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Summary

Recent advances in instrumentation and data analysis in field flow fractionation and multi-angle
light scattering (FFF-MALS) have enabled greater use of this technique to characterize and
quantitate viruses. In this study, the FFF-MALS technique was applied to the characterization and
quantitation of type A influenza virus particles to assess its usefulness for vaccine preparation. The
use of FFF-MALS for quantitation and measurement of control particles provided data accurate to
within 5% of known values, reproducible with a coefficient of variation of 1.9 %. The methods,
sensitivity and limit of detection were established by analyzing different volumes of purified virus,
which produced a linear regression with fitting value R2 of 0.99. FFF-MALS was further applied
to detect and quantitate influenza virus in the supernatant of infected MDCK cells and allantoic
fluids of infected eggs. FFF fractograms of the virus present in these different fluids revealed
similar distribution of monomeric and oligomeric virions. However, the monomer fraction of cell
grown virus has greater size variety. Notably, p-propialactone (BPL) inactivation of influenza
viruses did not influence any of the FFF-MALS measurements. Quantitation analysis by FFF-
MALS was compared to infectivity assays and real-time RT-PCR (gqRT-PCR) and the limitations
of each assay were discussed.
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1. Introduction

The influenza virus is a globally important respiratory pathogen that causes significant
morbidity and mortality in humans and animals (Cox et al., 2004). Vaccination is the
primary method for preventing influenza infection and its potentially severe complications.
New influenza virus genotypes continuously emerge due to frequent evolutionary events
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such as genetic re-assortment, recombination and mutation. These events often result in
structural changes in the two major influenza virus antigens that induce protective immunity,
hemagglutinin (HA) and neuraminidase (NA). Constant changes to viral surface proteins
require influenza vaccines to be updated on a yearly basis, to provide protection against
contemporary “seasonal” virus strains.

Currently, most seasonal influenza vaccines are trivalent, i.e. it includes three distinct
influenza viruses: two influenza A viruses, H3N2 and H1N1 subtypes, and one influenza B
virus. Influenza vaccine preparation is a complex process, which involves propagation of
viruses in embryonated eggs or cultured cells prior to concentration, inactivation,
purification, formulation, and final testing. The majority of clinical isolates do not grow in
quantities sufficient to support vaccine production and thus a key aspect of vaccine
production is the development of high-growth vaccine viruses. To improve the growth
properties of new influenza A viruses in eggs, the production of a reassortant between
circulating virus strains and the egg-adapted, laboratory-derived HIN1 strain A/Puerto Rico/
8/1934 (PR8), has become standard practice (Kilbourne, 1969). PR8, originally a human
isolate, has been passaged extensively in eggs and is considered an attenuated influenza
strain in humans (Beare et al., 1975; Neumann et al., 2005). The influenza A viruses used in
contemporary vaccine production are high-growth reassortants and usually contain 6 genes
(PB2, PB1, PA, NP, M and NS) derived from PR8 and 2 (HA and NA) genes from the
presently circulating virus (6:2 re-assortment)(Gerdil, 2003; Neumann et al., 2005).

The World Health Organization (WHO), with its partners, monitors influenza globally and
bi-annually recommends the seasonal influenza vaccine composition for both the Northern
and Southern Hemisphere influenza seasons. The WHO also coordinates the development
and stockpiling of influenza vaccines designed to protect against potential pandemic
influenza strains, such as highly pathogenic avian influenza (HPAI) viruses. HPAI vaccine
candidate viruses, such as H5N1, are generated using a reverse genetics strategy whereby a
low-pathogenic variant of the wild type virus is produced as a 6:2 PR8 reassortant which
lacks the multi-basic cleavage site in the HA gene, thus rendering it safer and easier to
handle for vaccine production (O’Neill and Donis, 2009). Each of the steps required for
development of seasonal and pandemic influenza vaccines, such as production of reassortant
viruses, screening for growth characteristics, as well as optimization and adaptation of
viruses for growth in eggs or in cell culture require quantitative monitoring to optimize virus
yields.

