Abstract
WHITE, STEPHEN EVANS. Characterization of the Freeze/Thaw Stability of a Cell
Culture-Derived Influenza A/PR/8/34 (H1N1) Virus Stock and the Production Impact
thereof. (Under the direction of Gary Gilleskie, PhD).
Influenza causes the deaths of thousands of people every year, most of which are
preventable through vaccination. Most vaccines available in the United States use an
inactivated influenza virus to induce a response in the immune system and create immunity
to the wild-type virus. In order to produce viral particles for vaccines, a stock of virus is
required.
Storing the virus before use in processing requires an understanding of the conditions
under which the virus is stored then thawed (if the virus was stored frozen). In this study, the
stability of live Influenza A/Puerto Rico/8/34 viral stocks for vaccine production using
suspension MDCK cells is studied as a function of freeze/thaw cycling and the thawing
conditions.
The stability of the virus was assessed using TCID50 and hemagglutinin (HA) assays.
The production impact of freeze/thaw cycling was measured as a function of multiplicity of
infection (MOI) while measuring the HA titer and quantity of free DNA in solution as
performance indicators.
Following a single freeze/thaw cycle, a 101.5 IU/mL decrease in infectivity by TCID50
was measured when the virus was thawed in-hand; the HA titer doubled under the same
conditions. When freeze/thaw cycling the virus, no impact was observed in either the
infectivity or HA titer between one and six cycles. The method of thawing did not greatly
impact the infectivity and HA titer of the virus stock. When used for infection, a six-time

freeze/thaw cycled virus stock produced less HA at a ten-fold higher MOI when compared to
a once-cycled virus stock.
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1. Introduction
1.1. Influenza
1.1.1. What is influenza?
Influenza, known as the flu, is a viral infectious disease of the upper respiratory tract.
The influenza virus belongs to the Orthomyxoviridae virus family. This family of viruses is
characterized by a single-stranded, segmented RNA genome that is the complimentary to the
messenger RNA (mRNA) from which it was produced, referred to as negative-sense RNA.
The Orthomyxoviridae family of viruses includes Influenzaviruses A, B, and C, Thogotovirus,
Isavirus, and Quaranfilvirus [1].
The influenza virus is a roughly spherical virus with a diameter of approximately 100
nm [1]. The surface of the virus is covered with protein spikes, hemagglutinin (HA) and
neuraminidase (NA) at a ratio of about four HA to one NA. Imbedded in the viral envelope
is the M2 ion channel protein, which aids in the replication of the virus [1]. Influenza A
viruse names are based on two key surface proteins: HA and NA. There are currently 17
known subtypes of HA (H1 to H17) and ten known subtypes of neuraminidase (N1 to N10).
An influenza A virus containing HA type 5 and NA type 1 will be referred to as Influenza A
(H5N1) [2].
Within the virus are additional proteins required for viral replication as well as the
nuclear material, made up of single-stranded, segmented RNA. Influenza A and B viruses
contain eight RNA segments, while influenza C viruses contain only seven. Each segment is
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wrapped around itself, yielding a helically-shaped superstructure. RNA segments code for
all proteins required for function and replication of the virus [1].
The RNA segments are involved in two forms of genetic change: antigenic drift and
antigenic shift. Antigenic drift is incorporation of random point mutations into the genetic
material of the virus. These mutations are responsible for the seasonal variations in influenza
viruses. Antigenic shift involves the recombination of RNA segments from two different
subtypes of influenza, i.e. H1N1 and H3N2. This recombination, known as reassortment, is a
potential source of pandemic influenza strains, such as the 2009 Influenza A (H1N1)
pandemic strain [2].

1.1.2. Influenza replication
Replication of the influenza virus proceeds in the same manner independent of the
host cell type. The influenza virus replication process is shown in Figure 1.1, below.
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Figure 1.1. Illustration of the influenza virus replication process [1].

To begin replication, a virus attaches to the surface of a host cell. Attachment is
mediated by the binding of HA to sialic acid residues on surface proteins. After binding, the
virus is incorporated into the cell through receptor-mediated endocytosis, which triggers an
influx of protons through the M2 ion channel, lowering the pH of the viral particle and
allowing the viral capsid to fuse to the endosomal membrane [1].
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Upon completion of membrane fusion, HA proteins create a pore through which the
viral RNA (vRNA) strands can pass, allowing the genetic material to be carried into the
nucleus of the host cell. In the nucleus, vRNAs are transcribed into mRNA strands and the
positive sense compliments (cRNAs) from which vRNA strands for new viruses are made.
From the mRNA, proteins (such as HA and NA) are translated and then processed by the
host cell’s machinery [1].
Following processing, the proteins become embedded in the host cell’s membrane.
The new vRNA sequences are ejected from the nucleus and are carried toward the membrane
containing the viral proteins. Once all necessary components are assembled, new viruses bud
from the host cell and are able to infect other cells within the host’s system [1].

