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Abbreviations: mAb, monoclonal antibody; PCV, packed cell volume; PDADMAC, poly diallyldimethylammonium chloride; DAD-
MAC, diallyldimethylammonium chloride; PEG, polyethylene glycol; PBS, phosphate buffered saline; VCD, viable cell density; TC,
total cells; CCF, clarified centrifuged cell culture fluid; RBC, red blood cells; CHO, Chinese hamster ovary; QPCR, quantitative
polymerase chain reaction; FBRM, focused beam reflectance measurement; HI, hemolytic index; rcf, relative centrifugal force; NTU,

Nephelometric Turbidity Unit; MW, molecular weight; w/v, weight to volume; particles/s, particles per second; IV, intravenous;

n-aPA, neutralized acidified Protein A pool; HCP, host cell proteins; MF, microfiltration; DF, diafiltration volume

High titer (>10 g/L) monoclonal antibody (mAb) cell culture processes are typically achieved by maintaining high
viable cell densities over longer culture durations. A corresponding increase in the solids and sub-micron cellular debris
particle levels are also observed. This higher burden of solids (>15%) and sub-micron particles typically exceeds the
capabilities of a continuous centrifuge to effectively remove the solids without a substantial loss of product and/or the
capacity of the harvest filtration train (depth filter followed by membrane filter) used to clarify the centrate. We discuss
here the use of a novel and simple two-polymer flocculation method used to harvest mAb from high cell mass cell
culture processes. The addition of the polycationic polymer, poly diallyldimethylammonium chloride (PDADMAC) to the
cell culture broth flocculates negatively-charged cells and cellular debris via an ionic interaction mechanism.
Incorporation of a non-ionic polymer such as polyethylene glycol (PEG) into the PDADMAC flocculation results in larger
flocculated particles with faster settling rate compared to PDADMAC-only flocculation. PDADMAC also flocculates the
negatively-charged sub-micron particles to produce a feed stream with a significantly higher harvest filter train
throughput compared to a typical centrifuged harvest feed stream. Cell culture process variability such as lactate
production, cellular debris and cellular densities were investigated to determine the effect on flocculation. Since

PDADMAC is cytotoxic, purification process clearance and toxicity assessment were performed.

Introduction

Mammalian cell culture harvest processes are typically com-
posed of a primary recovery operation that removes the larger
particle solids followed by a secondary recovery operation that
removes the smaller particle components that foul the subsequent
membrane filtration or purification column steps. The solids pro-
duced in a cell culture process comprise a wide particle size range,
and consist of viable and non-viable cells, cellular debris, colloids,
and insoluble media components.' Typically, the larger solids
containing cells and large cellular debris are removed by continu-
ous centrifugation or by microfiltration (MF), and the smaller
sub-micron particles are removed by a two-stage filtration train
consisting of a depth filter followed by a membrane filter
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(Fig. 1).” Of the two bulk solid separation methods, centrifuga-
tion has become the primary recovery method due to the advent
of low shear disk stack centrifuges that result in lower operating
costs and more robust processes compared to MF.>?

Recently, a number of biopharmaceutical manufacturers have
demonstrated cell culture processes that produce mAb titers as
high as 25 g/L, accomplished by increasing or maintaining the
viable cell density (VCD) over a longer duration.*? High VCD
generally corresponds to higher packed cell volumes (PCV) or
solids level that range from 15 to 40%." These high solids level
easily exceed the capacity of a disk stack centrifuge to adequately
clarify the cell broth containing 10-12% solids without a signifi-
cant loss of product.2 Along with the high VCD, the level of

non-viable cells and sub-micron cellular debris produced in these
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Figure 1. Typical harvest process flow diagram for a (A) continuous cen-
trifuge harvest process, (B) MF harvest process, and (C) a flocculation har-
vest process. The harvested clarified supernatant is processed further by
the downstream purification process to produce drug substance (not
shown). A flocculation harvest processing involves: 1) flocculant addition
and mixing, 2) flocculent settling, 3) clarified supernatant removal, and
4) a two-stage filtration train to prevent flocculent contamination of the
harvested supernatant and clear cytotoxic flocculant from the process
stream. A typical MF harvest process is performed by limiting the perme-
ate flux in a trans-flow filtration mode to minimize filter fouling. A low
shear disk stack centrifuge is routinely used to harvest mammalian cells.

higher titer cell culture processes is significantly higher than a
typical cell culture process." This sub-micron cellular debris is
not removed by a disk stack centrifuge, and results in the fouling
of the MF or the downstream harvest filtration train.">®” Thus,
the limitations of the disk stack centrifuge or MF methods are
apparent with high VCD cell culture processes.

Since cells and cellular debris have a slightly negative charge in
cell broth,® one harvest strategy is to flocculate with a polycationic
polymer. Polycationic polymers bind the negatively-charged cells
and cellular debris leading to the formation of larger particles that
easily settled out or removed by centrifugation. A number of poly-
cationic polymers have been used to flocculate cells, including pol-
yethyleneimine, poly (diallyldimethylammonium chloride) or
PDADMAC, chitosan, polycationic polyacrylamides, and par-
tially benzylated poly(allylamine), e.g., smart Polymer E.”~"3

PDADMAC has several advantages over the other polyca-
tionic polymers that have been used to clarify cell broth. In con-
trast to some of the other polycationic polymers, PDADMAC is
supplied as a chloride salt solution and requires no sample condi-
tioning prior to use. PDADMAC flocculation of cells can be
explained by the patch/neutralization model and the mechanism
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is solely based on electrostatic interaction.'* In comparison, chi-
tosan and the polycationic polyacrylamides flocculate is explained
by the bridging model which involves a multitude of interactions
that include electrostatic, hydrophobic, or hydrogen bond-
ing.'®"* Flocculent particles produced by the patch/neutraliza-
tion flocculation model are more resistant to shear fragmentation
compared to flocculent particles produced by bridging.'? Shear
resistant flocculent particles are desirable from a commercial
manufacturing standpoint because it is known that shear forces
due to high mixing rates or prolonged mixing during the addi-
tion of the flocculant into the cell culture broth may inhibit floc-
culent growth or fragment the flocculent producing smaller and
slower settling flocculent particles.'

The choice of flocculant used in this study, PDADMAC, has
been approved by the Food and Drug Administration for use as
an antimicrobial agent in wound dressing for humans."® The syn-
thesis of PDADMAC from the monomer, DADMAC, produces
a linear polymer with a wide molecular weight (MW) range from
monomer to a multimeric polymer.'® Commercially produced
PDADMAC can be obtained with different average MW ranges
and different MW distributions within the average MW range.
PDADMAC is also widely used in the treatment of potable water
or waste water from mine tailing ponds around the world, and it
is manufactured in large quantities.'” As such, regulatory agencies
have established permissible residual levels for PDADMAC used
in potable water or waste water treatment.'>'”

Similar to other polycationic polymers used to flocculate cells,
PDADMAC is known to be cytotoxic in vitro.*'® However, no
in vivo data were found in the examined literacure. PDADMAC
cytotoxicity increases with an increase in polymer dose and
MW." Thus, the removal of the polycation polymer from the
process stream must be demonstrated by subsequent process
operations to ensure clinical safety of the drug. This is a daunting
task since methods that detect and quantify PDADMAC are
applied to potable water and not to complex solutions like cell
culture broth or process intermediates.

