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Abstract

In virus clearance study (VCS) design, the amount of virus loaded onto the virus filters

(VF) must be carefully controlled. A large amount of virus is required to demonstrate

sufficient virus removal capability; however, too high a viral load causes virus break-

through and reduces log reduction values. We have seen marked variation in the virus

removal performance for VFs even with identical VCS design. Understanding how iden-

tical virus infectivity, materials and operating conditions can yield such different results

is key to optimizing VCS design. The present study developed a particle number-based

method for VCS and investigated the effects on VF performance of discrepancies

between apparent virus amount and total particle number of minute virus of mice. Co-

spiking of empty and genome-containing particles resulted in a decrease in the virus

removal performance proportional to the co-spike ratio. This suggests that empty parti-

cles are captured in the same way as genome-containing particles, competing for reten-

tion capacity. In addition, between virus titration methods with about 2.0 Log10

difference in particle-to-infectivity ratios, there was a 20-fold decrease in virus reten-

tion capacity limiting the throughput that maintains the required LRV (e.g., 4.0), calcu-

lated using infectivity titers. These findings suggest that ignoring virus particle number

in VCS design can cause virus overloading and accelerate filter breakthrough. This arti-

cle asserts the importance of focusing on virus particle number and discusses optimiza-

tion of VCS design that is unaffected by virological characteristics of evaluation systems

and adequately reflect the VF retention capacity.
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1 | INTRODUCTION

Biological products are at risk of viral contamination through the

introduction of adventitious agents during the manufacturing process

as well as from raw materials, including cells and blood plasma.1 To

mitigate this risk, virus removal and/or inactivation procedures are

incorporated into the manufacturing process to ensure the absence of

viral contamination in the final product. Prior to clinical phases and
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commercial production, manufacturers are required to perform viral

clearance studies (VCS) using scaled-down models of actual

manufacturing processes to evaluate their virus removal capability.

The virus removal performance of various process steps is evaluated

by adding (spiking) a model virus into actual process solutions and

comparing the quantity of virus present before and after the process

to determine removal efficiency.2,3

One method of virus removal is filtration using a virus filters

(VF).4 In designing VCS regarding virus filtration, the load of virus

spiked onto the filter is important. While a high enough amount of

virus must be loaded to show sufficient virus removal capability,

loading too much virus can result in reduced or inconsistent virus

log reduction value (LRV).5,6 This phenomenon is known as virus

overloading.

VF remove viruses based on the principle of size exclusion7; thus,

evaluations of the virus removal performance of filtration processes

often use particularly small viruses, which are the most challenging to

remove. Parvoviruses are used as specific and nonspecific model

viruses in many VCS of filtration processes due to their small size.2 In

most cases, the parvoviruses used in VCS are produced and titrated

by methods specific to the facility performing the VCS; therefore,

virus quality and its titration can vary significantly.

The effect of virus preparation quality on VCS results has been

discussed.8 The main focus of virus quality control to date has been

the concentration of impurities in the virus stock. Spiking impurities

contained in the virus stock along with virus into the product can

cause filter fouling and decreased flux.9 Attention is required to

ensure that the spiked virus does not dilute or change the characteris-

tics of the product. The concentration of impurities in the virus stock

should be low enough that VF flux is not impacted.2

Another important aspect of virus quality is the virological charac-

teristics of parvovirus capsids, including the presence or absence of a

DNA genome and infectivity in cultured cells.10,11 Parvovirus particles

with encapsidated genomic DNA are called genome-containing parti-

cles or full capsids (FC) while those that lack genomic DNA are

referred to as empty particles or empty capsids (EC). Genome-

containing particles can be further divided into ‘infectious’ and

‘noninfectious,’ while in case of parvovirus, most genome-containing

particles are considered infectious.

These virological characteristics in combination with the virus

detection method alter the ‘apparent virus amount’. For example,

quantitative testing using genomic DNA as an index does not detect

empty particles while the same virus titrated differently depending on

protocols in infectivity assay. Although this variability in virus charac-

teristics and evaluation are recognized as potential problems within

the biopharmaceutical industry, their impacts on VCS are considered

to be modest and no quantitative studies have been reported to

date.8,12

However, the impact of such topics on virus removal performance

should also be discussed since inconsistency in the apparent virus

amount can promote virus overloading. As the physiochemical proper-

ties of these virus particles are nearly identical,13 a virus removal

method involving physical capture should equally retain all particle

types. Nevertheless, any loading and subsequent removal of empty

and noninfectious particles in the target process are unrecognized in

conventional VCS using infectivity assays. In other words, empty and

noninfectious particles are not taken into consideration when evaluat-

ing the virus removal performance of VF despite their potential to

accelerate filter breakthrough. Misidentification of viral load due to

infectivity may cause unintentional overloading.

Currently, industry evaluations of virus removal performance are

conducted almost exclusively by infectivity assay. Empty particles and

variation in infectivity assay methods potentially impact these

evaluations.

The present study developed a particle number-based method for

VCS and quantitatively analyzed the impact of discrepancies between

infectivity titer and total particle number on evaluation of VF perfor-

mance. Changes in interpretation depending on the virological charac-

teristics of the virus stock and the virus detection methods are

comprehensively discussed.

2 | MATERIALS AND METHODS

2.1 | Cells and viruses

A9 mouse fibroblast cells (CCL-1.4, purchased from ATCC) were cul-

tured in Dulbecco's modified Eagle's medium (DMEM) supplemented

with 10% fetal bovine serum (FBS) at 37�C under a 5% CO2 atmo-

sphere. NB324K simian virus 40-transformed human newborn kidney

cell lines (purchased from Yale University) were cultured in DMEM

supplemented with 5% FBS at 37�C under a 5% CO2 atmosphere.

Minute virus of mice prototype strain (MVMp) purchased from ATCC

(VR-1346) was propagated in NB324K cells. Crude virus stocks were

recovered from the culture supernatant of MVM-infected cells. In

short, NB324K cells were infected with MVM at multiplicity of infec-

tion (MOI) 0.01 and cultured until onset of cytopathic effect. The cul-

ture medium was exchanged with serum-free DMEM and cultured for

an additional 3–4 days. After removal of cell debris by low-speed cen-

trifugation, MVM suspended in serum-free media (MVM-SF) were

collected.