1.1.3. Impacts on human health
Each winter, influenza-type illnesses increase in prevalence in the United States (US)
population. This is referred to as the start of the flu season. With each flu season comes
approximately 50 million illnesses, 50,000 to 200,000 hospitalizations due to influenza and
its complications, and approximately 20,000 deaths. The majority of these illnesses occur in
individuals younger than two years of age or older than 65 years [2]. For the 2013-2014 flu
season, the deaths of 106 North Carolinians (as of May 03, 2014) were attributed to influenza
and its complications [3].
Vaccination, through the use of inactivated viruses, virus subunits, or live attenuated
viruses, can prevent most of the aforementioned illnesses. The World Health Organization
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(WHO) performs annual surveillance in 102 countries worldwide, tracking changes in
influenza outbreaks and the strains which appear. Clinical isolates collected at the 131 WHO
surveillance centers allows for the selection of two Influenza A and one Influenza B for
inclusion in the seasonal vaccine [4]. These three strains make up a trivalent formulation.
An optional fourth strain recommended by the WHO provides vaccine manufacturers with
the option for a tetravalent vaccine.

1.2. Influenza vaccines
Table 1.1, below, shows the seasonal influenza vaccines approved for the United
States market and their manufacturers for the 2013-2014 influenza season.
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Table 1.1. 2013-2014 US Food and Drug Administration-approved seasonal Influenza
vaccine manufacturers and product information [5].
Manufacturer

Product Name

CSL Limited

AFLURIA

GlaxoSmithKline
Biologicals
GlaxoSmithKline
Biologicals
Protein Sciences
Corporation
Novartis Vaccines and
Diagnostics, Inc.
ID Biomedical Corp. of
Quebec

Fluarix
Fluarix – Quadrivalent
Flublok
Flucelvax
FluLaval

ID Biomedical Corp.

FluLaval Quadrivalent

MedImmune, LLC

FluMist Quadrivalent

Novartis Vaccines and
Diagnostics Limited

Fluvirin

Sanofi Pasteur, Inc.

Fluzone

Sanofi Pasteur, Inc.

Fluzone Quadrivalent

There are three US Food and Drug Administration (FDA) approved production
systems currently utilized for vaccines: egg culture, mammalian cell culture, and insect cell
culture. The majority of the products in Table 1.1 are produced in egg culture, as Flucelvax
is currently the only influenza vaccine approved utilizing the mammalian cell culture process
for viral propagation and Flublok uses recombinant HA produced via a baculovirus
expression vector in insect cell culture [6-8].
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1.2.1. Vaccine production
Production of an influenza vaccine takes advantage of the virus’s natural replication
mechanism. The generalized upstream process flow for mammalian cell culture influenza
vaccines is shown in Figure 1.2, below.