In this study we demonstrate that PDADMAC binds to nega-
tively-charged Chinese hamster ovary (CHO) cells (both viable
and non-viable cells) and cellular debris to form large flocculated
particles that settle out with gravity and produce cell culture fluid
that is substantially free of harvest filtration fouling agents. Bio-
mass levels at the end of cell culture production, as well as cellular
stresses such as lactate production, are shown to affect flocculent
settling rate: low settling rates can be improved with the addition
of a non-ionic polymer. Since polycations are known to be cyto-
toxic by disruption of the cellular membrane,'® clearance of
PDADMAC by the subsequent mAb purification process steps
was monitored. To further evaluate the safety of PDADMAC
used in the production of a biotherapeutic, a red blood cell
hemolysis assay and in vivo rodent studies were performed.

Results
Cell broth contains a wide distribution of particle sizes, vary-

ing from whole cells to sub-micron cellular debris and
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Figure 2. Harvest filtration throughput for cell broth clarified by centrifu-
gation (CCF) or by PDADMAC flocculation (PDADMAC + CCF). Centri-
fuged cell broth throughput for a membrane filter was not tested.

metabolites, each with a different settling rate in the absence of
flocculating agents. A polycationic flocculating agent, such as
PDADMAC, binds to cells and cellular debris resulting in the
formation of large flocculated particles that rapidly settle by grav-
ity. As shown in Fig. 2, this produces a supernatant that has a
considerably higher filter throughput compared to the non-floc-
culated centrifuged clarified supernatant. The clarity of the floc-
culated supernatant is comparable to harvest material that has
been processed by centrifugation followed by depth filtration and
membrane filtration, 20 to 40 Nephelometric Turbidity Units
(NTU).

Flocculationand itssettlingare dependenton many known var-
iables, including the polycationic polymer chemistry, MW, floccu-
lantdose, aswell as the cell culture process performancesuchascell/
cellular debris level and cell surface charge density.*”~'? Also,
product recovery foraharvest method utilizing flocculation will be
dependenton the volume of cell culture fluid (CCF) recovered and
any potential interaction of the productwith the flocculent (floccu-
lated cell/cellular debris particle) or the polycationic polymer. The
parameters investigated in the development of a CHO cell culture
PDADMAC flocculation harvest method are discussed in the fol-

lowingsections.

PDADMAC Flocculation of CHO Cell Broth

Effect of PDADMAC average MW on flocculation

As mentioned previously, the PDADMAC average MW and
distribution is a known variable that affects the flocculation pro-
cess. Four average MW ranges were tested and compared to assess
the time needed for cell settling, supernatant clarity, the dosing
requirement for effective settling, and the robustness of settling
as a function of dose variations.

PDADMAC flocculation using an average polymer MW
range of 400-500 kDa consistently resulted in the shortest
flocculent setting time with the widest dose range that
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provided consistent flocculent settling compared to floccula-
tion with a lower polymer average MW range (Fig. 3).
PDADMAC flocculation with an average polymer MW range
below 200 kDa required a significantly longer settling time at
a higher flocculant dose to achieve a comparable harvest
recovery volume compared to PDADMAC flocculation with
an average polymer MW of greater than 200 to 350 kDa.
Additionally, the best optical clarity, 30 NTU, was achieved
with the highest average polymer MW compared to the lower
average MW clarity of 220 NTU (Fig. 4). Based on the wide
flocculant dosing range and robustness of the flocculation
performance (clarity and flocculent settling rate), the PDAD-
MAC polymer with the highest average MW range, 400 to
500kDa, was chosen for future work.

PDADMAC dosing

Previous investigators based the flocculant dose on the
mass of polymer per volume of cell broth (wiv). %712 Since
PDADMAC binds to the negatively-charged cells (both viable
and non-viable cells) and cellular debris in the cell culture
broth, a high cell density cell culture process requires a larger
flocculation dose per volume compared to a lower cell density
culture process to achieve the optimum flocculation perfor-
mance (clarity, product recovery, and settling period). To
account for cell culture process variability from process to
process and run-to-run, a dosing regimen based on the cellu-
lar mass is desired.

The amount of cellular material is commonly determined by
the solids level and the concentration of viable and non-viable
cells. The amount of solids is measured by the volume of packed
cells (PCV) after centrifugation. The total cells, viable and non-
viable cells densities are measured by the trypan blue exclusion
method and routinely determined using an automated cell
counter on a daily basis. While the measurement of the total
number of cells correlates to the solids level, the solid volume is a
function of the cell size and large (<1 wm) cellular debris par-
ticles. The trypan blue exclusion method measures the total num-
ber of cells, both viable and non-viable, per area and is
independent of the cellular volume.

Three different methods were tested to calculate the effective
PDADMAC dose that achieved the highest recovery of clarified
fluid in 2 hours for cell broth containing a wide range of solids
(10% to 25%). Three dosing methods were tested: 1) pg per total
number of cells (includes both viable and non-viable cells), 2) mg
per L of solids, and 3) g per L of cell broth. PDADMAC dosing
based on the total cell number (T'C) was constant for all condi-
tions tested and a dose of 45 pg of PDADMAC per total cell
(pg/TC) provided consistent flocculation performance (Table 1).
In comparison, PDADMAC dosing based on solids or the cell
broth volume was dependent on the cellular mass generated. The
optimal flocculant dose increased from 5.6 to 7.9 mg of PDAD-
MAC per L of solids and 0.6 to 1.8 g of PDADMAC per L of
cell broth (Table 1). Because of the insensitivity to the varying
levels of cell culture process solids and duration, PDADMAC
dosing based on total cells is the flocculant dosing method for
future studies.
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Figure 3. Flocculated cell mass settling rate for PDADMAC with an average MW of 400 to 500 kDa, 200 to 350 kDa, and 100 to 200 kDa. Flocculate dos-
ing based on (w/v). Shown in all the figures is the (w/v) PDADMAC dose at 0.04% [#], 0.06% [H], 0.08% [A], and 0.10% [®].

The limitation of dosing based on total cells is that it does not
account for negatively-charged sub-micron cellular debris that
will bind to PDADMAC. This limitation also applies to the sol-
ids- and volume-based flocculant dosing methods. The flocculant
dosing method used in this study assumes that the ratio of sub-
micron cellular debris to total cells is constant or similar through-
out the cell culture process, and from run-to-run that would
result in minor variations in the harvested recovery.

PDADMAC dosing is also dependent on the cell’s chromo-
some sets (polyploidy) or the cell size. We have observed that
large tetraploid-like CHO cells with a diameter of 22-24 pwm,
require approximately double the dose of PDADMAC compared
to smaller diploid-like CHO cells with a diameter of 15-18 wm,
45 and 25 pg/TC respectively. The dosing difference can be
attributed to the difference in the total charge density of the cell,
since PDADMAC dosing based on TC is a constant. As the floc-
culant dosing is likely dependent on cell type and cell size, it is
recommended that a dosing study be performed during the
development of the flocculation process.
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Figure 4. Supernatant clarity after flocculation with increasing average
MW PDADMAC. The average polymer MW is shown in the legend.
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Cell Culture Process Parameters Affecting
Flocculent Settling Rate

Effect of cell density on flocculent settling and product
recovery

Figure 5 shows that the flocculent settling rate is dependent
on the solids level. As the flocculent settles, a decrease in settling
rate with time is observed due to the electrostatic repulsion
forces, that prevent flocculent settling, overcomes the van der
Waals attraction forces that result in flocculent settling.20 Thus,
cell culture processes that generate high solid levels, or cell densi-
ties, will have a slower flocculent settling rate and require a longer
period to achieve the steady-state settling (the point where no
flocculent settling occurs).