2.2 | Virus titration by infectivity assay

The infectivity of MVM was measured and expressed as 50% tissue

culture infective dose per ml (TCID50/ml). Both A9 and NB324K cells

were used for virus titration. Initial cell densities in 96 well plates were

2.0 � 103 cells/well for A9 and 2 � 104 cells/well for NB324K. All

infectivity assays are performed by ten-fold serial dilutions. The

Spearman-Kärber method was used to calculate TCID50/ml at 8 and

10 days postinfection (DPI) for A9 and NB324K, respectively. Infectiv-

ity titers are indicated as averages of triplicate results for stock virus

samples and results of single titration for filtration samples. For sam-

ples showing cytotoxicity, cell culture supernatant was exchanged

with fresh media at one DPI, after infection was established.
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2.3 | Virus quantification by quantitative
polymerase chain reaction

Template DNA was extracted using the high pure viral nucleic acid kit

(Roche Diagnostics K.K.) according to manufacturer's protocols fol-

lowing nuclease treatment for nonencapsidated DNA digestion and

subsequent nuclease inactivation. Amplification and real-time detec-

tion of quantitative polymerase chain reaction (qPCR) products were

performed using a Light Cycler 96 system (Roche). Primers and fluo-

rescent probe for MVM DNA amplification were as follows: forward

primer, 50-CTCCACTTGCATCGGATCTC-30 (nucleotides 2053–2072);

forward primer (specifically for VF samples), 50-AGTGGTCAGAATAG

GCTGCG-30 (1730–1749); reverse primer, 50-GGGCTCAGTTGACC

ATCTTG-30 (2169–2188); and probe, 50-(FAM) CCCGCAACAGGAGT

ATTTGGTGTGCT (BHQ1)-30 (2097–2122).

Ten-fold serial dilutions of double strand MVM genome (159–

4933, 4775 bp) were used to obtain standard curves. For plasmid

cloning, amplified MVM genome fragment was inserted into pT7Blue-

2 T-Vector (Novagen, Inc.). MVM genome cloned plasmid was ampli-

fied in Escherichia coli and digested by Sall-HF and EcoNI (NEW

ENGLAND BioLabs Inc.). Standard DNA copy number was calculated

from absorbance 260 nm.

2.4 | Hemagglutination assay

Hemagglutination (HA) assay was performed with chicken red

blood cells (RBC) in phosphate-buffered saline (PBS) (�). Aliquots

100 μL of PBS-washed and 0.125% v/v-diluted RBC were added to

two-fold serial dilutions of the samples and incubated for 1.5 h at

room temperature (25�C).

2.5 | Virus purification

For MVM stock preparation used in the experiment shown in

Figure 1, MVM-SF were pelleted by ultracentrifugation (29,400 rpm;

Type 45 Ti Rotor; Beckman Coulter, Inc.) and resuspended in TNE

buffer (50 mM Tris, 100 mM NaCl, 1 mM EDTA; pH 7.4). The ultra-

centrifuged MVM (MVM-UC) was purified by sucrose step gradient

(40%–60%) centrifugation (103,900 � g; SW28; Beckman Coulter).

To produce MVM-full capsid (MVM-FC) and -empty capsid

(MVM-EC) stocks used in the experiments shown in Figure 2-7,

MVM-UC were further concentrated by polyethylene glycol (PEG)

precipitation (10% PEG 6000, 500 mM NaCl) and resuspended in the

MVM storage buffer (50 mM Tris, 10 mM CaCl2, 5 mM MgCl2;

pH 8.0). Then, MVM were treated with micrococcal nuclease. Separa-

tion of FC and EC was performed by centrifugation (35,000 rpm;

SW41; Beckman Coulter) through discontinuous iodixanol (OptiPrep;

Axis-Shield, Oslo, Norway) gradients, as previously described.14,15

Fractions were collected from the top surface of the gradient into

12 aliquots and viral capsids and DNA-containing particles in the

fractions were comprehensively detected by HA assay, western blot-

ting, and qPCR.

Fractions for FC and EC were loaded onto Zeba™ Spin Desalting

Columns, 40 K MWCO (Thermo Fisher Scientific Inc.) equilibrated

with MVM storage buffer and MVM was recovered from the flow-

through fraction according to manufacturer's protocol. After buffer

exchange, fractions for FC were treated with micrococcal nuclease

followed by repeated buffer exchange (summarized in Figure 2a).

2.6 | Antibodies, enzymes, and virus-like particles

Western blotting was performed using MVMVP21-S (Alpha Diag-

nostic Intl. Inc.) as primary and Goat anti-Rabbit IgG (H + L) Second-

ary Antibody, HRP (Thermo Fisher Scientific) as secondary

antibodies. All antibodies were diluted by PBS-T (dilution factor,

1:5000). Immunofluorescence (IF) microscopy of VF membranes

was performed using a monoclonal antibody produced by hybrid-

oma cells derived from inactivated-MVMp-immunized mouse as pri-

mary and Alexa Fluor Plus 488-conjugated Goat anti-Mouse IgG

polyclonal antibody (Thermo Fisher Scientific) as secondary anti-

bodies (primary and secondary antibody dilution factors, 1:1000 and

1:100, respectively).

Micrococcal nuclease (New England Biolabs) and Benzonase

(MilliporeSigma) were used for pre-qPCR nuclease treatment at doses

of 2000 and ≥ 25 units/reaction, respectively. Nucleases and the

MVM storage buffer were added to samples and incubated for 1 h at

37�C. After incubation, 15 mM EDTA was added to stop the reaction.

MockV mock virus particles (MVPs, Cygnus Technologies) were

used as model MVM empty capsids (MVM virus-like particles [MVM-

VLP]). The concentration of MVM-VLP was measured by HA assay

using MVM-FC copy number as a quantification standard.

2.7 | Virus filters

The 0.001m2 of Planova 20N and Planova 15N (Asahi Kasei Medical

Co., Ltd.) were used as main filters and 0.01 m2 of Planova 35N (Asahi

Kasei Medical Co., Ltd.) was used for the prefilter to remove impuri-

ties such as MVM aggregates.

2.8 | Virus filtration

All filtrations were performed in dead-end mode under constant pressure

at room temperature. Filtration pressure was 78.4 kPa for Planova 20N

and 15N, and 49.0 kPa for Planova 35N. For virus filtrations, MVM and/or

VLP were spiked into human immunoglobulin G (h-IgG)/100 mM NaCl

solution (pH 4.5). Concentrations of h-IgG were 10 mg/ml and 1 mg/ml for

Planova 20N and 15N, respectively. Including co-spiking experiments, the

MVM spike ratio was determined based on total MVM load to membrane

surface area and to be less than 1 v/v% for all filtrations.
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2.9 | Immunofluorescence microscopy

After filtration, the filter membranes were collected from the filter hous-

ing and fixed in 4% paraformaldehyde phosphate buffer solution over-

night at 4�C. The fixed membranes were washed with PBS, cut into small

pieces, and embedded in optimal cutting temperature compound (Sakura

Finetek Japan Co., Ltd.) at �20�C for sectioning. Cross-sectional 8-μm-

thick sections were cut in the direction of filtration using a Leica

CM1950 cryostat microtome (Leica Biosystems Nussloch GmbH). Fol-

lowing wash, sections are blocked with 2% bovine serum albumin and

PBS containing 0.05% Tween20 (PBS-T) for 10 min at room tempera-

ture. Following antibody staining, sections were mounted on glass slides

with Vectashield mounting medium (Vector Laboratories, Inc.). Unused

membranes were similarly treated and stained as blank experiments.

