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Improving Aggregate Removal to Enhance
Clinical Manufacturing of MIAbs

Hydrophobic interaction chromatography (HIC) in flow-through mode offers a more
efficient and costeffective polishing,/purification process fo remove monoclonal antibody
aggregates while maintaining purity at >99% than a mixed-mode bind/elute procedure.

BY ORJANA TEROVA, JESSICA DE ROOU & JOHN LI

ver the past two decades, monoclonal an-

tibodies (mAbs) have been one of the most

dominant segments of the biotherapeutics

market. Hundreds of mAbs are either under
clinical development or commercially available (1). En-
suring mAbs’ safety and efficacy is vital, but is compli-
cated by the fact that the antibodies tend to aggregate
during production, decreasing efficacy and increasing
the risk of immunogenicity. Maintaining aggregate lev-
els of less than 1% of final product is a critical quality
attribute (2) for mAb manufacturing. Integrating an ag-
gregate-removal step into downstreaming is crucial to
ensuring a safe final product.

Immunoglobulin G (IgG)-type mAbs share a common
framework, with an excellent degree of homology and
shared physicochemical properties, including a binding
site for Protein A on the Fc portion of the molecule. This
similarity has enabled the use of a platform approach to
mAD purification that centered around Protein A affinity
capture as its first step to remove many of the contami-
nants from the upstream processing, such as host cell
protein (HCP), residual DNA, adventitious and endog-
enous viruses, endotoxins, aggregates, and other con-
taminating species.

Aggregates can be especially challenging to remove
from monomeric mAb product, however, and post-Pro-
tein A purification levels can still be as high as 10% for
certain mAbs. Therefore, a number of chromatographic
polishing tools have been developed to remove excess
aggregates.

One of these methods is hydrophobic interaction
chromatography (HIC), which leverages differences in
hydrophobicity between monomer and aggregate spe-

cies. Until recently, HIC resins required high salt con-
centrations to be most effective, but the proteins of
interest are often unstable under such conditions. To
avoid product instability, the resins must provide the
selectivity required at lower salt concentrations and still
maintain superior resolution and high capacity.

HIC selectivity between aggregate and monomer can
be modulated by adjusting salt type, salt concentra-
tion, and by buffer type and pH. Furthermore, if the
resin chemistry and properties enable high selectivity
towards the impurities then they can be used in flow-
through, rather than standard bind-and-elute, mode.
Flow-through offers the advantages of reducing the
number and volume of buffers required and decreasing
operator workload and operation times. Therefore, HIC
can enhance flexibility for process operating conditions.

In this study, two HIC resins (POROS Benzyl and PO-
ROS Benzyl Ultra, Thermo Scientific) were evaluated in
flow-through mode as a polishing step in the purifica-
tion of mAb-A, an established therapeutic mAb. This ar-
ticle will describe how HIC in flow-through mode can
be optimized to develop a scalable and robust polishing
procedure that significantly improves the efficiency and
cost of aggregate removal, compared with mixed-mode
bind-and-elute purification processes (Figure 1). Using
this method, even under low conductivity conditions
and high loading densities, the final product showed ef-
fective clearance of dimers and high molecular weight
(HMW) aggregates. Furthermore, the process allowed
final monomeric product purity to be maintained at
=99%, while enabling increased resin loading and reduc-
ing residence time, resulting in an 8% increase in final
product yield.




Materials and Methods
Materials and Equipment

mAb-A , a Chinese hamster ovary
(CHO) cell-produced IgG mAb, was
used in this study after it had been
purified using a Protein A capture
step followed by an anion exchange

(AEX) chromatography step in
flow-through mode. The AEX flow-
through pool contained approxi-
mately 12% mAb-A aggregate. Ma-
terials and equipment used included
POROS resins (Thermo Fisher), an
automated liquid handler (Thermo
Fisher), 96-deep well polypropylene
plates (Thermo Fisher), 96-well flat-
bottom (Thermo Fisher), clear poly-
styrene plates (Thermo Fisher), a No-
vus electronic multichannel pipette
(Thermo Fisher), a LUX multimode
microplate reader (Thermo Fisher),
centrifuge (Thermo Fisher), a stan-
dard dual-system vacuum manifold
(Thermo Fisher), a size-exclusion
column (Thermo Fisher), a magnetic
particle processor (Thermo Fisher),
a polymerase chain reaction (PCR)
system (Thermo Fisher), and a CHO-
HCP quantitation kit(Thermo Fisher).
In addition, the reagents used includ-
ed sodium chloride (NaCl) (molecu-
lar weight [MW] 58.44) (Fisher Bio-
reagents), sodium acetate trihydrate
(MW 136.08) (Fisher Chemical), am-
monium sulfate (MW 132.14) (Fisher
Chemical), and sodium citrate dihy-
drate (MW 294.1) (Fisher Chemical).
Predictive analytics software was
also used (JMP Statistical Discovery).