Figure 1.2. Generalized process flow for the upstream processing of cell culture-based
influenza vaccines[4].
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Mammalian cell culture vaccines have only recently been introduced into the
influenza vaccine market [6]. The upstream production process for this type of vaccine
begins with expanding a cell culture to the size and density required for a production run.
The cells are then adjusted to the appropriate conditions and inoculated with a viral stock
appropriate for the strain of vaccine being produced. The virus is then allowed to proliferate
in the culture at an appropriate temperature for virus expansion, harvested, and sent for
downstream processing [4].
In the field of influenza vaccines, the MDCK-based cell culture process is unique. As
stated previously, there is only one influenza vaccine that is approved by the FDA that uses
this process as its upstream platform. However, the production of vaccines through
mammalian cell culture is prevalent in other sectors of the vaccine market. For example, the
inactivated polio vaccine, referred to as a Salk vaccine, and the hepatitis A vaccine are
produced in Vero and MRC-5 cells, respectively; both of these cell types are mammalian cell
lines [9, 10].
Previous research has shown that influenza virus will propagate in adherent MDCK
culture, in both serum-dependent and serum-free variations [11, 12]. Influenza viruses have
been adapted go grow in other cell lines, such as Vero and PER.C6 (human primary
embryonic retinoblasts); however, these viruses grow best in MDCK cells [2, 11].
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1.3. Motivation
The production of vaccines from living viruses is a unique process in the
biopharmaceutical industry. In order to produce a vaccine from a live virus, a living virus
must be used, as described in section 1.2. However, the storage conditions of the virus stock
must be understood to warranty its efficacy during production.
This research uses a MDCK serum-free suspension cell culture for viral propagation.
The Influenza A/Puerto Rico/8/34 (H1N1) (referred to as PR8) strain was used as the model
for vaccine production. PR8 is used in the majority of vaccine production due to its rapid
growth [2]. The strains chosen each year by the WHO are transformed through co-infection
to include the six of the eight vRNAs required for replication while the vRNAs responsible
for encoding HA and NA are conserved, making PR8 the backbone of the virus used in
vaccine production [2]. These characteristics make PR8 a good model virus for the
production of influenza vaccines, making it desirable to understand the stability of the model
virus. Understanding how this virus behaves will give clues as to how other Influenza A
viruses behave under similar conditions.
Understanding the stability of a virus stock is important to the production of virus for
vaccines. Virus stocks are commonly produced in a single batch at the beginning of a
production campaign. Understanding changes to the characteristics of the virus stock will
allow for technicians to account for those changes when using the virus stock in production.
The Golden LEAF Biomanufcturing Training and Education Center (BTEC), teaches
a number of courses related to the production of influenza vaccines. Their courses rely on
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PR8 – produced either in eggs or with MDCK cells – for most laboratory exercises.
Information on how to store PR8 viral stocks with minimal impact to infectivity is therefor of
interest to BTEC. Virus stock infectivity must be known when calculating the multiplicity of
infection (MOI) in order to achieve optimal infection conditions when producing virus for
courses.
To date, little information on the stability of unformulated live influenza virus has
been published. However, a definite correlation between stability and virus storage
temperature for formulated vaccines has been demonstrated [13]. Freezing and thawing
formulated vaccines has minimal impact on long-term stability for up to three freeze/thaw
cycles [14]. Stability of HA is strain- and subtype-dependent, not only temperaturedependent [15]. Stability differences are also prevalent between the specific strains used in
production [15]. Additionally, there is anecdotal evidence from staff and students at BTEC
that there is a potential drop in infectivity when a virus stock is frozen and then thawed [16].
The stability of influenza virus stocks has been shown for various strains out to 40
years with less than a 1 log10 drop in infectivity when stored at -70°C or -125°C [17].
However, the same study showed that the same virus stocks were no longer viable after one
week of storage at 33°C and 37°C [17].
Information regarding the stability of viral infection stock is often proprietary. More
often, studies to determine the stability of a final drug product, such as a marketed vaccine,
are performed to determine the shelf-life of that drug product. Specific information on the
stability of the product, such as test results, is also typically proprietary [18]. With this basis,
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the experiments described herein seek to determine the effect of freeze/thaw cycles on the
stability of a model influenza virus stock.
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2. Materials and methods
2.1. Cells and viral stocks
2.1.1. Considerations for biosafety
When working with live influenza virus, specifically those with characteristics of the
circulating human strains (e.g. PR8), the Centers for Disease Control and Prevention (CDC)
recommends that the facility where this work is performed be rated at biosafety level 2 (BSL2) [19]. These are the same requirements from the North Carolina State University (NCSU)
Environmental Health and Safety (EHS) group [20].
Per university protocols, manipulation of materials containing live influenza virus
were performed inside of a Class II BSC within a BSL-2 laboratory space. The freezing,
thawing, and storage of virus was performed inside the BSL-2 laboratory space. Vials of live
virus were stored within secondary containers acclimated to the storage condition prior to the
introduction of the vials of virus. Direct manipulation of fluids containing live virus,
specifically when performing assays and infections, was performed inside a Class II BSC
within the BSL-2 laboratory space. Any other manipulations were performed in a biosafety
level 1 (BSL-1) laboratory space.

2.1.2. Suspension cell culture
Suspension-adapted MDCK cells were used in the production of viral material.
These cells were grown in baffled shake flasks in EX-CELL™ MDCK media (SAFC, St.
Louis, MO; Cat # 14581C-1000ML) containing 5 mM glutamine (Gibco, Grand Island, NY;
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Cat # 25030-081). The cells were cultured in a humidified 37°C incubator with a 5% CO2
atmosphere and were shaken at 110 rpm for the duration of their growth. Once they reached
2.0x106 cells/mL, the cell cultures were split to 0.5x106 cells/mL with fresh growth media.
The passaging and media preparation protocols can be found in Appendix A.