Various techniques are currently used to quantitate viruses in liquid samples. Virus
concentration in terms of its infectious dose has classically been determined by measuring
plaque forming units (pfu) (Huprikar and Rabinowitz, 1980), 50% tissue culture infective
dose (TCIDsgp) (Grigorov et al., 2011), or 50% egg infective dose (EIDsg) (Huprikar and
Rabinowitz, 1980; Reed, 1938). However, these methods are time-consuming and labor-
intensive. Other techniques, such as flow cytometry (Schulze-Horsel et al., 2008), enzyme-
linked immunosorbent assays (ELISA) (Huaguang, 2006), fluorescent focus assays (FFA)
(Wei et al., 2007) and quantitative reverse-transcription polymerase chain reaction (qQRT-
PCR) (Payungporn et al., 2008) greatly reduce quantitation time but rely on antisera to
specific influenza virus antigens or require additional manipulation, such as isolating viral
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RNA and preparing qRT-PCR standards. The hemagglutination (HA) assay is frequently
used for quantitating influenza virus, and is probably the most commonly used assay for
comparing viral titers and characterizing virus growth (Kalbfuss et al., 2008; Voeten et al.,
1999). The HA assay relies upon HA at the surface of influenza viruses binding to receptors
on red blood cells (RBC). However, the haemagglutinating ability of influenza A viruses can
vary, depending on the virus subtype and the species of RBC used, leading to inconsistent
and inaccurate results amongst different virus strains (McVernon et al., 2010). Therefore, a
simple and reliable method that determines influenza virus concentrations, irrespective of
strain and subtype, is desirable for quality control of throughput vaccine production.

Asymmetrical field flow fractionation coupled with multi-angle laser light scattering
detection (FFF-MALS) was shown to be an efficient approach for size separation and
subsequent quantitation of macromolecules and particles (Giddings, 1993), virus-like
particles (VLPs) (Lipin et al., 2008; Pease et al., 2009), bacteria (Ping et al., 2007; Polk et
al., 2002) and viruses (Saifer, 2001; Wei et al., 2007). It is a rapid and simple technique that
enables quantitation without time-consuming sample preparation steps. FFF-MALS
combines two analytical methods. FFF is a unique liquid chromatography technique wherein
sample separation occurs in a laminar flow channel with no column media to interact with
the sample. Particles elute in order of increasing size, and separation is rapid and gentle for
the sample. The eluting particles can be detected by MALS, which provides simultaneous
detection of light scattered from several angles. By measuring the intensity and angular
dependency of the scattered light, it is possible to deduce the radius of the particles and
subsequently calculate the number of particles per volume. FFF-MALS was recently applied
to characterize influenza virus particles (McEvoy et al., 2011; Wei et al., 2007). Virus
particle quantitation by FFF-MALS correlated well with results from other methods,
including size exclusion chromatography (SEC-MALS), gRT-PCR, transmission electron
microscopy (TEM), and atomic force microscopy (AFM).

In the present study, FFF-MALS analysis was used to quantitate and characterize type A
influenza virus, a common and quickly mutating serotype that comprises the majority of
vaccine candidates. As most contemporary influenza A vaccine components are derived
from a reassortant between PR8 and a circulating influenza virus, the laboratory strain, PR8
was used for these studies. Results show that FFF-MALS can successfully detect and
quantitate influenza virions within allantoic fluids of infected chicken eggs and in the
supernatant of infected cultured cells. Moreover, it was demonstrated that FFF-MALS can
quantitate purified influenza viruses treated with p-propialactone (BPL), which is used for
virus inactivation in early stages of vaccine preparation (Perrin and Morgeaux, 1995).
Finally, a comparison of the total number of virus particles quantitated by FFF-MALS to
that detected by EIDsg, virus plaque assay, and quantitative real-time RT-PCR (qRT-PCR)
was performed. The usefulness and limitations of each assay is discussed.