As the flocculent settles, a corresponding decrease in the per-
centage of entrapped supernatant in the settling flocculent occurs
and reaches its minimum at steady-state. Unless there is product
loss due to product-flocculant interaction or phase separation
during the flocculation, this entrapped supernatant contains
product that can be recovered. Therefore, it is desirable that the
flocculation harvest process achieves a steady-state flocculent set-
tling and produces a dry settled flocculent, with a minimal
amount of volume of supernatant entrapped in the flocculent,
Vg, to maximize the recovery of supernatant and hence the
product.

Using Figure 5, the average Vg was 38%, ranging from 36%
to 40% for all the solid levels tested after flocculent settling for
24 hours, using the equation described in the Materials and
Methods Cell Broth Flocculation section. Based on the amount
of recoverable entrapped supernatant at steady-state, the effect of
cell broth dilutions on the product recovery and the harvest vol-
ume can be calculated.

Knowing the settled flocculent liquid content, Vg, the steady-
state flocculent volume, harvest volume, and product recovery
can be calculated with respect to the cell broth solids level using
the modeling equations described in the Materials and Methods
Cell Broth Flocculation and Modeling the Flocculent Steady-
state Settled Volume sections. Using Figure 5 solids level and
average Vg, the model calculated the predicted steady-state
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Table 1. PDADMAC dose required for optimal flocculation performance at varying solids content in the cell broth. Cell broth was diluted with cell culture
media to adjust the solids content. Optimal flocculation performance is the combination of the shortest flocculent settling period and with an optical clarity

of less than 40 NTU

Normalized Flocculent Dosing To:

Solids Flocculent Dose (g/L) Volume (g/L Cell Broth) Solids (mg/L Solids) Total Cells (pg/TC)
10.8% 0.6 0.6 5.6 48.5

16.1% 1.0 1.0 6.2 43.6

20.5% 13 13 6.3 44.2

25.4% 1.8 18 7.9 43.5

Mean Dose 12 6.5 45.0

% Sm =+ 68.5% +24.1% +84%

settled flocculent volume, harvest volume, and product recovery
with respect to diluting the cell broth solids. The model’s predic-
tions were compared to the experimental results [Table 2].

As the solids concentration decreases with increasing dilution,
the model predicts that the level of product recovery increases
from 70% to 95% along with a corresponding increase in the
harvest volume from 0.39 to 3.39 bioreactor volumes [Table 2].
The experimental results show similar increases in recovery and
harvest volume as the modeling, but were slightly lower than the
modeled calculation for recovery and harvest pool volume. This
difference is due to an inability to completely recover the clarified
supernatant by decanting without disturbing the settled floccu-
lent, resulting in the carryover of flocculent into the clarified
supernatant.

An equal volume of re-suspension wash can recover product
entrained in the settled flocculent. Using the same model
described above, modeling the re-suspension wash recovery pre-
dicts that the overall harvest recovery increases by 4.6% with a
corresponding increase in the harvest volume of 0.4 bioreactor
volumes over the initial or primary PDADMAC flocculent set-
tling harvest product and volume recovery. In practice, the
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Figure 5. PDADMAC-only flocculent settling profile of cell broth contain-
ing increasing concentration of solids per volume of fluid. Varying cell
broth solids level was achieved by diluting with cell culture media. All
conditions dosed at 45 pg/TC.
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settling times required for the re-suspension are significantly lon-
ger (additional 16 hours and longer) compared to the primary
settling time due to the mixing required to re-suspend the settled
flocculent. The shear forces required for settled flocculent re-sus-
pension break the large flocculents into smaller floccules that take
significantly longer to settle. Maximizing product recovery thus
requires a re-suspension wash step but at the expense of increas-
ing the harvesting duration. Such an equal volume re-suspension
wash results in a slightly smaller harvest volume compared to
diluting with an equal volume of cell broth prior to PDADMAC

flocculation.

Effect of sub-micron cellular debris particles PDADMAC
dosing

A cell culture process continuously generates sub-micron cel-
lular debris. This cellular debris is generated by the degradation
of non-viable cells to smaller debris, and is accelerated by
mechanical shear forces generated in the bioreactor, such as mix-
ing, pumping, or the bursting of air bubbles during sparging.
This sub-micron cellular debris is expected to have the same neg-
ative charge as the larger viable and non-viable cells, and floccu-
late upon the addition of PDADMAC. At high enough levels,
this smaller cellular debris could affect the PDADMAC dose
required for optimum performance.

To understand the effect of sub-micron cellular debris on floc-
culation, cell broth was subjected to a short burst of high shear
forces sufficient to fragment cells into smaller cellular debris. Dis-
ruption of the cells resulted in an increase in the centrifuged-clar-
ified supernatant turbidity from 250 NTU to greater than 1,000
NTU. The sub-10 pm particle level, the sum total of all particles
from 0.8 to 10 wm as measured by FBRM, increased by the
same magnitude, i.c., from 24 to 88 particles/s. The addition of
PDADMAC to the centrifuge-clarified sheared and non-sheared
cell broth dramartically increased the level of sub-10 pwm particles
greater than 2 logs for both, from 24 to 3,340 particles/s for non-
sheared cell broth and 88 to 28,117 particles/s for sheared cell
broth. Thus, it can be concluded that a typical cell culture process
contains particles that are below the FBRM’s detection limit of
0.8 pwm and PDADMAC flocculates these sub-micron cell debris
particles to form larger FBRM-detectable flocculated particles.
The removal of these sub-micron particles significantly improves
depth filtration (Fig. 2). It has been shown previously that the
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Table 2. Increasing dilution of cell broth starting at 44% solids, increases product recovery and harvested volume. The modeled recovery and volume was
based on the % VE at the flocculent steady state for a PDADMAC-only flocculation in Figure 5, and compared to the experimental results. All harvested vol-
umes are relative to the bioreactor working volume. Experimental product recovery and harvest volume not determined (ND) at a solid level of 11% and

33%

Settled Flocculent Volume

Harvest Volume Product Recovery

Solids Predicted Experimental Predicted Experimental Predicted Experimental
44% 71% 71% 0.39 0.38 70% 67%
33% 55% 55% 0.73 ND 81% ND
22% 36% 36% 1.39 1.32 89% 84%
11% 18% 18% 3.39 ND 95% ND

removal of these sub-micron particles improves membrane filtra-
tion throughput at least 6-fold.>*'

Flocculation of the sheared cell broth, which had approxi-
mately 10 times the amount of sub-micron particles as the non-
sheared cell broth, required a 2-fold increase in the PDADMAC
dose to achieve a similar settled flocculent volume in 2 hours
compared to flocculation of non-sheared cell broth (Fig. 6). Also,
the generation of sub-micron cellular debris by shear resulted in a
slightly slower settling rate and a slightly larger settled flocculent
volume compared to the cell broth with lower levels of sub-
micron cellular debris (comparison of the 60 pg/TC dose settling
curves in Fig. 6, Non-Sheared and Sheared).