Immunostained sections were observed by DMi8 system with

LAS-X software (Leica Microsystems CMS GmbH). Excitation filter, emis-

sion filter, and dichroic mirror wavelength specifications were 480/40,

527/30, and 505 nm, respectively. All samples and blanks were observed

under a 100� oil immersion objective lens. Conditions such as exposure

time were adjusted in each experiment to obtain enough fluorescence

signal. Images were captured using a DFC9000 camera (Leica Micro-

systems) in 16-bit TIFF format. Fluorescence images collected as z-series

spanning the entire section thickness were deconvoluted by LASX soft-

ware and analyzed using the ImageJ (ver1.52a) Plot Profile tool.

Bright field imaging was also performed to define the inner and

outer surface positions. Four linear regions of interest beginning at

the inner and ending at the outer surface were selected per image

and the fluorescence signal intensity profile across the membrane

thickness was analyzed. Signal intensities were normalized relative

to a maximum value of 100 and plotted against relative hollow fiber

positions with the inner surface as zero and the outer surface

as one.

2.10 | Polyacrylamide gel electrophoresis and
immunoblotting

Virus analysis by sodium dodecyl sulphate-polyacrylamide gel electro-

phoresis (SDS-PAGE) was performed using Mini-PROTEAN TGX Pre-

cast Gels (10% or 4%–15% Bis-Tris gels; Bio Rad Laboratories, Inc.).

Virus samples were mixed with a final 1� Laemmli sample buffer sup-

plemented with 200 mM DTT at a 1� concentration and denatured

for 5 min at 95�C.

For silver stain, gels were stained using Pierce Silver Stain Kit

(Thermo Fisher Scientific). For immunoblotting, samples in gels were

transferred to nitrocellulose membranes using Bio Rad Western Blot-

ting Transfer Systems and detected by chemiluminescence with

LAS500 (GE Healthcare, Inc.).

2.11 | Dynamic light scattering

MVM in the storage buffer were measured using Zetasizer Nano ZSP

(Malvern Panalytical) and analyzed with Zetasizer Software (Malvern

Panalytical). Light intensity at the time of measurement (attenuation

setting of the irradiated light), distance from the light source, and total

measurement time (number of runs and run duration) were set using

the auto-configuration function with setting at room temperature and

measurement angle at 173�. Data are shown as the mean of three

measurements.

F IGURE 1 Marked differences are observed in virus removability between viral clearance studies with similar designs.(a) Plot of log reduction
value (LRV) against throughput (L/m2) for Runs A and B. A solution of 10 mg/ml human immunoglobulin G/100 mM NaCl (pH 4.5) was spiked
with minute virus of mice (MVM) to an infectivity titer of 6.0 Log10[TCID50/ml]. On filtration with Planova 20N, filtrate fractions were collected
every 0.2 Log10[copies/m

2] (or Log10[TCID50/m
2]). Total fraction virus infectivity was measured and pool log reduction values at 100 and

200 L/m2 were calculated.(B) Plot of flux against throughput (L/m2) based on the filtration data in (a)
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F IGURE 2 Separation of full capsids (FC) and empty capsids (EC) from crude minute virus of mice (MVM). (a) Summary of MVM purification
steps. (b) Identification of MVM-FC and -EC in the gradient after centrifugation. Hemagglutination (HA) titer and genomic DNA concentration
were measured by HA assay and quantitative polymerase chain reaction, respectively, for all 12 fractions recovered from the top to bottom of the

tube. Capsid proteins were also detected by western blotting and VP2 band intensities were measured. Normalized values are plotted on the left
axis and fraction density on the right. (c) Cryogenic transmission electron microscopy (cryo-TEM) analysis of MVM-FC and -EC (scale bar,
100 nm). (d) Particle size distribution analysis of cryo-TEM images (mean ± SD). Acquired images were analyzed by Vironova AB using their
original imaging and analysis software. (e) Particle classification based on internal density. Acquired images were analyzed by Vironova AB using
their original imaging and analysis software

KAYUKAWA ET AL. 5 of 16



2.12 | Electron microscopy (cryogenic transmission
electron microscopy)

Samples were prepared by the authors and cryogenic transmission

electron microscopy (cryo-TEM) analysis was performed by Vironova

AB. Portions (3 μL) of each sample were applied to a suitable

hydrophilized electron microscopy grid such as continuous or holey

carbon and subsequently plunge-frozen in liquid ethane. Grids were

imaged using a Talos L120C TEM run at 120 kV accelerating voltage.

Representative areas were imaged at low and high magnification.

Approximately 25 of images were acquired only on grids showing suit-

able on-grid concentration, particle distribution, and image contrast.

Overall sample morphology, size distribution analysis, and particle

classification based on internal density were performed by Vironova

AB using their original Vironova Imaging and Analysis Software.

3 | RESULTS

3.1 | Marked variability in virus LRV was observed
among VCS designed with a comparable feed virus
titer

Feed MVM was spiked at concentrations of 6.01 Log10[TCID50/ml]

(Run A) and 5.94 Log10[TCID50/ml] (Run B) and filtered with Planova

20N. The MVM LRV at the 100 and 200 L/m2 were 5.5 and 5.5,

respectively, in Run A and 4.1 and 3.5, respectively, in Run B (Table 1;

Figure 1a). While the LRV differed greatly, no major differences in fil-

tration flux were observed between Runs A and B (Figure 1b).

Interestingly, MVM genome counts in the feed solutions of Runs

A and B measured by qPCR were 7.21 and 9.18 Log10[copies/ml],

respectively (Table 1). There is almost no difference in feed virus

infectivity between Runs A and B but approximately 90-fold based on

genome number-based titration.

3.2 | Establishment of particle number-based virus
clearance study method

The reduction in LRV in Run B of Figure 1 was hypothesized to be

due to the large load of virus particles relative to the infectivity. As

infectivity does not necessarily reflect the number of particles, the

results of infectivity-based and particle number-based evaluations will

differ. To test this hypothesis, it is necessary to establish an experi-

mental system capable of quantifying total virus particle number.

Genomic nucleic acid quantification by qPCR was selected to

determine parvovirus particle number. When determining total parti-

cle number by qPCR, care is required regarding empty particles lacking

a target genome. During the parvovirus replication process, genomic

DNA is inserted into previously assembled viral capsids.16–18 Viral

capsids into which genomic DNA has not been inserted, in other

words, empty particles, cannot be quantified using qPCR. Thus, a

qPCR method of measuring the genome copy number in virus stock

from which empty particles have been removed (full capsid [FC]-

qPCR) was developed as a model system for accurate quantification

of particle number. As parvoviruses have one copy of negative-sense

DNA per particle, the genome copy number measured by FC-qPCR

can be treated as the parvovirus particle number for FC virus stock.