2. Materials and Methods

2.1. Viruses and cell lines

The influenza virus A/Puerto Rico/8/1934 (H1N1) (PR8) and the reassortant candidate
vaccine virus A/Indonesia/05/2005(H5N1)/PR8-IBCDC-RG2 carrying the HA and NA from
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Al/Indonesia/5/05 (H5N1) and internal genes from A/PR/8/34 strains were propagated in 10-
day-old embryonated chicken eggs at 34 °C for 48 h, after which the allantoic fluid
containing the virus was harvested. Allantoic fluids containing H5N1 reassortant virus were
treated with BPL for 48 h at 4 °C (Perrin and Morgeaux, 1995). Allantoic fluids containing
PR8 were divided into two; one half of the fluid was treated with BPL and the other half was
left untreated. Virus-containing fluids then were clarified by low speed centrifugation at
1,000 xg for 20 min. Virus inactivation was confirmed by inoculation tests over two
passages in embryonated chicken eggs. Both untreated and BPL-treated allantoic fluids were
then concentrated by ultracentrifugation at 30,000 xg for 3 h, and purified by sucrose density
centrifugation (Liu et al., 2002) in BLS-3 facilities. Virus stocks were then stored at —80 °C
prior to use.

Madin-Darby canine kidney (MDCK) cells were obtained from American Type Culture
Collection (ATCC, Manassas, VA, USA) and were maintained in DMEM (Invitrogen,
Carlsbad, CA, USA) supplemented with 10 % fetal bovine serum, 0.1 % penicillin/
streptomycin, and 0.1 % glutamine. Confluent cell monolayers were washed twice with
phosphate-buffered saline (PBS; Gibco, Carlsbad, CA, USA) and infected with 0.001
multiplicity of infection (MOI) of influenza PR8. After incubation for 1 h at 37 °C, the cells
were washed and the medium was replaced with DMEM supplemented with 0.1 %
penicillin/streptomycin, 0.1 % glutamine, and 2 pg/ml L-(tosylamido-2-phenyl) ethyl
chloromethyl ketone (TPCK) trypsin. After 48 h incubation, the supernatant was harvested,
clarified by low speed centrifugation as described above, and used for quantitative analysis.

2.2. Plaque assay

The plaque assay was used to measure the amount of infectious virus particles in a sample,
as described previously (Huprikar and Rabinowitz, 1980). Briefly, MDCK cells in 6-well
culture plates (1x108 cells/well) were infected with virus samples serially diluted in DMEM.
Duplicate 0.1 ml aliquots of serial 10-fold dilutions were added to each well. After infection
for 1 hour at 37 °C, the wells were washed twice with DMEM, and 3 ml overlay medium
was added to each well. The overlay medium consisted of DMEM with 0.1 % penicillin/
streptomycin, 0.1 % glutamine, 0.08 % of SeaKem LE Agarose (Lonza, Basel, Switzerland),
and 1 pg/ul -TPCK trypsin. The plates were placed in 5 % CO, at 37 °C for 72 h for plaque
development. After the incubation period, the soft agar overlay was decanted gently, and 1
ml of 4 % formaldehyde-water solution containing 0.1 % crystal violet was added per well.
After 30 min at room temperature, the plates were washed with water and visible plaques
were counted.

2.3. Hemagglutination (HA) assay

Virus-containing fluids (50 ul) were mixed with the same volume of 0.5 % turkey RBC
(tRBC) in PBS in V-bottom microtiter plates. Agglutination of the tRBC was determined
after 30 — 60 min incubation at room temperature (World Health Organization, 2011).

2.4. Measurement of 50 % egg infectious dose (EIDgq)

The EIDs5g of influenza virus was determined as previously described (Huprikar and
Rabinowitz, 1980). Briefly, serial 10-fold dilutions of the virus were prepared in PBS, and
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100 pl of each dilution was inoculated into the chorio-allantoic cavities of 10-days-old
embryonated chicken eggs. The eggs were incubated at 34 °C for 48 h. Four eggs were
infected with each virus dilution. Harvested allantoic fluid was tested for HA activity using
0.5 % tRBC.