Methods

The workflow for HIC process op-
timization consisted of the follow-
ing four steps:

1. Defining the conductivity range
for mAb-A (resin interaction)

The POROS HIC resins were packed
into individual columns of 0.66 cm
(D) x 10 cm (L). Each column was
equilibrated with 600 mM sodium
acetate in Tris buffer at pH 7.5. The
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Figure 1. Schematic overview of the purification process of mAb-A. To obtain a
more efficient purification process, the final Mixed-Mode polishing step in bind/elute
mode is compared with HIC in flow-through mode.

mADb-A AEX pool was then loaded
onto each column at 5 mg/mL of
resin at a flow rate of 300 cm/hr. To
define optimal elution conductivity,
a gradient elution over 10 column
volumes (CV) was performed, at 300
cm/hr, starting with the high-salt
equilibration buffer and gradually
moving to a Tris buffer (pH 7.5) con-
taining no salt.

2. High-throughput screening for
flow-through mode (resin selec-
tion)

A high-throughput screening ap-
proach was employed to determine
the most suitable resin and corre-
sponding conditions for aggregate
removal. To determine the optimal
pH, salt type, and salt concentra-
tion each well of a 96-well filter plate
was loaded with 30pL of either PO-
ROS Benzyl or POROS Benzyl Ultra
resin. Then 185 pL of buffer contain-
ing varying salt types, i.e., sodium
chloride, acetate, and citrate, and
ammonium sulfate at a pH of either
5.5, 6.5, or 7.5 were pipetted into the
plate. Four different salt concentra-
tions were tested for each resin: for
POROS Benzyl, the concentration
of an individual salt type ranged be-
tween 10-300 millimoles (mM)(4-40
milliSiemens[mS])/L. For POROS

Benzyl Ultra, the salt concentrations
ranged between 5-150 mM (1.5mS-
25mS/L). Each well was spiked with
15 pL of concentrated mAb-A solu-
tion to give a final phase ratio of 6.6
and loading density of 6mg/mL resin.

After mixing for 30 minutes, the
plates were centrifuged at 1000 rpm
for 3 minutes and the flow-through
pools collected in 96-well ultraviolet
(UV) transparent collection plates.
The yield of the desired monomeric
product was measured using a plate
reader at UV280. Purity was deter-
mined by high-performance liquid
chromatography (HPLC)-size exclu-
sion chromatography (SEC) analysis
using an UltiMate 3000 system fit-
ted with a MAbPac-SEC-1 column
at 50mM sodium phosphate pH7.0,
200mM NacCl isocratic elution, with
a 15 minute run time.

Contour plots for mAb-A mono-
mer recovery, aggregate removal,
and selectivity factor (a) were gener-
ated using predictive analytics soft-
ware. Monomer recovery and aggre-
gate removal values were calculated
using the combined total concentra-
tion and HPLC-SEC purity data. The
selectivity factor was calculated as
the ratio of aggregate to monomer
partition coefficients (Kp) as pub-
lished by Kramarczyk et. al (3).




Absorbance 280nm (mAu)

15 2‘5 s a5
Volume (mL)

“ mAb-A AEX pool (2.4
mg/mlL) using a 1.2-min
residence time at a con-
ductivity of 1.8 mS/cm
and pH of 6.8. The final
load density tested was
80 g/L resin to ensure a
conservative and robust
process for aggregate re-
10 moval. Again, purity and
2 yield were determined as
3 described above.

Residual host cell pro-

Conductivity (mS/cm)

Figure 2. Example screening chromatogram
showing the elution profile for monoclonal antibody-A
using POROS Benzyl Ultra resin in flow through
mode. The gradient was high to low conductivity

using sodium citrate.