A FC virus stock was prepared based on the various purification

methods described in the literature.14,15 The purification scheme is

summarized in Figure 2a. The MVM released into the culture superna-

tant was concentrated and subjected to iodixanol density gradient

F IGURE 3 Minute virus of mice (MVM) retention capacity of Planova 20N. (a) Graph illustrating virus breakthrough and virus retention
capacity. The virus retention capacity of the virus filter is defined as the total virus load at the first filtrate fraction from which virus was
continuously detected (star). (b) A solution of 10 mg/ml human immunoglobulin G/100 mM NaCl (pH 4.5) was spiked with MVM and filtered with
Planova 20N. Filtrate fractions were collected every 0.2 Log10[copies/m

2] and filtrate and feed solution MVM concentrations were measured
using quantitative polymerase chain reaction. Filtrate MVM concentration (Log10[copies/ml]) was plotted against total load (Log10[copies/m

2]).
Two example runs are presented here. (c) Plot of MVM retention capacity of Planova 20N
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ultracentrifugation following nuclease treatment. As in previous stud-

ies, MVM particles were identified at buoyant densities of close to

1.18 and 1.25 g/ml. Almost no genome was present at the low-

density peak while the highest overall proportion of genome was

detected at the high-density peak. Furthermore, the genomic DNA

detected at the high-density peak was nuclease resistant

(i.e., encapsidated DNA). These observations led to the conclusion

that the low- and high-density peaks were associated with empty par-

ticles (MVM-EC) and genome-containing particles (MVM-FC), respec-

tively.14,15 The quantity of VP2 protein corresponded to the HA

activity peaks (Figure 2b).

Next, MVM-EC and MVM-FC morphologies and degrees of sepa-

ration were analyzed (Figure 2c). Both virus stocks were examined

using cryo-TEM. Approximately 1500 virus particles were examined

for each stock and mean particle size and proportion of genome

nucleic acid content were calculated. Overall mean particle size was

around 24 nm (MVM-FC, 23.7 ± 0.6 nm; MVM-EC, 24.2 ± 0.4 nm

[mean ± SD]; Figures 2c, d). As shown in Figure 2e, particle inner

region was black for 98.5% of MVM-FC (containing DNA) and white

for 98.5% of MVM-EC (empty).

Hydrodynamic diameter, which indicates the sum of capsid and

hydration layer, of MVM-FC calculated from the main peak of

dynamic light scattering profile (61.5% scatter intensity) was

35.8 nm (Figure S1A), while MVM-FC and MVM-EC were both con-

firmed by SDS-PAGE to be mainly composed of VP proteins

(Figure S1B).

F IGURE 4 Empty capsids (EC) compete with full capsids (FC) for virus retention capacity, causing early virus breakthrough. A solution of
10 mg/ml human immunoglobulin G/100 mM NaCl (pH 4.5) spiked with minute virus of mice (MVM)-FC was co-spiked with MVM-EC at ratios of
10:1 or 100:1 and filtered with Planova 20N. Filtrate fractions were collected every 0.2 Log10[copies/m

2] and filtrate and feed solution MVM
concentrations were measured using quantitative polymerase chain reaction. The Planova 20N retention capacity with MVM-FC alone was used
a non-co-spiking control (EC:FC = 0:1). (a) Plot of filtrate MVM concentration (Log10[copies/ml]) against total load (Log10[copies/m

2]). (b) The
MVM retention capacity of Planova 20N on co-spiking with MVM-EC. (c) Plot of changes in log reduction value against throughput (L/m2).
(d) Solutions separately spiked with MVM-FC and MVM-EC were filtered with Planova 20N and the positions of the virus particles captured in
the hollow fiber were detected (scale bar, 25 μm). The inner and outer surfaces of the hollow fibers are indicated by arrow heads. Virus
fluorescence signal was quantified and signal distribution was plotted against membrane thickness direction
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F IGURE 5 Decreased virus retention capacity due to empty particles is a common concern for all types of virus filtration. (a) A solution of
1 mg/ml human immunoglobulin G (h-IgG)/100 mM NaCl (pH 4.5) was spiked with minute virus of mice (MVM) and filtered with Planova 15N.
Filtrate fractions were collected every 0.2 Log10[copies/m

2] and filtrate and feed solution MVM concentrations were measured using quantitative
polymerase chain reaction (qPCR). Filtrate MVM concentration (Log10[copies/ml]) was plotted against total load (Log10[copies/m

2]). (b) A 1 mg/
ml h-IgG/100 mM NaCl (pH 4.5) solution spiked with MVM was co-spiked with MVM-virus-like particles (VLP) at a ratio of 30:1 and filtered with
Planova 15N. Filtrate fractions were collected every 0.2 Log10[copies/m

2] and filtrate and feed solution MVM concentrations were measured
using qPCR. Filtrate MVM concentration (Log10[copies/ml]) was plotted against total load (Log10[copies/m

2]). (c) Plot of the MVM retention
capacities of Planova 15N for MVM-full capsids spiked alone and co-spiked with MVM-empty capsids. (d) Plot of the changes in log reduction
value against throughput (L/m2) for Planova 15N filtration after co-spiking with MVM-VLP (see [b])

F IGURE 6 (a) Left: Plot of infectivity titer and copy number of MVM propagated at multiplicities of infection (MOI) of 0.01 and 1.00. Infectivities
were measured using NB324K cells. Dotted line indicates y= x. Right: Scatter plot of MVM FC/I ratio. (b) Left: Plot of infectivity titer measured using
NB324K and A9 cells against copy number. The infectivities of five lots of MVM-full capsid stock produced using the same method were measured using
NB324K and A9 cells. Dotted line indicates y= x. Right: Scatter plot of MVM P/I ratio. *p < 0.05; ***p < 0.001 by two-tailed Student's t test (a, b)
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Planova 20N viral removal performance was evaluated using FC-

qPCR. Filtrate fractions were collected at incremental increase of the

viral load by +0.2 Log10[copies/m
2], and the virus concentration in

each fraction was measured. The virus retention capacity of the VF

was defined as the total viral load at the virus breakthrough point,

which was defined as the first filtrate fraction from which virus was

continuously detected (Figure 3a).

Figure 3b shows example breakthrough curves for Planova 20N.

Filtration flux is shown in Figure S2. Planova 20N retention capacity

was plotted after repeating the experiment eight times (Figure 3c).

Under these conditions, Planova 20N MVM retention capacity was

determined to be 12.91 ± 0.17 Log10[copies/m
2] (mean ± SD).

3.3 | MVM empty particles reduce virus retention
capacity of VFs

Next, the effects of empty particles on evaluation of VF performance

were investigated using MVM-EC co-spiked with FC as ‘undetectable’
particles for FC-qPCR. The MVM-EC particle number was quantified

by HA assay using MVM-FC as a quantification standard. MVM-FC

HA titer of Log10[copies/ml] = 12.05 was used as the standard to cal-

culate MVM-EC particle number. The MVM-FC copy number used for

the filtration test was 12.27 Log10[copies/ml] with an HA titer of

�3200 while the MVM-EC copy number was 9.83 Log10[copies/ml]

with an HA titer of �3200 (Table 2).