2.5 One-step qRT- PCR

The M gene-specific primers and probe set was designed for the detection of all type A
influenza viruses, comprising M-For (5'-CATGGAATGGCTAAAGACAAGACC-3"), M-
Rev (5"-AGGGCATTTTGGACAAAGCGTCTA-3") and M-Probe (FAM-
ACGCTCACCGTGCCCAGT-BHQ1). M gene DNA from a PR8 influenza A virus was
previously cloned into the pAMP1 vector and amplified by PCR with a M gene forward
primer (5"-GATCGCTCTTCAGGGAGCAAAAGCAGGTAG-3") and the reverse primer
with a T7 promoter added to the 5" end (T7/M-Rev; 5'-
TGTAATACGACTCACTATAGGGCATTT TGGACAAAGCGTC-3"). The resulting PCR
product was then used for /n vitro transcription of M gene RNA using the Riboprobe in vitro
Transcription Systems, according to the manufacturer (Promega, Madison, WI, USA).
Following DNase treatment and RNA extraction, the concentration of RNA was measured
by spectrophotometry and converted to copy number/pl. Dilutions of 1010 copies/ul of
standard M gene RNA were prepared and stored at =80 °C until further use. Influenza virus
RNA was extracted in duplicate using the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA,
USA) and eluted in a final volume of 30 pL of RNase-free water. 5 pl of RNA was used for
gRT-PCR in a single-step reaction using the Qiagen QuantiTect Probe RT-PCR Kit. Each
reaction was run in parallel with standard concentrations of M gene RNA (1010-102 copies/
ul) to produce a standard curve used for interpolation of sample viral RNA copy number.
gRT-PCR was performed according to the manufacturer’s protocol with 35 cycles using the
Mx3005P QPCR system (Stratagene, La Jolla, CA, USA). Cycling conditions included an
initial reverse transcription step at 50 °C for 30 min, then an initial denaturation step at

95 °C for 15 min, and 35 amplification cycles of denaturation at 94 °C for 15 sec, followed
by final annealing/extension at 60 °C for 30 sec.

2.6. Transmission electron microscopy (TEM)

For negative stain electron microscopy preparation, virus grown in embryonated chicken
eggs was concentrated and mixed 1:1 with 4 % phosphate-buffered formaldehyde. Copper
mesh grids coated with formvar and carbon were placed on a drop of the specimen for 10
min, dried, and stained with 2 % phosphotungstic acid, pH 7.3. Samples were examined on
an FEI Tecnai Spirit transmission electron microscope (Hillsboro, OR, USA). Images were
recorded digitally as TIF files using a bottom-mounted AMT camera (Woburn, MA, USA).

2.7. FFF-MALS

Asymmetric field flow fractionation (FFF) was performed using an Agilent auto-sampler
and pump (Agilent, Santa Clara, CA, USA) connected to a Wyatt Eclipse-3 AFFF separation
module (Wyatt, Santa Barbara, CA, USA), and a Wyatt DAWN HELEOS 18-angle MALS
detector. The MALS system was equipped with a gallium-arsenic laser (658 nm) and
measurements were obtained at 25 °C by detectors situated at angles of 44°, 50°, 57°, 64°,
72°,81°,90°, 99°, 108°, 117°, 126°, 134° and 144° to the incident beam. Separations were

J Virol Methods. Author manuscript; available in PMC 2017 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bousse et al.

Page 6

performed using a 10 kDa molecular weight cut-off polyethersulfone (PES) membrane in a
27 cm (long) separation channel with a 350 um spacer, according to the methods of Wei et
al. (2007). Based on the size of influenza virus particles, between 80-130 nm in diameter
(Stanley, 1944), the system was validated using polystyrene microspheres with nominal
diameters of 100 nm and 200 nm (Polysciences, Warrington, PA, USA). The radii measured
by FFF-MALS for both microspheres (93.4 + 0.6 nm and 45.5 £ 0.5 nm) were within the
coefficient of variation (CV) values (4.6 % and 5.2 % for 200 nm and 100 nm microspheres,
respectively) reported in the manufacturer’s certificates of analyses.

Samples were introduced to the channel at 0.2 ml/min and subsequently focused at the head
of the channel at a focus flow rate of 0.4 ml/min. Samples were eluted over 35 min with a
channel flow rate of 1 ml/min and a cross flow gradient of 0.3-0 ml/min. Viral particles
were detected with the MALS detector and the radius of gyration (RMS radius) of the eluted
species was calculated by the method of Wyatt et al. (1993), using Astra V software. To
quantitate the number of particles, the virion shape was substituted for the sphere model to
calculate a geometric radius for particles. The total number of virus particles, as well as the
relative numbers of monomers and aggregates, was calculated using ASTRA® software as
described (Wyatt, 2004), assuming a refractive index of 1.59 for polystyrene particles and
1.5 for influenza virions.