Cell metabolites

Certain media components (e.g., salts) and other ionic cell
metabolites (e.g., lactate) can disrupt the electrostatic interaction
between cells and cellular debris with PDADMAC. This will
result in the degradation of flocculation performance by limiting
the flocculent growth or preventing the flocculent formation.
Lactate is commonly produced by cells during the cell culture
process. To decouple the effect of lactate production in a cell cul-
ture process from other variables that potentially can affect the
settling rate of the flocculated biomass, lactate was spiked into
broth from a cell culture process that produced less than 0.1 g/L
of lactate. Lactate levels as low as 3 g/L decreased the flocculent
settling rate and required a significantly longer processing time to

achieve the same settled volume as non-spiked flocculated cell

broth (Fig. 7).

Effect of Non-lonic Additives to PDADMAC
Flocculation

Non-ionic polymers
The addition of non-ionic polymers (e.g., PEG, dextran) into
the PDADMAC flocculation is shown to accelerate flocculent
settling relative to the addition of smaller non-ionic compounds
such as sucrose or zwitterionic compounds such as betaine
(Fig. 8). This improved flocculent settling rate was accomplished
by increasing the flocculent size. The average flocculent size mea-
sured by FBRM for a PDADMAC only flocculent was 25 pm
and 87 wm for a PEG plus PDADMAC flocculent. The mecha-
nism of increasing the flocculent size in a non-ionic polymer/
PDADMAC flocculation reaction is by depletion forces, where
the non-ionic polymer concentrates the flocculated cells and cel-
lular debris by volume exclusion and PDADMAC neutralizes the
negative charge found on the cells and cellular debris, allowing
for the formation of large flocculated particles that settle
rapidly.22
Flocculation with PDADMAC in combination with the non-
ionic polymers dextran and PEG significantly decreases the floc-
culent settling times for a cell culture processes that generate high
levels of lactate, 9 g/L (Fig. 8). The floc-
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Non-sheared

culent settling rate is dependent on the
solids level, PEG concentration, and
PDADMAC concentration (Figs. 9 and
10). The flocculent settling rate is not
dependent on the non-ionic polymer’s
MW, but on the non-ionic polymers cell
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broth concentration for optimal floccu-
lent settling (Figs. 8 and 10). The addi-
tion of non-ionic polymer, PEG, without
PDADMAC is detrimental to the bio-
mass settling rate compared to the set-

tling profile of the PDADMAC-only

treated cell broth (Fig. 9). Thus, the com-

was 3% (w/v).

Figure 6. PDADMAC / PEG flocculation of cell broth non-sheared and sheared. Shown in both figures
is the PDADMAC dose at 30 pg/TC [#], 45 pg/TC [H], and 60 pg/TC [A]. PEG 3,000 concentration

bination of PDADMAC flocculating
agent and a non-ionic polymer is
required to accelerate the flocculated cell
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mass settling rate.
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Figure 7. Lactate addition to cell broth decreases the PDADMAC-only
flocculent settling rate compared to the un-spiked cell broth [#]. Lactate
was spiked into cell broth at 3 g/L [ll]and 6 g/L [A].

mADb solubility in cell broth with PEG

By increasing concentration of PEG in conjunction with
higher PDADMAC dosing, the flocculated biomass settled at a
quicker rate and to a smaller volume (Fig. 10). PEG, however, is
known to precipitate proteins, including mAbs.?® Thus, there is
likely an upper PEG concentration boundary that will enhance
PDADMAC flocculent settling without precipitation of the mAb
from the cell broth.

To decouple product loss due to flocculation with PDAD-
MAC from product loss by PEG precipitation or co-precipitation
with cellular debris, cell broth with and without PDADMAC was
clarified by centrifugation followed by PEG addition. For this
mAD, the control showed that the titer was equivalent for cell
broth flocculated with only PDADMAC followed by centrifuge
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Figure 8. PDADMAC flocculent settling profile for cell broth diluted with
different diluents. Cell broth was diluted to 33% with cell culture media
(CCM) [@], 9% (w/v) sucrose [ll], 32 g/L betaine [A], 10% (w/v) dextran
70 with 30 g/L betaine [®], and 14.6% (w/v) PEG 1,000 [X]. Diluents’ stock
concentration was based on an osmolality of 300 mOsmo/kg. The lactate

concentration at the end of cell culture production was 9 g/L.
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clarification and non-PDADMAC centrifuge-clarified fluid. For
non-PDADMAC clarified fluid treated with PEG 6,000, mAb
loss was observed for all PEG concentrations tested (Fig. 11). In
comparison, there was no product loss from the clarified PDAD-
MAC cell culture fluid until the concentration was greater than
3.5% (w/v) (Fig. 11). These results suggest that mAb co-precipi-
tates with sub-micron cellular debris or an intracellular compo-
nent(s) in the presence of PEG. This co-precipitation of mAb
was prevented by the addition of PDADMAC to the cell broth
prior to the addition of PEG by either the flocculation of the co-
precipitating agent(s) or charge neutralization. The addition
order of the polycation flocculant and the flocculation accelerant
is thus critical for the recovery of product during harvest.

Product solubility was determined for different molecular
weight PEG’s using the same PDADMAC clarified cell culture
fluid feed stock as described above. The upper PEG concentra-
tion boundary, that did not result in more than 5% product loss,
was 6% (w/v) for PEG 1,500, 4.5% (w/v) for PEG 3,000, 3.5%
for PEG 6,000, and 3% (w/v) for PEG 8,000. This upper con-
centration boundary for the different PEG MW also enhanced
flocculation (Figs. 8—10; not shown is the flocculent settling pro-
file with PEG 8,000 and PEG 1,500).

Safety of Drug Product Prepared From PDADMAC
Harvested Material

Due to its cytotoxicity, clearance of PDADMAC from the
drug product must be demonstrated prior to clinical use. PDAD-
MAC binds and disrupts the cell membrane releasing the intra-
cellular soluble components.'® Using a smaller MW weight
PDADMAC (54 kDa), Fischer et al.'"® measured the rat red
blood cells hemolytic level at 10 g of PDADMAC per L or
10 mg/mL. The hemolytic level for the larger MW PDADMAC
with an average MW of 400-500 kDa was 20 mg/mL, and is
similar to the results of Fischer et al. Human red blood cells
PDADMAC hemolytic level was 3-fold lower than rat red blood
cells [Table 3]. The monomer, DADMAC, hemolytic concentra-
tions are 4-to 5-fold higher than PDADMAC, and are in agree-
ment with the observations of Fischer et al.'®

In the rodent in vivo study, all animals survived and there
were no PDADMAC-related clinical observations or effects on
body weight. PDADMAC-related clinical pathology changes
were limited to a minimal decrease of alkaline phosphatase in
males and total bilirubin in females at 1.25 mg/kg compared to
the control group without PDADMAC. There were no light
microscopic changes attributed to PDADMAC. The no-observed
adverse effect level was considered to be 1.25 mg/kg. Using this
data, an acceptable exposure limit for intravenous (IV) or subcu-
taneous dosing can be estimated based on the ICH Q3A/B guid-

ance according to the following calculation.”*?’

IVLimit (mg/day) = (1.25 mg/kg x 60 kg)/5(F1) x 10(F2)
x 10(F3) x 1(F4) x 1(F5) =150 pg/day

Where human body weight is estimated at 60 kg, and
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Figure 9. The effect of PEG 3,000 on the flocculent settling profile for cell
broth containing 32% solids. Flocculation was performed with PDADMAC
only [@], PEG only [l], PDADMAC/PEG [®] and cell broth diluted 33%
with cell culture media (final solids of 20%) prior to PDADMAC/PEG floc-
culation [A]. Final cell broth concentration of PEG was 3% (w/v) and
PDADMAC dose was 25 pg/TC.