F IGURE 7 Virus overload and early virus breakthrough in evaluation systems with large particle to infectivity (P/I) ratios A solution of
10 mg/ml human immunoglobulin G/100 mM NaCl (pH 4.5) was spiked with minute virus of mice (MVM) to an infectivity titer of 6.0
Log10[TCID50/ml]. Total fraction virus infectivity was measured and the decrease in log reduction value (LRV) was calculated from the pool and
maximum LRV at 100 L/m2. (a) The solutions were filtered with Planova 20N and filtrate fractions were collected every 0.2 Log10[copies/m

2] (or
Log10[TCID50/m

2]). Minute virus of mice retention capacity (Log10[copies/m
2]) in Runs C and D and filtrate MVM concentration (Log10[copies/

ml]) are plotted against total load (Log10[copies/m
2]). (b) Minute virus of mice retention capacity (Log10[TCID50/m

2]) in Runs C and D and filtrate
MVM concentration (Log10[TCID50/ml]) are plotted against total load (Log10[TCID50/m

2]). (c) Changes in LRV (calculated using infectivity titer) in
Runs C and D are plotted against total load (Log10[TCID50/m

2]). (d) Changes in LRV (calculated using infectivity titer) in Runs C and D are plotted
against throughput (L/m2)
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Planova 20N MVM-FC retention capacity and LRV changes were

observed on quantitative co-spiking of MVM-EC with MVM-FC.

Feed solutions comprising h-IgG solution spiked with MVM-FC at a

concentration of approximately 8.00 Log10[copies/ml] were

further co-spiked with MVM-EC to concentrations of 9.00 and 10.00

Log10[particles/ml] (Figures S3A, B) and filtered with Planova 20N. As

in Figure 3b and c, Planova 20N breakthrough curves and MVM

retention capacities were plotted for each filtration (Figures 4a, b). Fil-

tration flux and infectivity assay-based analysis are also shown in

Figure S3C, D. Compared to spiking with MVM-FC alone, MVM-FC

retention capacities on co-spiking with MVM-EC decreased by 0.33

and 0.96 Log10 (means of two experiments for initial concentrations

9.00 and 10.00 Log10[particles/ml], respectively). Changes in MVM-

FC LRV were plotted against throughput for these filtrations

(Figure 4c). The decrease in throughput observed at the onset of LRV

decrease was associated with an increase in MVM-EC co-spike ratio.

Figure 4b shows the retention capacity decrease at MVM-EC co-spike

concentrations of 9.00 (EC:FC = 10:1) and 10.00 (EC:FC = 100:1)

Log10[particles/ml].

To investigate the mechanism of decreases in MVM-FC reten-

tion capacity and LRV, h-IgG solutions separately spiked with MVM-

FC and MVM-EC were filtered with Planova 20 N and the capture

positions inside the hollow fibers were analyzed by IF microscopy.

After filtering MVM-FC and MVM-EC up to approximately 13.00

Log10[copies/m
2] or 13.00 Log10[Particles/m

2], secondary antibody

staining was used to locate virus particles captured in the hollow

fiber. Plots of relative fluorescence signal distribution against mem-

brane thickness direction revealed similar peak maximum positions

for MVM-FC and MVM-EC at 0.44 and 0.46, respectively

(Figure 4d).

The empty particles themselves, rather than other impurities in

MVM-EC, were confirmed by co-spiking MVM-FC and MVM-VLP to be

responsible for the decrease in virus removal capability (Figures S3E, F).

These results suggest that both detectable virus particles and

‘undetectable’ empty particles are captured in the same VF pore

region. Competitive capture of empty particles in the structures

designed to capture detectable virus particles may compete for capac-

ity, decreasing virus removal performance.

The universality of the decrease in the virus removal performance

of VF due to empty particles was further investigated. Using Planova

15N, a filter with different characteristics than Planova 20N, MVM

retention capacity was evaluated and co-spike experiments were con-

ducted with ‘undetectable’ empty particles for FC-qPCR.

The MVM retention capacity of Planova 15N was measured using

FC-qPCR. Figure 5a shows example breakthrough curves for Planova

15N. Filtration flux is shown in Figure S4A. After repeating the

experiment five times, Planova 15N MVM retention capacity was

plotted (Figure 5c) and quantified as 12.16 ± 0.18 Log10[copies/m
2]

(mean ± SD).

Next, empty particle co-spike experiments were performed as in

Figure 4. Feed solution comprising h-IgG solution spiked with MVM-

FC at a concentration of approximately 7.50 Log10[copies/ml]

was further co-spiked with MVM-VLP to a concentration of 9.00

Log10[particles/ml] and filtered with Planova 15N, and breakthrough

curves and MVM retention capacity were plotted (Figure 5b, c). Com-

pared to spiking with MVM-FC alone, MVM-FC retention capacity on

co-spiking with MVM-VLP decreased by 0.84 Log10 (mean of two

experiments). Changes in MVM-FC LRV were also plotted against

throughput for these filtrations (Figure 5d). A decrease in the through-

put at the onset of LRV decrease accompanied MVM-VLP spiking.

The Planova 15N capture positions for MVM-FC and MVM-VLP

were also confirmed by immunofluorescence analysis to be almost the

same (Figure S4B).

These results indicate that the decrease in virus retention capac-

ity due to co-spiking of empty particles is a common phenomenon in

VF with different membrane structures.

3.4 | Variation in particle to infectivity ratio makes
virus retention capacity of VFs looks inconsistent

The investigations in Figures 3–5 clarified that the capacity of VF is

constant with respect to the number of particles but overloading with

empty particles that competes with genome-containing particles for

filter retention capacity makes virus retention looks inconsistent. The

important point here is that if the amount of virus load cannot be cor-

rectly recognized, the virus removal performance of the VF either can-

not correctly evaluated.

In this context, the same problem can occur with VCS, which is

evaluated by infectivity. The virus stock might contain viruses that do

not have infectivity, and depending on the evaluation system, the

infectivity titer may be different even for the same virus stock. The

possible presence of such virus particles and variation of infectivity

titration in the virus stock can be comprehensively and numerically

expressed by the concept of particle-to-infectivity (P/I) ratio.19 The

P/I ratio for a particular virus stock is defined as

P=I ratio¼ Log10 Particle numberð Þ= Infectivityð Þ½ �: ð1Þ

The higher the P/I ratio, the more virus particles will be present for a

given infectivity value. Currently, VCS design is usually based on

infectivity value alone. Thus, if viruses and/or evaluation systems with

TABLE 1 Marked difference in virus removability between viral clearance studies with similar designs

Run Feed MVM titer (Log10[TCID50/ml]) Feed MVM titer (Log10[copies/ml])
Pooled LRV at 100 L/m2

(TCID50-based, calculated)
Pooled LRV at 200 L/m2

(TCID50-based, calculated)

A 6.01 7.21 5.5 5.5

B 5.94 9.18 4.1 3.5
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different P/I ratios are used, the virus concentration in the VF feed

solution may differ, even with the same VCS design.