Experimental buffer (EB, 0.01 M sodium/potassium phosphate pH 7.4 containing 0.14 M
sodium chloride) was used to prepare and run all samples. Polystyrene microsphere
standards (Polysciences, Warrington, PA, USA) were prepared and analyzed in EB with an
additional 0.08 % (w/v) sodium dodecyl sulphate to reduce bead aggregation. For virus
analysis, allantoic fluids were diluted 10 times with EB, infected cell supernatants were used
without dilution, while purified influenza virus was diluted with EB to a final viral protein
concentration of 5 ug/ml, and 100 pl of the final solution was used for analysis.

2.7. Limits of Detection

Detection limit, the smallest amount or concentration of a particular substance that can be
reliably detected in a given sample, was calculated according to Gomez-Taylor et al. (U.S.
Environmental Protection Agency. 2003). The limit of detection (LOD) is defined as 3
standard deviations from the control sample reading, while the limit of quantitation (LOQ) is
defined as 10 standard deviations from the control. PBS was used as a control sample to
establish LOD and LOQ; mean and standard deviation were calculated from seven different
measurements of PBS. The average 90° light scattering signal of PBS was estimated as 15.6
mV, with standard deviation £0.04 mV. The calculated LOD and LOQ were 15.7 mV and
16.0 mV, respectively. The virus samples with light scattering signals greater than 16.0 mV
were selected for number-particles quantitation analysis. The method detection limit (MDL)
was calculated by the Hubaux-Vos procedure (Hubaux and Vos, 1970). MDL is defined as
the minimum concentration of substance that can be measured and reported with 99 %
confidence.
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3. Results

3.1. Fractionation and characterization of influenza virus particles with FFF-MALS

The suspension of purified PR8 influenza virus propagated in embryonated eggs contained a
mixture of individual virions of different sizes and morphology, as well as aggregates (Fig.
la and b). The majority of individual virions had spherical or ovoid morphology. The
average diameter of spherical virions estimated by TEM was 104 + 30 nm (n=100), whereas
virions with ovoid morphology had average dimensions of 145 x 88 + 30 nm with an
average geometrical diameter of 116 +30 nm (n=100).

The virion sizes estimated by TEM were comparable to those detected by FFF-MALS.
Individual components of purified influenza PR8 virus were fractionated by FFF and
characterized with MALS for particle size and scattering intensity. Figure 1c shows a typical
FFF-MALS fractogram of purified influenza PR8 virus. The main peak eluted between 35
and 42 min and contained virus particles with an RMS radius of 30-70 nm. The first peak
overlapped with that of the larger particles (RMS 70-150 nm) appearing as a “shoulder” on
the fractogram. Another major peak, eluted at 49-56 min, represented particles with an RMS
radius of 150-500 nm (Fig. 1c). The experimentally measured RMS radius of gyration was
converted to geometrical radius based on the sphere model, as incorporated within the
ASTRA® software package. The calculated average geometrical diameter of virion species
in the first peak was 112.6 £ 8 nm, corresponding to monomeric virions. The “shoulder”
peak included particles with average geometrical diameter of 170 £ 8 nm and likely
represented filamentous virions and small aggregates, while the second peak contained virus
aggregates with a calculated average geometrical diameter of 270 + 8 nm. The number of
monomers was calculated using data for particles with an RMS radius of 30-70 nm, while
all particles with an RMS radius over 70 nm were assumed to be aggregates. To assess assay
reproducibility, three samples of equal concentration were analyzed independently on
different days (Table 1). Quantitative analyses were accurately reproducible, with a
coefficient of variation (CV) of 1.9 %. Approximately 92 % of influenza virions from the
purified virus population were monomeric, and only 8 % were present as aggregates (Table
1).

