screen these process variables. The impact of different con-
ditions on product titer and quality can be analyzed rapidly
and effectively on Octet® systems, speeding identification
of optimal chromatography conditions (Figure 6).

Contaminant testing

Downstream purification processes must remove host cell
proteins, residual Protein A and residual DNA impurities.
According to guidance from regulatory authorities, host cell

Viral Ultrafiltration
filtration . diafiltration q
Optimize different
formulations based on:
= Protein concentration
required for stability
= Protein activity/binding

Optimizing binding, elution,
and wash conditions

= Protein recovery

= Protein binding/activity

= Residual protein A

= HCP

Figure 6: Use of Octet® systems in the downstream purification process of proteins and antibodies.
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proteinsin a drug substance should be below detectable
levels using a highly sensitive analytical method, and as a
rule this level should not exceed 100 ppm. The type of assay
required for HCP determinations depends on the phase of
clinical studies for which the material is produced. For ear-
lier clinical phases, a generic assay may be sufficient. How-
ever, a process-specific HCP assay generally is required for
phase 3 and later studies. Leached Protein Ais another con-
taminant of concern in process development. The elution of
antibodies during Protein A chromatography requires
acidic conditions, which in turn can accelerate leaching of
Protein A from the column. Residual Protein A levels should
not exceed 10 ppm in the final drug product.

Customer Highlight: GlaxoSmithKline

The analytical lab at GlaxoSmithKline incorporated a
generic HCP assay on the Octet® QK384 system to stream-
line their workflow in process development. The automated
Octet® HCP assay required minimal analyst intervention
and provided more accurate and precise results than their

Activity assay
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manual ELISA assay (Table 1). Hands-on time for prepara-
tion and processing of 1-3 assay plates was reduced to

30 minutes from the previous 2.5 hours with manual ELISA,
and antibody consumption decreased by 40%.

More information on the development of the HCP assay on
Octet® systems can be found in Technical Note, Host Cell
Protein Dectection on the Sartorius website.

Process development assays for residual Protein Aand
product titer can be fully automated on Octet® RH16 sys-
tems using external liquid handling platforms. The Octet®
assay for leached Protein A is highly sensitive with a LLOQ
of 0.20 ppm, has >2.5 logs of dynamic range, and is faster
than competing methods. A residual Protein A assay on the
Octet® RH16 system can be completed in T hour and

45 minutes per plate with minimal analyst involvement,
compared to a minimum of 3.5 hours for ELISA (including
significant analyst hands-on time). For more information on
the Octet® residual Protein A quantitation protocol, see
Technical Note, Dip and Read Residual Protein A Detection
Kit on the Sartorius website.

Quantitation assay
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Figure 7: An activity assay can be developed on the Octet® platform by immobilizing a specific biotinylated ligand on the biosensor and then
detecting binding of an analyte, Fab or protein. In the quantitation assay, mAb titer is determined using Protein A-loaded biosensors, which

does not measure mAb activity towards its target.

77



Quality Control

Octet® systems provide robust and highly reproducible
assays for protein concentration and functional activity, and
are suitable for operation in quality control and manufactur-
ing environments. Protein activity and various kinetic assays
are used to support in-process testing, drug potency, lot-
to-lot variability and stability studies.

Octet® platform advantages

= Octet® systems are designed for GLP/GMP
environments, and provide 21 CFR Part 11 compliance
tools.

= Octet® assays provide detailed information about the
binding behavior of protein products, and reveal subtle
differences in binding activity between production lots.

Customer Highlight:
Aragen Biosciences

Aragen Biosciences created a stable and scalable CHO cell
line, purification platform and manufacturing process for a
particular product in a GMP environment. They developed
an Octet® assay to compare the activity and quality of a new
product lot (Lot 2) with a reference lot (Lot 1) throughout
their bioprocess and manufacturing processes. The assay

involved loading a biotinylated ligand on Streptavidin Bio-
sensors, and measuring binding interaction of the ligand
with the protein analyte. As seen in Figure 8, Lot 2 con-
tained a large second peak that was absent in the Lot 1ref-
erence material. The second peakin Lot 2 exhibited a
slower on-rate and much faster off-rate, indicative of a
less-active fraction (Figure 9). Octet® system activity data
results were confirmed with a cell-based assay, and Aragen
was able to modify their production conditions to signifi-
cantly reduce this second peak fraction.

= Octet® quantitation assays provide a direct measure of
the biological activity of the analyte(s) (Figure 7).

» Octet® assays can be easily transferred to manufacturing
operations.

Activity assays

An activity assay is generally utilized during process devel-
opment, QC and manufacturing to compare various pre-
pared lots of the drug molecule, as well as its stability.
Activity assays are critical because they differentiate active
protein from inactive or clipped variants, as those species
will not bind the ligand. Active protein concentration can be
determined using a binding assay on the Octet® platform
by immobilizing a specific ligand against the target analyte
onto the biosensor, and then measuring its binding interac-
tion with the analyte as shown in Figure 7.

Benefits of automated Octet® CHO HCP assay compared to manual ELISA

Benefit Details
Precision Liquid handling robot reduces pipetting variation inherent in manual pipetting
Reliability Method performed exactly the same each time

Streamlined process

Worklist drives robotic method and creates sample plate importation files

Robotic method automatically creates and executes Octet® method file

Walk away

No analyst intervention needed to complete method after instrument loaded and diluent volumes are checked

Washing steps

No washing steps needed and plate washer integration not required

Analysts involvement
Manual ELISA > ~2.5 hours per assay plate

Automated Octet® > ~30 minutes for 1-3 assay plates

Throughput 3 assay plates can be run in ~5 hours

38 samples/plate in duplicate wells > 108 samples in 3 plates

Antibody consumed

Re-use of coating antibody can significantly reduce consumption over multiple assay plates

Table 1: Benefits of automated Octet® CHO HCP assay compared to manual ELISA summarized by GSK.
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Figure 8: HPLC spectra of Lot 1and Lot 2 of a drug molecule. Lot 2 was made by Aragen Biosciences and had an
additional peak (Peak 2) compared to the reference lot (Lot 1) provided by their customer. Data provided courtesy
of Aragen Biosciences.

Peak1
Peak 2
=
E
[
€
E
T T T T ) /I T T T I\ T
30 35
Fitting View Fitting View
07
1.24 —
= 0.6
E 1.0 z
£ c 05
© 08l Aloweron-rateandan
< 0.6 increased off-ratewas @ 04
27 clearlyindicativeofa 2 ©3
2 049 less-active fraction 5 02 —
© 02] @ o4
0 T T : . 0 T T T
0 400 800 1200 1600 0 400 800 1200 1600
Time (sec) Time (sec)

Figure 9: The Octet® binding kinetics or functional assay demonstrated that Peak 1was the active fraction. Peak 2 was the
less-active fraction, with a lower on-rate and a much faster off-rate in a binding experiment. Data provided courtesy of
Aragen Biosciences.
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Conclusion

Octet® systems deliver comprehensive characterization of
biotherapeutics, as well as rapid and reproducible determi-
nation of protein concentrations during different stages of
the development process. Titer and functional activity
assays on Octet® systems are useful for a broad array of
applications in target identification, lead selection, process
development, formulation development, quality control,
and manufacturing. In early stages of drug development,
Octet® systems provide the high throughput needed to

screen through large libraries of candidate drug molecules.
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In later stages of process development and manufacturing,
Octet® systems provide the required reliability, robustness
and measurement accuracy. The broad utility of this single
platform makes the Octet® instrument unique in its ability
to deliver high value across a wide range of application
needs in biopharmaceutical discovery, development and
manufacturing processes.
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