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We utilized a design of experiments (DOE) approach to investigate the effect of buffer pH and
conductivity on the clearance of the minute virus of mice (MVM) as well as the removal of other product-
or process-related impurities by the mixed-mode chromatography Nuvia aPrime 4A Resin. Results from
this study have offered insights on the interactions between the resin and MVM particles, as well as

the design space for the removal of this virus. Although there is no single solution for every product or
purification process, practical considerations for developing a mixed-mode chromatography process
with effective impurity clearance will be discussed in this application note.

The downstream processing of a monoclonal antibody (MAb) relies

Incorporating Viral Safety During Downstream Processing heavily on chromatographic separation. A variety of ion-exchange,
For all biotechnology products derived from cell lines of human affinity, size exclusion, hydrophobic interaction, and mixed-mode

or animal origin, there is a risk of viral contamination from the chromatography resins are available from many commercial

source material or from adventitious agents during the production vendors and are designed to remove product- and process-related
process. Adventitious agents, including viruses, can enter a impurities. Product-related impurities for mAbs include aggregates
production process from different routes. Various strategies or fragments, charge variants, and posttranslational modification
have been employed to reduce the risk of contamination during variants. Process-related impurities include host cell proteins (HCPs),
the purification process. Virus reduction, or viral clearance, involves  ncleic acids from host cells (hcDNA/RNA), endotoxins, viruses,

the removal or inactivation of viral contaminants and is one of and if affinity capture is used, fragments of recombinant Protein

the strategies employed to enhance product safety. A. Because obtaining adequate viral clearance while expediting

process development is still a concern among process engineers
and developers, Bio-Rad Laboratories, Inc., in collaboration with
Texcell North America, Inc., evaluated the virus reduction potential of
the mixed-mode chromatography Nuvia aPrime 4A Resin.

The main objectives of viral clearance studies are to evaluate
process steps that can be considered effective in removing

or inactivating viruses and to quantitatively estimate the

overall level of virus reduction obtained by the manufacturing
process. Regulatory authorities require that manufacturers

of biotherapeutics perform a risk assessment and evaluate
orthogonal process steps dedicated to virus inactivation and/or
virus removal.
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Fig. 1. Mixed-mode ligand for Nuvia aPrime 4A Resin.
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Characteristics of Nuvia aPrime 4A Resin

Nuvia aPrime 4A is a hydrophobic anion exchange resin. The resin
is designed with a positively charged hydrophobic functional ligand
(Figure 1). This functional ligand can interact with biomolecules
through electrostatic and hydrophobic interactions.

The resin particles have open pores to allow efficient mass transfer
and are mechanically strong. These features make Nuvia aPrime 4A
Resin suitable for downstream processing, as the purification step
can be operated at fast flow rates. All technical properties of this

resin are listed in Table 1.

Table 1. Properties of Nuvia aPrime 4A Resin.

Property

Description

Functional group

Base matrix composition
Median particle size

Ligand density

Dynamic binding capacity
(DBC)*

Recommended linear

flow rate

Pressure-flow performance**

Aromatic hydrophobic anion exchanger
Macroporous highly crosslinked polymer
50 + 10 upm

100 + 20 peg/ml

>50 mg/ml at 300 cm/hr

50-300 cm/hr

Under 3 bar at flow rate

A DOE approach was taken for a basic mAb (pl 9.0) to investigate
the effect of buffer pH, NaCl concentration, residence time, and
feedstream load level to remove impurities, such as MVM, HCPs,
dsDNA, endotoxin, and mAb aaggregates, using Nuvia aPrime

4A Resin. Initial experiments were performed with Mini Bio-Spin
Columns, each containing 100 pl of Nuvia aPrime 4A Resin, to
optimize process conditions. A two-level full factorial screening
design suggested by JMP Software was employed. A total of

18 different conditions with buffers in the pH range of 6.0-8.0

and NaCl concentrations up to 150 mM were evaluated (Table 2).
Before sample application, spin columns containing resin were
equilibrated with the appropriate buffer. Each feedstream was spiked
with MVM and applied to the spin column. The load level of the
feedstream ranged from 30-70 mg/ml and was incubated with resin
to mimic a residence time of either 3 or 7 minutes. At the end of the
incubation period, the flowthrough was collected, and samples were
assayed for virus titer using infectivity assays. The results are shown
in the contour plot from the DOE studies (Figure 2).