3.2. Detection limit and method sensitivity

The FFF-MALS detection limit for influenza virus particles was evaluated by injecting
different volumes (3—100 L) of purified PR8 (2 pg/ml). Figure 2 demonstrates the linear
regression between the total number of virus particles counted and injected volume (R? =
0.99) within a 1-logyg range of total virus particle counts from 2.37 x 10° to 9.56 x 10’. The
MDL estimated from this slope (Hubaux and Vos) was 4.3 x 106 particles. LOD and LOQ
estimated using the slope by extrapolating to zero were 2.2 x 10° and 2.3 x 108 virus
particles, respectively.

The method sensitivity was comparable to that of the HA assay, and the number of virus
particles estimated by FFF-MALS was compared to the HA titer (Table 2). In experiments,
the lowest level of detection of purified influenza PR8 by FFF-MALS was 2.35 x 108, which
corresponded to 4 HA units.
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3.3. Detection of influenza virus in various samples

We applied FFF-MALS to directly detect and quantitate influenza virus in the allantoic
fluids of infected embryonated chicken eggs or in supernatant of infected MDCK cells. 10-
day-old embryonated eggs or confluent MDCK cells were infected with influenza PRS,
allantoic fluid and supernatants were collected 48 h after infection, clarified, and subjected
to fractionation and quantitation by FFF-MALS. Figure 3 represents a typical FFF
fractogram of virus-containing supernatant of infected MDCK cells (Figure 3a) and allantoic
fluids collected from infected eggs (Figure 3b). The major influenza PR8 monomer-
containing fraction in both fluids eluted between 34-42 min, and a second peak,
representing large aggregates, eluted between 49-60 min. The monomer-containing fraction
from MDCK cell supernatants contained viruses with an RMS radius of 30-100 nm (average
of geometrical diameter 122 £ 6 nm), while virus monomers from allantoic fluid ranged
from 30-70 nm (average of geometrical diameter 112 + 1.2 nm). The percentage of
aggregation was extremely low in both the supernatant and allantoic fluid samples (2 % and
3 %, respectively; Table 3).

We applied FFF-MALS to investigate whether BPL inactivation affected the biophysical
(i.e., size distribution and monomer-aggregate percentages) and quantitative characteristics
of influenza viruses. Figure 3c illustrates FFF-MALS fractograms of PR8, treated or not
treated with BPL, respectively. These results confirmed that BPL inactivation affected
neither the biophysical nor quantitative characteristics of the virus (Table 3).

3.4. Comparison of total virus particle numbers analyzed by different methods

Four different influenza PR8 virus samples were quantitated by EIDgy, PFU, gRT-PCR, and
FFF-MALS. These samples comprised purified viruses treated or not treated with BPL,
allantoic fluid of infected embryonated chicken eggs, and supernatant of infected MDCK
cells (Table 5). Each sample was evaluated in three independent experiments, and the mean
and standard deviation of these results calculated. Comparison of the quantitative analyses
showed the number of influenza virus particles detected by FFF-MALS in the purified virus
samples was approximately 10-fold higher than those detected by EIDsy and PFU. However,
the number of M gene copies detected by qRT-PCR for these samples was about 10-fold
greater than that estimated by FFF-MALS.

4. Discussion

Influenza viruses cause significant morbidity and mortality, resulting in large numbers of
hospitalizations each year. Vaccination against influenza continues to be the primary strategy
for preventing disease (Cox et al., 2004). Production of influenza virus vaccines has
traditionally relied on virus grown in embryonated hen eggs. However, cell lines have also
been established as a substrate for vaccine virus production and vaccines produced in these
systems were shown to have equivalent efficacy to those grown in eggs (Bardiya and Bae,
2005). The process of influenza vaccine manufacturing includes multiple steps. Initially,
preparation of the vaccine strain and optimization of virus growth conditions occurs before
vaccine bulk manufacture. To reduce risks from handling and improve growth, WHO
laboratories generate a 6:2 reassortant candidate vaccine virus, containing 6 internal virus
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genes derived from PR8 and 2 genes HA and NA from presently circulating virus
(Kilbourne, 1969; Neumann et al., 2005). Vaccine manufacturers use this hybrid to optimize
growth conditions for both egg- and cell-based vaccines (World Health Organization, 2009).
A robust quantitative and qualitative method for monitoring influenza viruses in allantoic
fluids and infected cell culture supernatants can greatly increase the speed and efficiency of
vaccine production.