2.1.3. Adherent cell culture
Adherent MDCK cells were used in TCID50 assay plates as described in section 2.3.4.
These cells were grown in T-flasks in Eagle’s Minimum Essential Medium (EMEM) (ATCC,
Manassas, VA; Cat # 30-2003) containing 10% Fetal Bovine Serum (FBS) (ATCC,
Manassas, VA; Cat # 30-2020). The cells were cultured in a humidified 36°C incubator with
a 4.5% CO2 atmosphere. Once the cultures reached approximately 80% confluence by visual
inspection, they were chemically detached from the flask with 0.25% Trypsin-EDTA
(ATCC, Manassas, VA; Cat # 30-2101) and split into new flasks at 0.2x106 cells/mL for new
cultures or 0.5x106 cells/mL for TCID50 plates. The passaging and media preparation
protocols can be found in Appendix B.

2.1.4. Cell culture infection
After expanding a suspension cell culture to the desired volume, the culture was
allowed to grow to 2.0x106 cells/mL under the conditions stated in section 2.2.1. Once at this
density, the culture was diluted to 1.0x106 cells/mL with culture infection media composed
of Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning Cellgro, Manassas, VA; Cat #
10-013-CM) containing 1 μg/mL TrypZean™ (1 mg/mL solution prepared from Sigma-
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Aldrich, St. Louis, MO; Cat # T3568). The culture was then incubated for approximately 30
minutes in a humidified 37°C incubator with a 5% CO2 atmosphere. Simultaneously, an
aliquot of viral stock was diluted to the proper volume with culture infection media to
achieve the desired multiplicity of infection (MOI). The MOI is defined as the number of
virus particles per cell in the culture.
At the conclusion of the 30 minute incubation period, the diluted viral stock was
added to the diluted cell culture, and the infected culture was returned to the incubator.
Approximately 24 hours post infection, the temperature of the incubator was dropped to
34°C. The HA titer and free DNA level were measured once daily, including the day of
infection, until the termination of the experiment. The infection and media preparation
protocols can be found in Appendix C.

2.1.5. Viral stock
For this work, two PR8 viral stocks were used: BARDA Fundamentals Summer 2013
Wavebag Supernatant (referred to as the BARDA 2013 virus stock) and BTEC Virus Lot #
CS10092013. The BARDA 2013 virus stock was used as the virus stock for the 1x and 6x
freeze/thaw MDCK infection studies. This stock was also used to create the CS10092013
virus stock. The CS10092013 virus stock was used for the remaining freeze/thaw studies.
The viral stock characteristics are shown in Table 2.1, below.
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Table 2.1. Viral stock characteristics
BARDA Fundamentals Summer
Virus stock
2013 Wavebag Supernatant
512 HAU/50 μL
HA titer
105.3 IU/mL
TCID50
HA titer and TCID50 were
Notes
determined after one freeze/thaw

BTEC Virus Lot # CS10092013
128 HAU/50 μL
104.9 IU/mL

2.2. Measurement and analytical techniques
2.2.1. Cell counting and viability
Cell density and viability prior to infection were determined by a Vi-CELL XR Cell
Viability Analyzer (Beckman Coulter, Pasadena, CA). After infection, in order to preserve
BSL-2 containment, cell density and viability were determined by diluting cell samples 1:2 in
0.4% Trypan blue and analyzing them with a TC20™ Automated Cell Counter (Bio-Rad,
Hercules, CA).

2.2.2. Hemagglutinin quantitation
Quantitation of HA was performed using a hemagglutination assay. Samples were
subjected to a serial twofold dilution made in 1x phosphate buffered saline (PBS). Samples
were incubated at room temperature for 45 minutes in a 0.5% rooster erythrocyte solution.
At the end of the incubation period, the number of hemagglutinated dilutions was counted,
and the titer was calculated as the reciprocal of the last dilution in which complete
hemagglutination was observed. For a detailed analysis method, see Appendix D.
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2.2.3. DNA quantitation
A Quan-iT™ PicoGreen® dsDNA Assay kit (Invitrogen, Carlsbad, CA; Cat # P1496)
was used to quantify DNA according to BTEC Standard Test Method AN-024 (see Appendix
E). For samples containing live influenza virus, a polypropylene PCR plate seal (USA
Scientific, Ocala, FL; TempPlate Sealing Film, Cat # 2921-0000) was used to seal the plate
and maintain BSL-2 containment protocols during the reading of the samples. See Appendix
F for analysis of the plate seal.