Table 2. DOE setup for flow-through mode.

of 300 cm/hr Experiment Buffer [NaCl], Residence Time, Column
Compression factor 11-1.25 Number Buffer pH mM min Load, mg/ml
pH stability*** Short-term: 2-14 1 6 150 3 70
Shipping solution 20% ethanol + 1 M NaCl 2 8 150 7 30
Regeneration 1M NaOH 3 6 150 7 70
Sanitization 1 M NaOH 4 6 0 7 30
Storage conditions 20% ethanol 3 8 0 7 70
Storage temperature Room temperature 6 8 0 3 30
Chemical stability" 1 M NaOH, 1 M HCI, 25% acetic acid, 8 M urea, 7 7 79 3 50
6 M guanidine HCI, 3 M NaCl, 1% Triton X-100, 8 6 150 3 30
20-70% ethanol, 30% isopropanol 9 6 0 3 30
Shelf lifett 5 years 10 8 0 3 70
* 10% breakthrough capacity determined with 1.0 mg/ml of an acidic mAb 1 8 150 7 70
(p! ~6.9) in 20 MM NaPO,, pH 7.8. 12 8 150 3 70
** 20 x 20 cm packed bed (1.25 compression factor). 13 6 0 3 70
***No significant change in ligand density after 200 hr contact at 22°C. 14 8 150 3 30
T No significant change in ligand density after 1 week contact at 22°C.
t Stored at room temperature in 20% ethanol + 1 M NaCl. 15 6 0 7 70
. ) . . 16 8 0 7 30
Nuvia aPrime 4A chromatography can be operated in both bind 17 7 75 5 50
and elute mode and flow-through mode. Basic proteins that have a 18 6 150 7 30
high pl would carry a positive charge at neutral pH, which will cause
repulsion with the resin/ligand, and these proteins will be present
in the flow-through fractions. Conversely, acidic species will have
a negative charge at neutral pH and will bind to the ligand. Target
proteins with a low pl, HCPs, hcDNA/RNA, or endotoxins will bind
to the resin through hydrophobic and electrostatic interactions.
Depending upon the pl and surface hydrophobicity of the target
molecule, buffer pH and conductivity can be manipulated to achieve
the desired protein selectivity and recovery.
© 2021 Bio-Rad Laboratories, Inc. Bulletin 3254
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Fig. 2. Contour plot from DOE studies. MVM LRV, minute virus of mice
log reduction value.

To confirm the results of the spin column DOE studies, follow-up
experiments were performed with packed Foresight Columns
(inner diameter: 0.8 x 10 cm, 5 ml). pH and NaCl concentration
[NaCl] (or conductivity) were evaluated. Each buffer condition
evaluated is listed in Table 3. Column loads were spiked with
either MVM (experiments 1-4) or xenotropic murine leukemia virus
(XMuLV) (experiment 5). MVM is a nonenveloped, single-stranded
DNA parvovirus that ranges in size from 18 to 26 nm. XMulLV is a
highly charged, enveloped, single-stranded RNA retrovirus that
ranges in size from 80 to 120 nm.

Table 3. Experimental conditions: scale-up studies with Bio-Rad
Foresight Columns.

Experiment
Number Buffer Condition Spiking Virus Test Article
10 mM sodium
phosphate, 150 mM MVM
1 NaCl, pH 8
10 mM sodium
phosphate, 200 mM MVM
2 NaCl, pH 8
10 mM Bis-Tris, 150 mM mAbX
8 NaCl, pH 8 MVM
10 mM sodium
4 phosphate, pH 6 MVM
10 mM sodium
phosphate, 150 mM XMuLVv
5 NaCl, pH 8

mAbX, monoclonal antibody X; MVM, minute virus of mice; XMuLV, xenotropic
murine leukemia virus.

Before sample application, Foresight Columns were equilibrated with
the appropriate buffer. A residence time of 5 min was utilized with

a load ratio of 50-55 mg/ml of resin. Each run was performed in
flow-through mode and all chromatography was performed using an
AKTA Pure Fast Protein Liquid Chromatography (FPLC) System.