First, we investigated variations in MVM P/I ratio using MVM-

FC. For FC virus stock, the number of genomic nucleic acid mole-

cules is equal to the number of virus particles (copies/

ml = Particles/ml) so the P/I ratio of FC virus can be replaced by

full capsid-to-infectivity (FC/I) ratio. In the present study, FC/I ratio

is defined as

FC=I ratio¼ Log10 copies=mlð Þ= TCID50=mlð Þ½ �: ð2Þ

In general, virus P/I or FC/I ratio changes according to the conditions

used for virus amplification and harvest; for example, the MOI is

known to impact the P/I ratio.20 Amplification of MVM after changing

the MOI resulted in virus stocks with a different FC/I ratio (Figure 6a).

The present study also confirmed that P/I ratio changed

depending on the method of quantifying infectivity even when deal-

ing with the same virus. Measurements of TCID50/ml for five types of

FC virus stock using NB324K or A9 cells resulted in virus infectivity

titers approximately 1.70 Log10 higher with NB324K than with A9

cells (Figure 6b). Calculating the P/I ratio for each virus stock showed

a difference of 1.70 Log10 when quantifying infectivity using NB324K

compared to A9 cells.

Thus, P/I ratio reflects both the characteristics of the virus

stock and differences in titration based on the method of infectivity

assay. That is, comparison of P/I ratios elucidates differences

between apparent viral load (infectivity) and actual viral load (parti-

cle number, genomic nucleic acid copy number in the case of FC

virus).

Investigation of the effects of variation in P/I ratio on infectivity-

based VCS generated the following findings.

To test the hypothesis that an evaluation system with an

extremely high P/I ratio would cause virus overload and early filter

breakthrough, VCS based on virus evaluation systems with different

P/I ratios were designed.

Based on the TCID50/ml values measured with NB324K (Run

C) and A9 (Run D) cells, MVM-FC was spiked into h-IgG solution

to give a feed solution virus concentration of approximately 6.00

Log10[TCID50/ml], the typical concentration of virus spiked into

process solution in VCS. The MVM genomic nucleic acid copy

concentrations in each feed solution were 7.91 Log10[copies/ml]

for the NB324K (P/I ratio = 1.59) and 9.58 Log10[copies/ml] for

the A9 (P/I ratio = 3.52) systems (Table 3a). Solutions were fil-

tered through Planova 20N and breakthrough curves plotted

based on FC-qPCR demonstrated equivalent MVM retention

capacity for both Runs (Figure 7a). Conversely, breakthrough cur-

ves plotted based on TCID50 assay showed a difference in MVM

retention capacity of around 1.00 Log10 between the NB324K

and A9 systems (Figure 7b). Comparison of TCID50 LRV against

throughput revealed that LRV decrease began at a lower

throughput with the A9 system (Figure 7c) with TCID50 LRV at

100 L/m2 of ≥5.8 and 3.3 for the NB324K and A9 systems,

respectively (Table 3b).

While the apparent viral load expressed as TCID50/m
2 was almost

identical between the A9 and NB324K systems, a difference of at

least 1.50 Log10 was observed with FC-qPCR. Thus, in filtration

designed by large P/I ratio system, overloading of VF capacity likely

results in virus breakthrough at a smaller apparent (infectivity-based)

viral load.

Virus breakthrough likely occurs when the total number of parti-

cles exceeds VF retention capacity (Figure 4). These results confirm

the conclusion that variation in P/I ratio makes virus retention capac-

ity of VFs looks inconsistent.

4 | DISCUSSION

The present study demonstrated that empty particles loaded on to VF

and variations in P/I ratio of virus stocks make the performance of VF

inconsistent even in traditional infectivity-based VCS. Thus, differ-

ences in virus stock quality and virus detection methods are important

factors for consideration that contract research organizations and VF

users when designing studies.

4.1 | Particle number-based VCS

In order to examine how each of the three parvovirus morphologies

(infectious, noninfectious, and empty) affected VCS, a virus particle

number-based VCS experiment system (FC-qPCR) was developed

(Figures 2 and 3).

Performing particle number-based VCS requires a detection sen-

sitivity capable of achieving an LRV comparable to that of infectivity

assay. The limit of detection for the FC-qPCR method is 2.64

Log10[copies/ml]. Since the NB324K-based P/I ratios of our MVM are

1.64–2.35 Log10 (Figure 6b), the viral nucleic acid concentrations of

the 6.00 Log10[TCID50/ml] VF feed solution are 7.50–8.00

Log10[copies/ml]. Under these conditions, the maximum possible LRV

with FC-qPCR is 4.9–5.4.

4.2 | Virus retention capacity of VF

Using virus retention capacity enables the virus removal performances

of VF to be expressed independently of the VCS design. To our

knowledge, present study is the first to elucidate particle-number

based virus retention capacity of VFs.

TABLE 2 Minute virus of mice full capsid (FC) and empty capsid
(EC) titrations for co-spiking study

Spiking virus
Stock MVM copy
number (Log10[copies/ml]) HA titer (x)

MVM-FC 12.27 3200

MVM-EC 9.83 3200
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The Planova filter hollow fiber membrane comprises a multi-layer

structure in which pores consisting of voids and capillaries are con-

nected in a three-dimensional (3D) network. Virus particles are cap-

tured in multiple steps as they migrate through the virus retaining

pore structures of each layer on their way through the hollow fiber

membrane.21 Particle capture is believed to rely on size exclusion;

thus, a smaller pore size should result in a higher virus retention capa-

bility. However, with a size exclusion mechanism, the number of virus

particles that can be captured in a particular pore structure is limited.

On reaching their retention limit, the flow paths in which the virus

particles are captured become blocked or reach their retention capac-

ity. If a virus traversing a particular flow path becomes unable to pass

through any retaining pore structure, the virus will likely just leak out

(while a large number of parvovirus particles, as long as highly puri-

fied, rarely cause clogging since sufficient flow path composed of

larger pores which do not contribute to virus capture still remain un-

clogged and maintain flux even when virus retaining pore structure

begin to run out). In other words, virus retention capacity corresponds

to the viral load at the point that availability of the retaining pore

structures decreases to a point that virus is then detected in the

filtrate.

Unlike LRV, which is log10 number defining an amount of

removed virus, virus retention capacity is not dependent on feed solu-

tion virus concentration, only on the capacity within the filter. There-

fore, it is likely that evaluations of virus retention capacity more

accurately represent the virus removal performance of VF under given

solution, temperature, pressure, and other filtration conditions.

VF virus retention capacity evaluated using the approach pres-

ented in the present article is strongly influenced by the FC-qPCR

virus quantification sensitivity. The higher the detection capability of

FC-qPCR, the earlier the timing of virus detection in the filtrate.