Although live attenuated influenza vaccines are available, most influenza vaccines produced
globally are inactivated, and BPL is commonly used for the inactivation process (Bardiya
and Bae, 2005; Kistner et al., 1998; Liu et al., 2002). Virus inactivation is an important
component of influenza vaccine production. Inactivation requires that the virus is rendered
non-infectious whilst preserving the integrity of immunogenic epitopes, and this is currently
achieved using chemical treatment with formalin or BPL (World Health Organization,
2006). Importantly, BPL treatment does not alter the antigenic properties of inactivated
virions and BPL-inactivated virus retains the ability to elicit a protective immune response.
However, viruses inactivated by treatment with BPL are unable to replicate (Hovden et al.,
2005) and cannot be quantitated by biological methods such as plaque assay or EID5g of
TCIDsg and rely only on remaining haemagglutination activity. Additional information on
virion integrity as well as their aggregation state would be very desirable especially for
production of influenza vaccine based on whole virus particles.

FFF-MALS analysis has previously been shown to be effective in separating and
quantitating purified or unpurified concentrated influenza type A and B virus (Wei et al.,
2007). In the present study, this technique was further applied to quantitate type A influenza
viruses in solution, and focused on two early steps of vaccine preparation; firstly, detection
and quantitation of virus harvested from eggs and cell cultures and, secondly, virus
quantitation following inactivation.

Using PR8, the influenza A strain used to generate high-growth reassortants for current
influenza vaccines, quantitation by FFF-MALS showed linearity with increasing particle
numbers (R2 = 0.99) and reproducibility of the assay correlated well between experiments
(CV = 1.9 %). By TEM, the average size of particles within the monomer fraction of egg
grown viruses varied in geometrical diameter from 104 £30 nm for spherical to 116 +30 nm
for ovoid virions, respectively, and correlated well with FFF-MALS calculations (112.6 +8
nm). These data, together with previous studies involving influenza viruses (Wei et al.,
2007), validate the application of FFF-MALS for the quantitation of influenza viruses.
Comparative analyses of influenza viruses present in the supernatant of infected cells and
egg allantoic fluid revealed similar FFF elution profiles, with 97-98 % of viruses from both
sources eluted in the monomer fraction. However, the RMS radius of viruses in the
monomer-containing fraction from cultured cell supernatants were more variable, ranging
from 30 to 100 nm (average geometrical diameter 122 +6 nm), as compared to the 30-70 nm
range (average geometrical diameter 112.6 +8 nm) for egg grown viruses. These elevated
values for virus radii from infected MDCK cells could be explained by an increased
production of filamentous virions, which has previously been shown in influenza viruses
propagated from polarized epithelial cells, including MDCK cells (Roberts and Compans,
1998).
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FFF-MALS was applied to quantitate influenza virus following treatment with BPL and
assess the influence of BPL treatment upon virion size and aggregation. Data showed that
the biophysical and quantitative characteristics of viruses treated with BPL are equivalent to
untreated viruses, and confirm that BPL treatment does not affect the measurement of
influenza viruses by FFF-MALS. Quantitative analysis results by FFF-MALS were
compared to those obtained by other standard methods, including PFU, EID5p, gRT-PCR
and HA. Each type of assay measured distinct attributes of virions, resulting in variations in
the measured quantity of influenza virus. Quantitation of virus by PFU and EIDs was one
logq lower than the amount of virions detected by FFF-MALS, because PFU and EIDs
detected only infectious virions, while both infectious and non-infectious virions are present
in virus stocks (Donald and Isaacs, 1954; Nayak et al., 2009). This result is consistent with a
previous determination that approximately ten virus particles correspond to one ElDsgg
(Donald and Isaacs, 1954). gRT-PCR is an indirect measurement technique, often used for
quantitative analysis of virus through measurement of the number of viral gene copies. This
method relies on the amplification of the viral gene and on the standard serial dilution. In
this study, the number of matrix (M) gene copies detected by gRT-PCR was one logq higher
than the number of viral particles estimated by FFF-MALS. However, there is evidence that
virus samples contain virus particle-associated nuclease-resistant RNA, which can
artificially increase the number gene copies (Dovas et al., 2010; Wei et al., 2007). It is also
possible that FFF-MALS quantitation may underestimate the number of virus particles
counted, due to increased error when virus is eluted within the aggregate fraction (McEvoy
etal., 2011).