3. Chromatography optimization
using a scaled-down model
POROS Benzyl Ultra resin was

packed into 0.66cm (D) x 10 cm (L)

(3.4 mL) columns. The columns were

equilibrated with 25mM Tris-Acetate

pH6.8, 1.8 mS/cm. Fach column was
then loaded with mAb-A AEX pool to

give 2.4mg/mL at conductivity of 1.8

mS/cm and a pH of 6.8.

Two conditions were evaluated to
further optimize the process:

1.A flow rate of 300 cm/hr, 2-min
residence time, and load density
up to 350 g/L

2.A flow rate of 800 cm/hr, 45 sec
residence time, and load density
up to 145 g/L.

Fifteen-milliliter fractions of both
the load and wash steps were collect-
ed and analyzed for monomer purity
and yield, as described above.

4. Chromatography process

verification

A verification run was executed to
confirm the selected conditions. A
POROS Benzyl Ultra 0.66cm (D) x 10
cm (L) (3.4 mL) column was equili-
brated with 25mM Tris-Acetate buffer
at pH 6.8, at a conductivity of 1.8mS$/
cm. The column was loaded with

tein quantitation on both
the load and flow-through
pool was determined by
immuno-qPCR proximity
ligation assay using a com-
mercially available assay
kit (ProteinSEQ, Thermo-
Fisher). A 96-well automatic magnetic
particle processor (KingFisher Flex,
ThermoFisher) was used for sample
preparation, and PCR was performed
(7500 Real-Time PCR System, Thermo-
Fisher). The lower limit of quantitation
(LLOQ) for the HCP assay is 0.2ng/mL.

Results and discussion
Defining the condudtivity range for mAb-A (resin
interaction)

Process optimization first involved
a bind elute experiment to define salt

concentration ranges for flow-through
operation. The elution conductivity at
peak maximum was used to determine
the highest approximate salt concen-
tration required to remove impurities,
but still allow the target molecule to
flow through.

Using POROS Benzyl Ultra resin,
mAb-A was found to elute at lower
salt concentrations that correspond-
ed to a conductivity of around 7m$/
cm, Figure 2, while for POROS Benzyl
resin, elution was at 28mS/cm (data
not shown).

Therefore 7mS/cm and 28mS/cm
were the salt conductivities used to
explore the flow-through parameters
for POROS Benzyl Ultra and Benzyl,
respectively.

High-throughput screening (HTS)
to determine optimal resin and
operating conditions for flow-
through mode

A HTS approach was used to deter-
mine the critical parameters affect-
ing aggregate removal in the flow
through mode for both resins. The
results for aggregate removal, mono-
mer recovery, and selectivity factor,
as a function of pH and salt concen-
tration, were graphed in a series of
contour plots, Figure 3.
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Figure 3. Contour plots showing aggregate removal, monomer recovery, and the
selectivity factor for POROS Benzyl and POROS Benzyl Ultra resins tested under
a range of pH and salt concentrations. A higher selectivity factor indicates stronger

aggregate binding compared to monomer.
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Figure 4. Amalgamated contour plot showing aggregate removal as function of salt
type, salt concentration, and pH. Sodium citrate, pH 6.8 at 1.8mS/cm (5mM) was

chosen for column scale-up.
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Figure 5. Breakthrough analysis of scale-down model for POROS Benzyl Ultra
resin run at a flowrate of 300cm/hr, load density up to 350 g/L.

Compared to POROS Benzyl,
POROS Benzyl Ultra resin showed
stronger aggregate binding with
>90% aggregate mass removal over a
broad range of the conditions tested.
It also exhibited a greater selectivity
factor indicating a better separation
between the aggregates and mono-
mer. Although POROS Benzyl resin
showed higher monomer recovery,
it did not significantly bind and re-
move aggregates, and the selectivity

factor remained low. While a static
binding HT model at low protein
load is representative of selectivity,
the recoveries achieved are not in-
dicative of those seen in a dynamic
flow-through process at high protein
load. In addition, analytical bind-
elute experiments showed mAb-A
elution at 7 mS/cm for Benzyl Ultra,
which is compatible with the desired
flow-through process step. There-
fore, POROS Benzyl Ultra was se-

lected as the optimal resin for use in
further scale-up mAb-A purification
experiments.

Selection of flow-through mode
process conditions for POROS Ben-
zyl Ultra resin

An HTS approach was used to de-
termine the conditions suitable for
scale-up verification in column for-
mat for POROS Benzyl Ultra resin.
The resulting data were visualized in
an amalgamated contour plot, show-
ing aggregate removal as function
of salt type, salt concentration, and
pH, Figure 4.