2.2.4. TCID50 assay
The TCID50 assay was used to calculate the infectivity of the virus, providing an
infectious particle count in the form of the dose of virus that causes infections in 50% of the
cells to which the virus was given. A sample of infectious viral material was serially diluted
1:10 across a sterile 96-well assay plate in TCID50 infection media composed of DMEM
containing 0.1% Bovine Serum Albumin (BSA) (Fisher Scientific, Fair Lawn NJ; Cat #
BP1600-100) and Trypsin-EDTA. Diluted samples were transferred to a 96-well cell culture
plate containing 50,000 adherent MDCK cells per well, referred to as assay plates, that were
prewashed with sterile 1x PBS before being incubated in a humidified 34°C incubator with a
5% CO2 atmosphere. Infected assay plates were read from day three post infection until the
endpoint was determined by the observation of signs of cytotoxicity and changes in cell
morphology. Assay plates were fed every three days post infection with fresh infection
media. For a detailed analysis method, see Appendix G.
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3. Effect of freezing and thawing
3.1. Introduction
Previous work has demonstrated that live influenza is stable between -70°C and 125°C for a minimum of 2 years, with less than a 1 log10 drop in infectivity [17]. Storage of
virus stocks at the aforementioned temperatures is common practice in the vaccine industry;
understanding what happens to the virus and its infectivity during a freeze/thaw cycle is of
importance. The cyclic freezing and thawing of a virus stock is also a storage possibility if a
relatively small amount of virus stock is required from an aliquot of that stock. Established
procedures may have a technician remove the required volume of virus stock from a larger
aliquot of virus stock and then return the unused virus stock to the freezer. In this case,
understanding what happens to the virus and its infectivity over several freeze/thaw cycles is
of importance.

3.2. Experimental design
In order to test the effect of freeze/thaw cycles on the PR8 virus stock, aliquots of
virus stock CS10092013 were frozen at -80°C in freezer insulators designed to drop the
sample temperature by 1°C per minute and then stored at -80°C. Individual vials were then
thawed in-hand and analyzed for infectivity and HA titer by TCID50 and HA assays
respectively. Resultant values were then compared to those of the unfrozen virus.
To test the effect of cyclic freeze/thaw cycles, aliquots of virus stock CS10092013
were cyclically frozen in freezer insulators and thawed in-hand to complete six freeze/thaw
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cycles. The vials were analyzed for infectivity and HA titer by TCID50 and HA assays
respectively. These values were compared to those for the single freeze/thaw virus, as well
as the unfrozen virus.

3.3. Results and discussion
3.3.1. Effect of freeze/thaw cycles on infectivity and HA values
The effect of freeze/thaw cycles on virus stock CS10092013, as measured by utilizing
TCID50 and HA titer are shown in Figures 3.1 and 3.2 respectively.

Figure 3.1. Infectivity results for freeze/thaw cycles on a virus stock.
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Figure 3.2. HA results for freeze/thaw cycles on a virus stock.