F1 = (5) Factor to account for extrapolation between species
(rats)

F2 = (10) Factor to account for variability between individuals

F3 = (10) Factor to account for duration of selected study,

(14 day study)

F4 = (1) Factor to apply in cases of severe toxicity. (No toxicity
seen in vivo. No known serious toxicity from water treatment
uses)

F5 = (1) Factor to apply if no-effect level is not established. (No-
effect level established)

Purification Process Clearance of PDADMAC

Colorimetric assays have been developed for the detection of
PDADMAC down to the single digit ppm level, but these assays

are designed for drinking water, not complex biological fluids
like cell culture broth.** PDADMAC is known to bind to DNA,
producing a complex that is resistant to degradation by both
mechanical shear and DNase treatments.'”*”*® PDADMAC
will also inhibit DNA amplification down to 5 = 1.5 ppb using
the QPCR assay to measure the recovery of spiked DNA
(Fig. 12). The sensitivity of the inhibition of DNA amplification
is 200-fold more sensitive than other published methods that
measure PDADMAC in non-biological fluid feed streams. A lim-
itation of the inhibition of DNA amplification is that this
method cannot differentiate PDADMAC inhibition from other
inhibitors found in the process intermediate matrix. As such,
PDADMAC levels determined by this method would represent a
worst case level of PDADMAC clearance by a purification
process.

Using this method, we determined that a mAb purification
process completely clears PDADMAC to the assay’s limit of
detection from the process stream after depth filtration of the
neutralized acidified Protein A pool (n-aPA) for a PDADMAC-
only harvest. For a PEG/PDADMAC harvest, PDADMAC levels
in the Protein A pool are below the assay’s limit of detection of
50 =+ 15 ppb (0.050 =+ 0.015 pg/mL) (Table 4). Protein A
chromatography clears PDADMAC by cither the non-interac-
tion of PDADMAC or floccules to the ligand or mAb during the
load phase or washing it off the column with a high ionic
strength buffer. The diatomaceous earth found in depth filters
used in the harvest and n-aPA is negatively charged and the
removal of PDADMAC is assumed to be mediated by ionic
interaction or entrapment of the floccules.”””° Subsequent puri-
fication operations, including cation exchange chromatography,
are expected to provide additional clearance of PDADMAC.

Based on the level of PDADMAC detected in the depth filter
n-aPA shown in Table 3, the maximum level of PDADMAC in
the drug product is at least 5 logs lower than the human erythro-
cyte PDADMAC hemolytic threshold, and 3 logs lower than the
acceptable exposure limit for a daily administration of a 1 mL IV
or subcutaneous dose.

Protein A Lifetime Challenged

Flocculent Settling Time (min)

- Dosed @ 45 pg / TC . Dosed @ 35 pg/ TC with PDADMAC Harvested
it} 100" .
3 : Material
o 9% |- | 1 PEG Conc. @ |
5 80% B0% A& 1.5% (wiv)
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E - ; : lated harvest and is completely removed
3 son s0% from the process stream by Protein A
R an% chromatography and depth filtration.
E 0% so% Depth filters are used once and disposed,
5 e s whereas Protein A is reused through
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cost of the media. To determine the

effect of PDADMAC present in the har-

Figure 10. Increasing PEG and PDADMAC concentration decreases flocculent settling time. PDAD-
MAC dosing concentration is 45 pg/TC and 35 pg/TC. Shown in both figures is the final cell broth
PEG 6,000 concentration at 1.5% (w/v) [A], 2.5% (w/v) [®], and 3.5% (w/v) [H].

vest on Protein A purification of a mAb,

a 100-cycle lifetime study was performed
with PDADMAC-only supernatant that
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Figure 11. mAb solubility with respect to PEG 6,000 concentration in cell
broth clarified by centrifugation (CCF) [A], and cell broth flocculated
with PDADMAC followed by centrifugation [Il].

was not processed through a depth filter to represent the most
conservative assessment of residual PDADMAC challenge for the
Protein A chromatography step. To determine the effect of a
PDADMAC harvest on the Protein A resin’s lifetime, step yield,
Protein A pool high MW (HMW) species, host cell protein
(HCP) content, and extent of protein carryover into the subse-
quent elution cycle were assessed. Product quality attributes that
are not affected by the Protein A step or PDADMAC floccula-
tion such as mAb charged variants, clipped species, and non-
whole mAb were not evaluated (Table 5). Host DNA was not
monitored during the life-time study since it was cleared by the
PDADMAC flocculation process (Table 5).

Protein A product recovery was determined for every cycle,
and the average recovery was 91 =£ 2% throughout the 100-cycle
study (Fig. 13, Recovery). HCP levels were within the variability
of the assay for the normal Protein A operation parameters
(Fig. 13, HMW). There was no significant trend during the 100
Protein A resin cycles for yield and HCP clearance.

The average level of HMW during the lifetime study was
8.5 = 1.0%. The slight trend of decreasing HMW content in
the Protein A pool with increasing number of cycles was not con-
sidered significant since these size variants are cleared by the sub-
sequent chromatography steps (Fig. 13, HCP).

In a typical Protein A purification, the resin is cleaned with
acid between cycles when processing a single harvest lot. After
processing the harvest lot for a bioreactor, the Protein A is
cleaned with an acid followed by sodium hydroxide prior to

storing the resin in a long-term storage solution. To determine if
a cleaning protocol is sufficient, a blank purification run using a
mock load was performed to determine if any protein carries
over into the subsequent elution pool. Mock load elution pool
protein concentration was measured by micro BCA assay.

The cycle-to-cycle protein carryover assessed in the blank elu-
tion after only acid cleaning was 0.005% and the batch-to-batch
protein carryover assessment in the blank elution after acid and
caustic cleaning was 0.002%. The level of protein carryover
observed for the PDADMAC harvest challenge was comparable
to the historical Protein A life-time studies challenged with non-
PDADMAC treated harvest. This demonstrates that, in the pres-
ence of a PDADMAC-containing load, the Protein A cleaning
procedure and reagents are sufficient to remove any buildup of
protein on the resin that potentially could elute with product in
the following cycle(s).

Discussion

The addition of the polycationic polymer PDADMAC floccu-
lates CHO cells and the cellular debris that are generated during
the cell culture process production. PDADMAC flocculation
produces a supernatant clarity that is comparable to a typical cen-
trifuge-processed cell culture followed by filtration through the
typical harvest filtration train, depth filtration followed by mem-
brane filtration. Also, harvest flocculation with a polycationic
polymer significantly lowers the level of sub-micron size particles,
which improves the fluid clarity and minimizes fouling of the
harvest filtration train (Figs. 2 and 4).7021

The optimal PDADMAC flocculation performance is depen-
dent on the polymers MW and a robust flocculation harvest pro-
cess over a very wide dose range was achieved using a polymer
with an average MW of 400-500 kDa. PDADMAC dosing
based on the total number of cells is insensitive to the varying lev-
els of cell culture process solids (Table 1). This simple flocculant
dosing method does not require pre-harvest testing for flocculant
dose determination as described by other flocculation meth-
ods.”? 11213 The flocculant dose was affected by the sub-
micron particle level generated during the cell culture and harvest
process for optimum flocculation performance. Increasing the
flocculant dose resulted in an optimum flocculation performance
for cell broth containing both typical and elevated levels of sub-
micron cellular debris (Fig. 6).