The hemagglutination assay (HA), one of the most widely used assays for indirect
quantitation of influenza viruses (Mahy, 1996), is commonly applied to compare virus titers
and characterize virus growth (Kistner et al., 1998; Tree et al., 2001; Voeten et al., 1999).
However, the hemagglutinating ability of influenza A viruses varies for each influenza
subtype, the host system used for virus propagation, and the species of the RBC used for the
assay. For example, 2009 pandemic H1N1 virus agglutinates chicken, human, guinea pig
and turkey RBC equally well, while recent H3N2 viruses typically agglutinate guinea pig
RBC better than others, and H5N1 viruses agglutinate horse RBC better than others
(McEvoy et al., 2011). Thus, several types of RBCs may often be needed for the HA assay
within a single study, complicating the analyses. In this study, virus detection by FFF-
MALS, was at a similar level of sensitivity to the HA assay. The lowest virus concentration
detected with FFF-MALS was 2.35 x 10° particles (7.8 x 10° per pl), which was in the
quantitative range (LOQ - 2.3 x 108) and corresponded to 4 HA units (Table 2). Taken
together, this data demonstrates that FFF-MALS is a reliable technique for the detection and
characterization of influenza viruses with sensitivity and reproducibility of data that is at
least equivalent to currently available laboratory assays.

In comparison with traditional virus quantitation methods such as EIDsgg or PFU analysis,
which take several days, or gRT-PCR which requires labor-intensive preparation of the RNA
and standards, FFF-MALS allows the user to obtain results for each sample within one hour
and eliminates many sample preparation steps. The assay is automated and allows
continuous consecutive analysis of approximately 100 samples. FFF-MALS can directly
quantify influenza virus in supernatants of infected cells or in allantoic fluid of infected eggs

J Virol Methods. Author manuscript; available in PMC 2017 November 20.
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with minimal sample preparation (clarification by low speed centrifugation) and is,
therefore, highly time-effective. Although influenza virus quantitation by FFF-MALS cannot
substitute for other assays that measure the biological activity of a virus, it can provide
useful information on virus populations in solution. Using FFF-MALS to screen the
biophysical growth characteristics of reassortant viruses can provide critical information on
the number, size distribution and aggregation state of vaccine candidate virus when grown
under different conditions. Thus, FFF-MALS analysis in collaboration with another
biological assay could be a useful technique to assess virus growth and yield during
influenza vaccine optimization and downstream production.
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Figure 1.

Analysis of purified Influenza PR8 virus by TEM (a and b) and FFF-MALS (c). TEM
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images show purified virions with different sizes and morphologies at (a) low magnification
(scale bar = 500 nm) and (b) high magnification (scale bar = 100 nm), respectively. The
average diameter of spherical virions estimated by TEM is 104 nm (radius — 52 nm). The

average size of ovoid virions is 145 x 88 nm (radius 72 x 44nm). (c) The FFF-MALS

fractogram of the virus shows the 90° light scattering signal (black line) during 31 to 61 min
overlaid with RMS radius (red line).
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Figure 2.
FFF-MALS detection limits for purified influenza A/PR/8/34. (a) Positive slope of total

virus particles counts derived from the light scattering data. (b) FFF-MALS fractograms of
the purified virus injected at increasing volumes (3, 5, 10, 20, 50 and 100 pl).
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Figure 3.
FFF-MALS analysis of the influenza virus in various samples. FFF-MALS fractogram of the

supernatant of infected MDCK cells (a), allantoic fluids from infected eggs (b), and purified
untreated (blue) and BPL-treated (red) influenza A/PR/8/34 (c). The 90° light scattering
signal over time is overlaid with RMS radius.
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Table 2
Correlation of total number particles counts estimated by FFF-MALS, and HA titer of influenza A/PR/8/34.

Injected volume (uL) HA titer  Virus particles (x106)
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100 128 95.6
50 64 47.8
20 32 20.9
10 16 10.5

5 8 52
3 4 2.37
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