The previous study reported that the retention capacity of porcine

parvo virus (PPV) was 11.5 � 14.4 Log10[TCID50/m
2] for Planova 20N

using infectivity assay.9 We also determined PPV retention capacity using

FC-qPCR to be 12.72 ± 0.42 Log10[copies/m
2] (N = 3). While additional

data is needed to make a direct comparison, we suppose that the

infectivity-based retention capacity of PPV, which is curiously larger than

MVMmay be explained by its smaller P/I ratio, nearly 0 in our laboratory.

The different membrane structures of the Planova 20N and 15N

hollow fibers have different numbers of retaining pore structures,22

which presumably generates differences in virus retention capacity. The

difference in the MVM capture distribution confirms that there are dif-

ferences between the filters in the membrane pore structures that con-

tribute to virus retention (Figures 4d, S4B). The present findings are

consistent with previous reports that the dense layer that contributes to

parvovirus retention is wider in Planova 20N than in Planova 15N22.

The important finding is that empty particles similarly decrease the virus

retention capacity of both types of membranes (Figures 4b, 5c). It is

assumed that, together with the concept of virus retention capacity, the

same effect applies to a wide range of membrane types.

We also note that flux performance of Planova filters were not

impacted by particle contents (Figure 1 and S2–S5). This supports that

the decreases in retention capacity are effects of competitive capture

of empty particles, not of the filter clogging or the flux reduction.

However, it is important to emphasize from the perspective of

virus removal performance regarding unknown viruses that parvovirus

retention capacity is not an absolute index of VF performance. Parvo-

virus retention capacity cannot be used to predict removal levels for

smaller, unknown viruses. Retention capacity regarding viruses smaller

than parvoviruses is expected to correspond to the number of pores

smaller than those that capture parvovirus. In other words, from the

perspective of safety regarding even smaller viruses, Planova 15N,

which has many smaller pores, may have an advantage over Planova

20 N.23

4.3 | Effects of empty particles on virus filtration
and virus stock quality control strategy

The presence of MVM empty particles reduces the VF virus retention

capacity, but the levels of empty particles in virus stocks is currently

not routinely evaluated. Industry-wide monitoring of the proportional

TABLE 3 Comparison of viral clearance study design and virus removability using two types of evaluation system with distinctly different
particle to infectivity ratios

(A)

Run
Feed MVM Titer
(Log10[copies/ml])

Feed MVM titer
(Log10[TCID50/ml], NB324K-based)

Feed MVM titer
(Log10[TCID50/ml], A9-based) P/I ratio

C 7.91 6.32 — 1.59

D 9.58 — 6.06 3.52

(B)

Run Cell line Maximum LRV Pooled LRV at 100 L/m2 (TCID50-based, calculated) LRV reduction at 100 L/m2 (TCID50-based)

C NB324K 5.8 ≥5.8 0

D A9 5.6 3.3 2.3
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contents of empty particles in virus stock is required together with

discussion of the impacts.

The present study used a breakthrough curve shift to model and

quantitatively consider this phenomenon (Figure 8).

We assume there is no bias in capture rate between FC and empty

particles since the slope of the breakthrough curve remained constant

(approximately 1.8) regardless of the empty particle spike ratio (Figure 4a).

Assuming that the FC virus and empty particles are identical

regarding VF, the breakthrough curves based on total particle number

should perfectly overlap in VCS with FC virus alone (VCS α) and VCS

with co-spiked empty particles at +c Log10 with respect to FC virus

(VCS β) (Figure 8, left). The ratio of FC virus to total particle number in

VCS β is 1/10c, the FC viral load on reaching filter breakthrough point

is smaller than that in VCS α by c Log10[copies/m
2]. Furthermore, the

concentration of FC virus breakthrough at a certain total particle load

is c Log10[copies/ml] smaller than that in VCS α. In other words,

replacing the total particle breakthrough curve with breakthrough cur-

ves based on FC virus copy number results in equilibrium shift of -c

Log10 in both the x and y axis directions in VCS β (Figure 8, right). If the

breakthrough curve in a general system after filter breakthrough is

y = ax � b, the breakthrough curve in VCS including c Log10 empty par-

ticles can be expressed as y + c = a(x + c) � b. Since the virus retention

capacity is the intersection of the breakthrough curve and y = LoD, the

retention capacity A of VCS α and β can be expressed as follows:

Aα ¼ LoDþbð Þ=a: ð3Þ

Aβ ¼ LoDþb�c a�1ð Þð Þ=a: ð4Þ

In this case, the decrease in retention capacity is expressed as

Aα�Aβ ¼ c a�1ð Þ=a: ð5Þ
Thus, FC virus retention capacity in VCS β decreases by c(a - 1)/a

[copies/m2].

In Figure 4, measured and mathematical model values for virus

retention capacity decreases are 0.48 and 0.44 Log10[copies/m
2],

respectively, for c = 1.0; 1.23 and 0.89, respectively, for c = 2.0; and

0.81 and 0.67, respectively, for c = 1.5 (with MVM-VLP).

The divergence between the measured and mathematical model

values might be explained by the effect of impurities contained in the

co-spiked MVM-EC (Figure S1B) or minor differences in 3D particle

structures of MVM-FC and MVM-EC.10,24,25

According to the mathematical model, even preliminarily and more

works still needed to validate, retention capacity decreases due to

empty particles become evident only when empty particles are present

at a ‘reasonable’ concentration. In the case of Planova 20N, considering

the slope of the breakthrough curve (approximately 1.8) and the accu-

racy of virus retention capacity measurement (σ = 0.17 Log10), the pro-

portion of empty particle content for which the decrease in retention

capacity exceeds an error range of 1.0 σ is estimated to be approxi-

mately c ≥ 0.8. The proportional content of empty particles obtained

using our standard MVM production method, which is based on

NB324K cells, is c ≤ 0.8 for most lots (data not shown). Therefore, the

risk of a problematic decrease in VF retention capacity due to empty

particles is not that high in our laboratory. However, there are no

industry-wide standardized methods of virus production for VCS and

the proportional content of empty particles may differ among laborato-

ries. Monitoring of this parameter by multiple laboratories is required to

investigate the level of impact of decreased VF virus retention capacity

due to empty particles. Observations of proportional content of empty

particles exceeding c = 0.8 should result in the introduction of industry-

wide virus quality control focusing on empty particle content.

4.4 | Effects of particle-to-infectivity ratio on virus
filtration

As well as empty particles, also in infectivity-based analysis, a discrep-

ancy with total virus particle number and apparent virus amount cause

inconsistency VCS result. It is necessary to recognize that virus stock

quality and viral titration methods affect particle to infectivity (P/I) ratio.

We used both NB324K and A9 cells as host cells for MVM titra-

tion. Previous report showed that MVMp is more sensitively detected

in infectivity assay by NB324K cells than A9 cells.26,27 Our infectivity

assay protocol is optimized for each type of host cell, however, a dif-

ference of approximately 1.70 Log10 was observed in TCID50/ml

(Figure 6b), consistent with these reports.