Since the flocculated cell mass settles to the bottom of the har-
vest vessel, harvesting of the clarified supernatant is performed by

Table 3. Hemolysis of red blood cells (RBC) in the presence of PDADMAC and its monomer, DADMAC

Non-Hemolytic

Hemolytic

Treatment RBC Conc. (mg/mL) % HI (Mean =+ sy) Conc. (mg/mL) % HI (Mean =+ sy,
DADMAC Rat 50 1.3 £0.1 100 94 £1.6
Human 200 15 £0.1 250 25 £0.2
PDADMAC Rat 10 1.8 £0.1 20 2.1 £0.1
Human 30 0.8 £0.1 60 78 £1.0
www.tandfonline.com mADbs 421
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Figure 12. Titration curve of PDADMAC inhibition of DNA amplification
by QPCR. No spiked DNA was recovered at a PDADMAC concentration
> 18 ppb. The DNA spiked was fully recovered to within the assay vari-
ability, at 5 ppb of PDADMAC.

decanting from the top of a harvest vessel. At larger scale, fluid
decanting is performed by siphoning or pumping the clarified
supernatant (Fig. 1). Unlike centrifugation, which produces a
firm pellet in which the supernatant is easily decanted, PDAD-
MAC flocculation produces a settled flocculent volume with a
higher liquid content compared to centrifugation, requiring a
gentle decanting method to minimized flocculent disturbance to
maximize the supernatant recovery.”' Introduction of the settled
flocculent into clarified supernatant must be avoided as this mate-
rial will rapidly foul the downstream filtration and chromatogra-
phy operations.

For maximum product recovery in a flocculation harvest,
either a re-suspension wash step or dilution of the cell broth prior
to flocculation is required. MADb retained in the settled flocculent
supernatant or the result of perturbing the settled flocculent dur-
ing fluid decantation, is recovered with a re-suspension wash
step. The major limitation with this secondary recovery method
is the generation of shear forces that are required for re-suspen-
sion of the settled flocculent. Additionally, longer settling times
are required after flocculent re-suspension.

Dilution of the cell broth prior to the primary harvest floccu-
lation eliminates the re-suspension wash required to maximize
product yield. Based on modeling, reducing the solids concentra-
tion to approximately 15 £ 5% by diluting the cell broth

increases the harvest product yield to the high 80% to low 90%
range, with a corresponding increase in the harvestable volume.
The cell broth dilution flocculation method significantly reduces
the total harvesting processing time by eliminating the processing
time required for the re-suspension and settling of the settled
flocculent.

Higher cell culture process solid levels affect the harvest vol-
ume for all harvesting methods. To enable processing using a typ-
ical continuous centrifuge, the feed must contain solids at or
below 10-12%.” Feed solid levels above this require a dilution.
For MF harvesting, product recovery is a function of the mAb
sieving and the number of diafiltration (DF) volumes of the
CCF (Vep)- A minimum of 3- to 4-DF volumes is required for
a mAb recovery >90%.%> Modeling the effect of cell broth dilu-
tion or the DF volumes required to achieve a harvest recovery
>90% on the harvest volume, shows that the harvest volumes of
a PDADMAC flocculation harvest process are comparable to
harvest volumes from centrifugation or MF (Table 6). To
accommodate the larger harvest volume in the manufacturing
facility, a larger harvest pool vessel is required or a volume reduc-
tion step, e. g., ultrafiltration or Protein A capture column, is
needed. PDADMAC flocculation conditions that reduce the floc-
culent entrapped supernatant (% VE) will result in a smaller har-
vest volume while still maintaining >90% product recovery
(Table 6).

Product loss due to flocculation with PDADMAC is expected
with low pl proteins or proteins that bind to an anion exchange
resin under the same conditions present in the cell culture fluid.
The addition of PEG to accelerate flocculent settling can also result
in product precipitation, flocculent interaction, or product phase
separation into the flocculent.”>*® This mechanism of product loss
can be circumvented by dispensing the flocculant and additive aid,
or the conditioning of the cell broth prior to flocculation. Adjust-
ing the cell broth pH or conductivity resulted in a significant
decline in PDADMAC flocculation performance for all conditions
tested (Fig. 7).2" Flocculent settling was more tolerant to salt
(Fig. 7) and sub-micron particles that can be generated during the
cell culture processes or the processing of the flocculated harvest in
the non-ionic polymer/PDADMAC method compared to PDAD-
MAC only."™ Clearly, the simpler PDADMAC-only flocculation
method is easier to develop and trouble-shoot, but it is less robust
with respect to the variability in cell culture performance that
results in high lactate production or solids level than the more
complex non-ionic polymer/PDADMAC flocculation method.

Table 4. PDADMAC level's measured in process intermediates from a typical mAb purification process. Flocculation harvest PDADMAC concentration was 45
pg/TC and PEG 3,000 concentration was 3% (w/v). PDADMAC level are in ppb. ND is not determined

PDADMAC-only

PEG / PDADMAC

Unit Operation Depth Filtered

Non-Depth Filtered Non-Depth Filtered

Harvest Pool 5,000 + 30%

Protein A Pool 500 =+ 30%
n-aPA 100 4+ 30%
Depth Filtered n-aPA <50 4 30%
DS <120 +30%

ND ND
5,000 — 10,000 =+ 30% <50 +30%

ND ND

ND ND

ND ND
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Table 5. mAb Protein A pool product quality comparison of Protein A load prepared by centrifugation followed by a two-staged filtration train or PDADMAC
flocculation followed by membrane filtration. Flocculation harvest PDADMAC-only concentration was 45 pg/TC

SEC CEX-HPLC SDS-CE
Harvest Method HMW LMW HCP (ppm) Host DNA (ppm) Acidic Basic Non-Reduced Reduced
Centrifugation 11.5% 1.6% 5,703 75,000 9.8% 10.8% 5.8% 5.8%
Flocculation 11.6% 1.4% 6,164 140 9.4% 10.1% 5.9% 5.7%

Clearance of the PDADMAC with an average MW of
400-500 kDa was demonstrated for a flocculated harvest
(Table 4). The polycation was removed by the depth filtration of
the n-aPA and the Protein A purification step to a level that is 5
logs below the human red blood cell hemolytic level and 3 logs
lower than the acceptable exposure limit for IV or subcutaneous
dosing for a 1 mL administration on a daily basis. Other cation
exchange chromatography or negatively-charged filtration steps
would be expected to further remove PDADMAC from the pro-
cess stream, providing an additional safety margin of clearance.

A Protein A lifetime study was performed that demonstrated
harvest material containing ppm levels of PDADMAC did not
affect column performance or mAb product quality up to 100-
cycles. We also showed that the Protein A cleaning protocol was
sufficient to clean the column exposed to PDADMAC-treated
harvest to acceptable levels of protein carryover into the next elu-
tion cycle.