From these data, sodium citrate
at pH 6.8 at approximately 2m$S/
cm was chosen as the most suitable.
Under these conditions, very high
aggregate clearance was observed.
In addition, these conditions meant
that the overall purification process
would be streamlined as the mAb-A
AEX pool could be loaded directly
onto the HIC column without fur-
ther buffer conditioning.

Chromatography optimization us-
ing a scale-down model

To model what occurs at manufac-
turing scale in dynamic mode, a scale-
down column model was tested to de-
termine the optimal process conditions
for flow through mode. Break through
analysis demonstrated that monomer
purity remained above 99% until a
load density of 125g/L was reached.
Monomer recovery remained stable at
97% up to a load density of 200g/L and
remained above 95% for the course of
the experiment, Figure 5.

During breakthrough analysis, the
aggregate levels in the collected frac-
tions were analyzed by HPLC-SEC.
The purity goal of 1% breakthrough of
aggregates was achieved up to a load-
ing density of 125 g/L resin, showing
significantly high loading capacity for
this resin. The results for this resin in
flow-through mode showed a signifi-
cant improvement over the original
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Figure 6. Results from breakthrough analysis at a flow rate of 800cm/hr (load den-
sity up to 150 g/L). Even at high flow rate high aggregate clearance is obtained.

Mixed-Mode B/E POROS HICFT
Load Density (g/L resin) 25 80
Monomer Purity FT (%) 99 >99
Mon. Recovery (%) 90 98
HCP* (ppm) <LLoQ <LLoQ
Residence time (min) 6 1.2

Table I. Comparative data for mixed-mode bind/elute and POROS Benzyl
Ultra hydrophobic interaction chromatography flow-through steps. *ProteinSEQ
Immuno-qPCR HCP quantitation assay LLOQ <0.2ng/mL.

aggregate removal mixed-mode pro-
cess which operated at only 25 g/L
loading density with just 90% mono-
mer recovery.

To demonstrate that high lin-
ear flows that can also be achieved
with this resin, an additional break-
through experiment was conducted
at a flowrate of 800 cm/hr (45 second
residence time). At this higher flow
rate, a 75-g/L resin-loading density
was achieved without compromising
monomer purity (99%) and recovery
(98%), Figure 6.

This experiment illustrated the
breadth of flow rate capability de-
signed into these POROS HIC resins.

Based on the data obtained from
the POROS Benzyl Ultra resin optimi-
zation experiments and considering

the existing purification process pa-
rameters, the flow-through verifica-
tion run was performed under more
conservative conditions in order to
establish a robust HIC flow-through
polish step suitable for integrating in
the total mAb-A purification process.
A flow rate of 500cm/hr (1.2-minute
residence time), 80g/L mAb-A loading
density was selected, and the result-
ing fractions collected and pooled.
The final flow through pool had
a mAb-A purity of 99.3% vs 85.5%
for the load, with a very low level of
0.5% aggregates vs 9.5% for the load,
and a reduction from 5% to just 0.1%
for high molecular weight proteins.
A direct comparison was made
between the existing mAb-A second
polishing step, which occurs post

anion exchange flow-through chro-
matography, and the new HIC flow
through process.

Data in Table I show that the mAb-
A polishing step is more efficient
when using HIC with POROS Ben-
zyl Ultra resin in flow through mode
than existing mixed-mode bind and
elute chromatography.

The results showed that the flow
properties of the POROS-based resin
allowed fast mass transfer and en-
hanced performance at high flow
rates (800 cm/hr, 45-sec residence
time) without compromising im-
purity clearance. A purity of >99%
with 98% monomer recovery was
achieved at a loading density three
times higher than the mixed-mode
conditions. In addition, a significant
reduction of mAb HMW aggregate
and dimer were achieved at low con-
ductivity conditions and a 5-fold re-
duction in residence time (6 min to
1.2 min).

Conclusion

Overall, results of this study sug-
gest that mAb-A clinical develop-
ment would benefit from using HIC
in flow-through rather than the origi-
nal mixed-mode in bind and elute as
the polishing step in purification.
This approach appears to improve
both process efficiency and produc-
tivity, allowing processes to be sim-
plified and throughput increased,
and providing an alternate purifica-
tion option for mAb development.
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