A DOE approach was used to establish effective clearance
conditions for MVM and product- and process-related impurity
clearance with the mixed-mode chromatography resin, Nuvia
aPrime 4A Resin. As MVM contains capsid proteins with a pl of
6.1-6.2, there is a net negative charge on the surface of the protein
at near neutral pH (6-8). The contour plot illustrates that the upper
right quadrant with high pH and high NaCl concentration leads to
greater MVM log reduction value (LRV). These results demonstrate
that MVM is more effectively retained by Nuvia aPrime 4A Resin

at higher pH and NaCl concentrations. Buffer pH and conductivity
have the potential to impact electrostatic as well as hydrophobic
interactions. At pH 8, the virus particles interact with the
quaternary amines of the Nuvia aPrime 4A ligand electrostatically.
The hydrophobic interaction is enhanced by the higher NaCl
concentration in the buffer. Residence time did not seem to have
much effect on MVM removal while the load ratio did show a slight
positive effect on MVM clearance (Figure 3).
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Fig. 3. Impact of pH, NaCl concentration, residence time, and load ratio on
MVM clearance. MVM LRV, minute virus of mice log reduction value.

To verify the results of the DOE, further studies were executed
using packed scale-up columns. A summary of the viral clearance
results for column loads spiked with MVM is included in Table 4.
In brief, all buffer conditions resulted in greater than 4.2 logs of
clearance with the exception of one buffer condition. This buffer
condition (10 mM sodium phosphate, pH 6.0) achieved only

2.23 logs of clearance and was included as a negative control

to demonstrate confirmation of a predicted trend. A summary of
the viral clearance results for the column load spiked with XMulLV
is included in Table 5. For XMuLV, only one buffer condition was
tested (10 mM sodium phosphate, 150 mM NaCl, pH 8.0) and
greater than 5.07 logs of clearance was achieved. The results of
the runs with Foresight Columns are in good agreement with the
spin column DOE predictions. The mixed-mode chromatography
step with Nuvia aPrime 4A Resin was effective in removing both
MVM and XMuLV.

Buffer pH and NaCl concentration also effect the elimination of
other impurities during Nuvia aPrime 4A chromatography. Running a
flow-through purification step at higher pH and NaCl concentrations
may enhance the clearance of dsDNA and mAb aggregates while
causing a minor compromise in endotoxin removal (Figure 4). These
results demonstrate the overall impurity clearance efficiency of Nuvia
aPrime 4A Resin as an intermediate polishing step for purification
of a mADb. Investigational viral clearance studies can assist in
defining the design space of a process step that targets product
recovery and impurity removal.

© 2021 Bio-Rad Laboratories, Inc.
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Table 4. Removal of MVM by mixed-mode chromatography.

Calculations for log Reduction Value

Mixed-Mode
Chromatography
(Nuvia aPrime

4A Resin) Experiment 1 Experiment2 Experiment3 Experiment4

log,, total virus
of hold control 7.25 7.53 7.67 7.43
Minus the log,,
total virus

of product

log reduction
value >4.21

<3.04 <3.00 <2.97 5.20

>4.53 >4.70 2.23

Table 5. Removal of XMuLV by mixed-mode chromatography.

Calculations for log Reduction Value

Mixed-Mode Chromatography
(Nuvia aPrime 4A Resin) Experiment 5

log,, total virus of hold control 7.22
Minus the log,, total virus of product <215

log reduction value >5.07

Endotoxin,
EU/mg
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Fig. 4. Effects of buffer composition and operational parameters on impurity
removal. HCP, host cell protein.

Regulatory authorities require viral clearance evaluations for
manufacturing unit operations. Therefore, the virus removal or virus
inactivation capacity of these operations should be determined
during process development.

Studies using a DOE approach were performed to establish
effective viral clearance conditions for a mAb using Nuvia aPrime
4A Resin. The viral clearance studies, as well as the overall impurity
clearance achieved, demonstrate the efficiency of Nuvia aPrime 4A
Resin as an intermediate polishing step.
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