The work presented here demonstrates that PDADMAC
flocculation is an effective and viable harvest method per-
formed in the batch mode for CHO cell culture processes.
PDADMAC flocculation allows harvesting cell culture process
containing very high solid levels from the bench top to the
commercial scale. Compared to the gold standard harvesting
methods, centrifugation and MF, PDADMAC flocculation is
comparable to the other 2 harvest methods. All are able to
process high solids containing cell broth and all affects the
manufacturing capabilities and capacities by the same degree.
Clearance of the cytotoxic flocculant, PDADMAC, from the

drug product was demonstrated to acceptable levels to allow
human administration.

Materials and Methods

Materials

Cell broth was produced by an Amgen proprietary batch or
perfusion cell culture process using CHO cells that expressed
either IgG; or IgG, monoclonal antibodies. MAbSelect SuRe
Protein A media was obtained from GE Healthcare (17-5438-
01) and packed in a Vantage column (i.d. 1.15 cm) obtained
from EMD/Millipore Corporation (96100250).
throughput was determined using a 24 cm® Cuno Biocap depth
filter from 3M (BC0025L120ZA08A) and a 3.5 cm® OptiScale
25 Capsule with Millipore Express SHC (0.5/0.2um) membrane
filter from Millipore Corporation (SHGEA25NBG6).

Saponin (§4521), sodium lactate (71718), dextran 70
(31380), PEG with an average MW of 1,000 (81188), 1,500
(86101), 3,000 (81227), 6,000 (81253), and 8,000 (89510),
DADMAC (348279), and PDADMAC with an average MW of
<100,000 (522376), 100,000 to 200,000 (409014), 200,000 to
350,000 (409022), and 400,000 to 500,000 Da (409030) were
obtained from Sigma-Aldrich. Sucrose was obtained from EMD
Chemicals (1.00892). 1X Dulbecco’s phosphate buffered saline
(PBS) was obtained from Invitrogen (14190). Sodium heparin
for Injection (10,000 UPS Units/mL) was obtained from APP
Pharmaceuticals (504207).
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Recovery HMW HCP
100 ~ 10.0 25
-%.‘ > % o [ 05 fe . N
w ® *’Wh‘udfm" o el %% T i
g o . 'v- LS ®e fo e e 4 i
z . T 85 . ' Ja, ** .‘o oy = 18 .
£ £ % NTeear ey e. & s
¢ E 8.0 o *q eq’s o 5 i
5 T s . . ﬂ- b Sl
$ § -
£ 7.0 § »wial Al 3
&0
65
50 6.0 n
0 10 20 30 40 S0 6 70 B0 90 100 0 10 20 30 40 60 70 80 90 10l Q: 100 ;20 =30 M0 M B0 ) B0 900
Protein A Cycle Number

Figure 13. Protein A 100 cycle lifetime study. Protein A process performance attribute shown is the product recovery. Protein A pool product quality
attributes shown are the HMW variants and HCP levels. Shown for the Protein A pool HCP level is the purification step performed at the operating center
points [A] and at the upper at the upper or lower operating bounds [®] for buffer preparation and chromatography operating parameters.
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Table 6. Modeling the effect of cell broth solid levels on the harvest volume for a centrifugation, MF and flocculation harvest process. All harvest volumes
are relative to the bioreactor volume. Minimum harvest recovery used in this modeling is >90%. For centrifugation harvesting, a cell broth dilution is
required to enable processing of the feed at 10-12% solids. Modeling the MF harvest volumes was based on 100% mAb sieving. PDADMAC flocculation har-
vest volumes based on the entrapped supernatant (VE) using the equations described in the Methods section. PDADMAC flocculation required a minimum

dilution of 10% for the addition of PDADMAC

Centrifugation MF PDADMAC Flocculation
Bioreactor Solids 10% Solids 12% Solids 3DF 4 DF 38% Ve 19% Vg
40% 3.60 293 1.80 240 145 0.86
20% 1.80 1.47 240 3.20 0.84 0.87
10% 0.90 0.90 2.70 3.60 0.97 0.99
Methods start of flocculation, time = 0, the solids phase clarity equals that

Cell broth solids level determination

The cell broth solids level was determined by measuring the
PCV. The PCV determination was performed at an average rela-
tive centrifugal force (rcf) of 1,462 for 17 minutes using an Alle-
gra 6R centrifuge equipped with a GH-3.8 rotor obtained from
Beckman-Coulter. PCV determination was performed in dupli-
cate and averaged. All centrifugation operations were performed
at a temperature of 10°C.

Cell density and size

Viable and non-viable cell density was determined by the Try-
pan Blue exclusion method®® using an automatic cell counter
(Cedex, Roche Diagnostic Corporation). Cell diameter was mea-
sured using the Cedex instrument.

Particle sizing and distribution

Particle sizing and distribution were determined by focused
beam reflectance measurement (FBRM) using a model 400 from
Mettler Toledo. Particle sizes reported are the mean chord
length, square weighted, as calculated by the FBRM software.

Determination of the flocculent size with the FBRM required
constant low speed mixing to keep the cells and flocculated par-
ticles in suspension. Shear forces are known to disrupt flocculated
particles, resulting in creation of smaller particles. To determine
the effectiveness of the flocculation conditions or reagents in pro-
ducing large particles in the FBRM system, a steady-state in par-
ticle size must be achieved. This required a measurement period
duration that achieved a steady-state in particle size, typically 5
to 30 minutes, at a constant mixing rate for a given flocculation
vessel.

Cell broth flocculation

Flocculation was performed by the addition of a PDADMAC
solution to 0.5 or 1 L of cell broth with constant mixing ina 1 L
spinner flask (BellCo; 1965-61010). The PDADMAC cell broth
mixture was stitred on a 5-position magnetic stirrer (BellCo;
7795-46065) for 10-15 minutes at 80-90 rpm prior to transfer-
ring to a 0.5 or 1 L glass graduated cylinder (Fisher Scientific;
08-559F and 08-559G, respectively). The settling rate of the
flocculent (the ratio of flocculated solids to total cell broth vol-
ume multiplied by 100) was based on the visual clarity difference
between the solid phase and the clarified phase.””'®'*?! At the
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of the pre-flocculated cell broth.

After settling, the clarified fluid was decanted from the settled
flocculent. The fluid clarity was measured with a Hach 2100P
turbidimeter (Hach) prior to membrane filtration. Product titer
was determined by Protein A HPLC.* The harvest product

. . . 4,17
recovery was calculated using the following equation:*"?

%Recovery = ((Ty x Vi) /(Tcer X Vecr)) x 100

Where:

Vecr = CCF volume in the bioreactor
Ty = Product titer in the Harvested supernatant
Vy = Harvested volume

Tccr = Product titer in the CCF

The harvestable cell culture fluid volume (Vccp) is dependent
on the bioreactor solids level. Vcr is determined as follow:

Vecr =Vpr — Vs
Where:

Vpr = Bioreactor working volume
Vs = Volume of solids measured by the PCV method

The effectiveness of a flocculation harvest process at dewater-
ing the biomass solids, minimizing the flocculent’s entrapped lig-
uid, was calculated using the following equation:

Where:

Vg = Liquid volume entrapped in the settled flocculent (Vi)
Vg = Settled flocculent volume, experimentally measured

This calculation assumes that the maximum volume of super-
natant that can be recovered with a corresponding minimum
amount of entrapped supernatant in the solids phase is measured
by the PCV method. At 0% Vg, the potential flocculated harvest
volume equals the harvest volume obtained by centrifugation.