This 1.70 Log10 difference translates into a higher virus particle

concentration used for the VCS (in other words, the higher the P/I ratio

in the evaluation system), the smaller the throughput (or viral load as

expressed by the infectivity value) at the point filter breakthrough is

reached, even for the same apparent viral load (infectivity value). This

finding shows that in VCS design based on the infectivity value, filter

breakthrough caused by virus overloading occurs at an earlier stage in

evaluation systems with high rather than low P/I ratios.

If the P/I ratio is regarded as the difference indicator between the

apparent and actual virus load, the same mechanism with empty parti-

cles, breakthrough curve shift model applies. The effects of discrep-

ancy between infectivity titer and total particle number can be

modeled by replacing c in Equations (4) and (5) with P/I ratio.

The level of impact this phenomenon on the biopharmaceutical

industry depends on variety of P/I ratios in the industry. In addition to

MOI at virus production, virus inactivation may also alter the P/I ratio.

Furthermore, the sensitivity of the infectivity assay system depends

not only on the type of host cell but also on the effects of the seeding

concentration of cells and virus, culture duration, and reagents such

as FBS. Interestingly, previous study demonstrated considerable vari-

ability in P/I ratio (almost 2.0 Log10 between the highest and the low-

est) among commercial virus stocks.12

Besides the scientific aspects, these findings also can contribute

to optimize manufacturing costs for a VF process of given product.

In Run D, with large P/I ratio, pooled LRV became smaller than 4.0

Log10, generally required value for VF process, at less than 100 L/

m2 process volume whereas more than 5.0 Log10 of pooled LRV

was still observed at 200 L/m2 in Run C, with small P/I ratio. With

the conditions like Run D, VCS based on apparent virus count could
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significantly limit the process volume per filter and rise the

manufacturing cost for a given product because of earlier LRV

reduction. By focusing on actual total virus load and designing VCS

to avoid overloading, process volume with sufficient LRV can be

maximized.

Although additional study regarding the effects of impurities or

types of solutions is required, our results highlight that the total parti-

cle count has large impact on the interpretation of VF performances

and for efforts to optimize VF process in the biopharmaceutical

industry.

5 | CONCLUSION

Virus particle number and virus retention capacity should be consid-

ered to understand and/or optimize VF performance.

5.1 | Virus particle number

With a conventional VCS approach based on infectivity titer, although the

viral load calculated from the infectivity titer is the same, the actual virus

particle number in the VF could be different. Therefore, the throughput

(L/m2) that exceeds the retention capacity also differs, resulting in inconsis-

tent LRV for the given solution volume among the identical VCS designs.

While any method of particle counting is acceptable, low-cost

solution to avoid these issues can be industry-wide monitoring of P/I

ratio and implementation of P/I ratio as a quality control indicator for

virus stock manufacturing. Another idea involves adoption of particle-

number based VCS methods (e.g., FC-PCR); however, considering its

high working cost and unverified site-to-site reproducibility, more

work is needed to gain an acceptance within the industry.

5.2 | Virus retention capacity

With a VCS design only focusing on LRV, it was difficult to accurately pre-

dict the result for new VCSs from existing data due to lack of consistency

in virus concentrations of feed solutions. Here, we propose more robust

VCS design method; back-calculation from virus retention capacity.

For example, under operating conditions with large process vol-

umes per production batch, setting the virus concentration to be

spiked into the feed solution at 6.00 Log10[TCID50/ml] results in a

viral load that exceeds the VF virus retention capacity before the tar-

get protein processing quantity is reached, causing filter break-

through. Intentionally setting the virus concentration to be spiked into

the feed solution at a lower level (e.g., around 5.00 Log10[TCID50/ml])

reduces the maximum LRV (from 5.5 to around 4.5) while maintaining

sufficient virus removal performance so that filtration of the entire

batch can be completed without filter breakthrough and keep the

required LRV value for the VF process.

In summary, particle number-based analysis and retention

capacity-based VCS design would bring the following advantages:

1. Making VCS results inter-facility or -laboratory comparable by

avoiding LRV inconsistency among apparently identical VCS

designs caused by misidentification of the total virus particles.

2. Achieving robust and cost-effective manufacturing process by

identifying the real virus retention capacity of VFs in VCS and

back-calculation.

F IGURE 8 Breakthrough
curve shift modeling to compare
the particle number-based
analysis and apparent virus
count-based analysis Virus filter
breakthrough curves of two
virtual virus clearance studies
VCS α and VCS β are plotted
based on total particle number

(left) and apparent virus count
(right). Breakthrough curves are
fitted by linear, x-axis; Total virus
load, y-axis; Fraction titer, Aα; the
retention capacity of VCS α, Aβ;
the retention capacity of VCS β,
a; slope of breakthrough curve, b;
value of y-intercept, c;
Logarithmic ratio of empty
particles for quantitative PCR
titration or P/I ratio for
infectivity-based titration
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SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher's website.

How to cite this article: Kayukawa T, Yanagibashi A,

Hongo-Hirasaki T, Yanagida K. Particle-based analysis

elucidates the real retention capacities of virus filters and

enables optimal virus clearance study design with evaluation

systems of diverse virological characteristics. Biotechnol. Prog.

2022;38(2):e3237. doi:10.1002/btpr.3237

16 of 16 KAYUKAWA ET AL.

info:doi/10.1128/jvi.66.6.3415-3423.1992
info:doi/10.1002/btpr.3237

	Particle-based analysis elucidates the real retention capacities of virus filters and enables optimal virus clearance study...
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Cells and viruses
	2.2  Virus titration by infectivity assay
	2.3  Virus quantification by quantitative polymerase chain reaction
	2.4  Hemagglutination assay
	2.5  Virus purification
	2.6  Antibodies, enzymes, and virus-like particles
	2.7  Virus filters
	2.8  Virus filtration
	2.9  Immunofluorescence microscopy
	2.10  Polyacrylamide gel electrophoresis and immunoblotting
	2.11  Dynamic light scattering
	2.12  Electron microscopy (cryogenic transmission electron microscopy)

	3  RESULTS
	3.1  Marked variability in virus LRV was observed among VCS designed with a comparable feed virus titer
	3.2  Establishment of particle number-based virus clearance study method
	3.3  MVM empty particles reduce virus retention capacity of VFs
	3.4  Variation in particle to infectivity ratio makes virus retention capacity of VFs looks inconsistent

	4  DISCUSSION
	4.1  Particle number-based VCS
	4.2  Virus retention capacity of VF
	4.3  Effects of empty particles on virus filtration and virus stock quality control strategy
	4.4  Effects of particle-to-infectivity ratio on virus filtration

	5  CONCLUSION
	5.1  Virus particle number
	5.2  Virus retention capacity

	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  PEER REVIEW
	  DATA AVAILABILITY STATEMENT

	REFERENCES