Volume 7 Issue 2



The standard error of the mean (sy;) and the relative estimated
error of the mean (% sy;) from the mean, determined at a 95%
confidence level using the t-distribution with a degree of freedom
of n-1, are described as follows:

Y%osm = ((t X sm)/1) x 100

Sy =

2

where:

s = standard deviation

t = t-distribution at 95% confidence = 3.182
L = mean
N = sample size.

All flocculation and settling was performed at ambient tem-
perature (18-25°C) unless otherwise noted. Typical solids level
were between 10 and 30% and lactate levels less than 1 g/L were
tested unless otherwise noted.

Sheared cell broth was generated by mechanically shear in a 1
L Waring blender (Waring Laboratory; model LB 10S) that
resulted in centrifuged cell broth clarity > 1,000 NTU’s. Blender
speed was controlled by voltage at 50% of the maximum blender
voltage. Blending time was performed at ambient temperature
for a 30 second duration. Clarification of sheared and non-
sheared cell both used the centrifugation conditions described in
the Cell Broth Solids Level Determination section.

Modeling the flocculent steady-state settled volume (Vgc)

The flocculation harvest volume is dependent on the settled
flocculent volume. At steady-state settling, the flocculent volume
can be predicted from the cell broth solids level (V) and the
entrapped settled flocculent supernatant volume (Vg). The pre-
dicted settled flocculent volume is calculated using the following
equation:

Vic = ((VE+Vs)/Var),

where:

Vi = Volume entrapped in flocculent
Vic = Steady-state settled flocculent volume, calculated.

Harvested filtration throughput

Depth filter or 0.5/0.2 pm membrane filter throughput stud-
ies were performed by monitoring the filter’s inlet pressure signal,
which was acquired with Millipore Pmax DAQ software. Filters
were pre-wetted with purified water prior to applying cell culture
fluid prepared by centrifugation or PDADMAC flocculation. All
operations were performed at ambient temperature. The flux rate
was kept constant at 300 Ls per meter per hour for all depth filter
and membrane filter conditions tested.

www.tandfonline.com

Protein A purification

Clarified harvested cell culture fluid was purified using the
Protein A chromatography method described by Yigzaw et al.*®
with the following modifications: 1) the Protein A column load-
ing was between 25 and 35 mg per mL of resin, and 2) the Pro-
tein A eluate was not neutralized prior to product quality
determination, since the mAb product quality attributes were sta-
ble in the Protein A eluate.

Protein A eluate was analyzed for size variants as measured by
SEC-HPLC,”” HCP as determined by ELISA,*® and charged-
based variants as measured by CEX-HPLC.?® Host cell DNA
was determined by quantitative polymerase chain reaction as
described below. mAb fragments or clipped species were deter-
mined by reduced SDS-CE analysis and partially-reduced frag-
ments and clipped species were determined by non-reduced
SDS-CE analysis, and reported as non-main mAb peak.*

Protein carry-over was determined using the Pierce micro
BCA assay kit following the manufacturer instructions (Thermo

Scientific; 23235).

Quantitative polymerase chain reaction (QPCR)

DNA was measured by a QPCR assay. Sample DNA purifica-
tion was performed using a QIA amp DNA mini kit, obtained
from Qiagen (51306). Standard DNA was purified from produc-
tion cells using the Qiagen DNeasy Blood and Tissue DNA kit
from Qiagen (69506). Sample DNA was prepared by digestion
with Proteinase K followed by DNA extraction and isopropyl
alcohol precipitation.

Primers were designed to amplify a host-cell specific repetitive
DNA sequence, and a specific probe was designed to anneal
between them. The probe is labeled with the fluorescent reporter
dye FAM (6-carboxyfluorescein) at its 5’ end and the quencher
dye TAMRA (6-carboxytetramethylrhodamine) at its 3’ end.
The primer and its labeling with the reporter and quencher dyes
were obtained from Integrated DNA Technologies. The PCR
reaction and DNA quantitation were performed with an ABI
Prism® 7900HT Sequence Detection System instrument
(Applied Biosystems).

Spiked DNA recovery experiments were performed in the pres-
ence of PDADMAC (average MW 400-500 kDa) at 0 to 50 ppb
and 100 pg of CHO DNA. The sample was purified as described
above and the spiked recovery was determined by QPCR. PDAD-
MAC concentration of 5 ppb =+ 1.5 ppb (relative range is =+
30%) resulted in complete recovery of the spiked DNA within the
assay acceptance range of 100% = 20% (Fig. 12).

QPCR quantitation of PDADMAC in process intermediates

PDADMAC treated harvest process intermediates were seri-
ally diluted until complete recovery of 100 pg CHO DNA spike
was achieved. The process sample PDADMAC level was calcu-
lated as follows:

ppb PDADMAC = Sppb = 30%
x (complete spike DNA recovery dilution)

A minimal dilution was required to overcome buffer matrix
interference for non-PDADMAC treated harvest prior to the
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CHO DNA spike. Process intermediates, e.g., harvest to depth
filtered n-aPA samples, required a 10 fold dilution into QPCR
assay buffer and drug substance required a 24—fold dilution. The
limit of detection for PDADMAC in 10-fold diluted process
intermediate is <50 ppb % 30% and <120 ppb % 30% drug
substance diluted 24 fold.

In vitro hemolysis

An in vitro hemolysis test was performed to address the poten-
tial hemolytic property of PDADMAC (average MW
400-500 kDa) using rat or human blood. Heparinized blood
was diluted in Dulbecco’s PBS to obtain optical density
(545 nm) of 1.0 =+ 0.2. Diluted blood (100 pL) was mixed
with 1.9 mL of each serially diluted PDADMAC concentration.
Dulbecco’s PBS and 50 pg/mL saponin served as the negative
and positive controls, respectively. All test mixtures were incu-
bated for 30 minutes at 37°C under static conditions and sam-
ples were centrifuged for 10 minutes average rcf of 1,462. An
aliquot of each supernatant was transferred to a 96-well plate and
the optical density at 545 nm (ODsys) was measured. The
hemolytic index (HI) was determined using the equation:

A mean hemolytic index was calculated from the triplicate test
samples. An HI of greater than 2 is considered hemolytic.

In vivo rodent study

A rodent study was conducted in male and female Spraque-
Dawley rats (n = 5/sex/group) to evaluate the potential toxicity
of PDADMAC (ave. MW 400-500 kDa) at doses of 0 (vehicle
control; sterile water for injection), 0.75 or 1.25 mg/kg IV
administered weekly for 14 d (2 doses). In addition, 5 animals/
sex at the 1.25 mg/kg dose were allowed to recover for 14 d fol-
lowing the end of the treatment period (Day 15). The low dose
approximates the current assay sensitivity while the higher dose
provides a further safety margin. Animals were maintained and
housed according to standard husbandry practices at Amgen and
the International Animal Care and Use Committee guidelines.*’
Prior to dosing, samples from the dose formulation (1.25 mg/
ml) were analyzed for concentration verification. Parameters eval-
uated included clinical observations, body weights, clinical
pathology (hematology, clinical chemistry, coagulation, and uri-
nalysis), organ weights and histopathology of all tissues.

Disclosure of Potential Conflicts of Interest

HI=[(OD test sample — OD neg cont)/

No potential conflicts of interest were disclosed.

(OD pos cont — OD neg cont)] x 100,

where:

OD neg cont = ODsy4s5 of negative control

OD pos cont = ODsys of positive control.

A lifetime study.
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