Figure 3.1 shows that the TCID50 for this virus stock dropped by 1.5 log10 after the
first freeze/thaw cycle while the HA titer, shown in Figure 3.2, doubled during the same
cycle. (Note: while an increase from 128 HAU/50 μL to 256 HAU/50 μL is within one
dilution of the unfrozen virus, therefore it is within the range of error for the assay.) The
TCID50 of the 6x freeze/thaw virus, in comparison, only decreased by 0.3 log10 from the 1x
freeze/thaw virus while the HA value did not change greatly. The decrease in infectivity and
increase in HA titer is most apparent after the freeze/thaw cycle.
There are two primary hypotheses as to why these changes occurred: fragmentation of
viral particles and/or pH-induced inactivation of the virus during the freeze/thaw cycle.
Ongoing work at BTEC suggests that viral particles post-freeze/thaw are smaller than their
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counterparts that were never frozen. In one experiment, inactivated viral material was
purified through ultracentrifugation. From the fractions of sucrose gradient that were
collected, HA analysis showed that the virus eluted at lower sucrose concentrations than
expected. This suggests that the viral particles were smaller in size than expected. Analysis
of the fractions by static and dynamic light scattering also suggested that the virus had
become fragmented, as it did not have the same size profile as an unfrozen virus. The results
again suggested that the virus in the post-freeze/thaw samples were smaller than the unfrozen
virus.
As a virus is fragmented, the membrane containing the surface proteins is broken into
pieces with the proteins remaining accessible for binding. In this way, there are more
particles containing HA that are able to bind to the erythrocytes during the HA assay,
resulting in higher HA values.
Changes in virus activity due to pH-induced inactivation is also a viable hypothesis.
This type of degradation was noted by Rexroad, et al. [21]. The media in which the virus is
propagated contains phenol red, a chromatic pH indicator. At near-neutral pH, the indicator
is red. During virus propagation, the indicator is slightly more orange, indicating a slight
drop in pH. However, post-freeze, the indicator in the vials of virus stock is yellow,
indicating that the pH of the frozen solution has dropped.
The decrease in the pH would likely cause degradation of the viral surface proteins,
inhibiting the virus from beginning the replication process. This is one potential explanation
for the minimal difference between the 1x and 6x freeze/thaw virus. Surface protein
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denaturation would likely manifest as a decrease in infectivity, as fewer particles would be
infectious. However, this would also show as a decrease in HA titer as hemagglutination
utilizes the same attachment mechanism as the initial step of viral replication.

3.4. Conclusions
Freeze/thaw cycles for influenza PR8 show a reduction in infectivity of the virus by
1.5 log10 after the first cycle, with minimal effects during subsequent cycles. The HA titer of
the virus stock appeared to double after the first cycle, with minimal change in subsequent
cycles. This change in HA titer, however, is within the range of natural variability of the
assay. It is possible that any changes in the virus, specifically the decrease in infectivity,
were caused by fragmentation and/or pH-induced viral inactivation.
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4. Effect of freezing and thawing on MDCK infection
4.1. Introduction
Analyzing the effect of freezing and thawing of a virus stock on an infection is the
ultimate test of its impact, as the virus would need to be used for producing viral material
after the freeze/thaw cycles. Additionally, the production impact of different multiplicities of
infection was analyzed. This was slightly off the main path of the study, however an
understanding of how MOI impacts production is critical to achieving optimal infection
conditions. Previous work at BTEC suggested that MOI ranging from 10-4 to 10-6 will result
in new virus stocks with TCID50 values of 106.5 to 107.5 IU/mL [22].
Analysis of HA titer is the currently utilized method of determining the time of
harvest at BTEC. An alternative method, analysis of free DNA in solution, was also
investigated. As an infection progresses, the cells that host virus particles become
continually smaller as more progeny viruses bud from the cell. When the cells become too
small to produce more buds, they lyse, releasing all components from within the cell,
including DNA. This DNA can be measured by the PicoGreen® double-stranded DNA
(dsDNA) assay, a fluorescence-based assay that is specific to dsDNA.

4.2. Experimental design
In order to test the impact of freeze/thaw cycles and MOI on MDCK infection, a
series of cell culture infections was performed. Suspension MDCK cells were grown in two
batches to 2.0x106 cells/mL. These batches were each split into eight 25 mL cultures prior to
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dilution to 50 mL (1:1) with culture infection media, making two sets of eight 50 mL cultures
at 1.0x106 cells/mL. The first culture group was infected in duplicate with the BARDA 2013
virus stock; the stock was frozen and thawed once in hand and seeded at multiplicities of
infection of 4x10-6, 4x10-8, and 4x10-10. The remaining two flasks were used as uninfected
controls.
The second culture group was infected with the BARDA 2013 virus stock; the virus
stock was frozen and thawed six times in-hand and seeded at multiplicities of infection of
4x10-5, 4x10-6, and 4x10-8. The remaining two flasks were again used as uninfected controls.
After completing the one-time freeze/thaw virus infection, it was determined that the flask
seeded at an MOI of 4x10-10 produced minimal virus compared to the other multiplicities of
infection. Anticipating a decrease in infectivity for the six-time freeze/thaw virus, a higher
MOI, 4x10-5, replaced the lowest MOI from the first set, keeping the remaining multiplicities
of infection consistent.
Both groups of flasks were measured daily for DNA in solution and HA titer by
PicoGreen® and Hemagglutination assays respectively. The infections were terminated after
the HA values dropped by more than the assay’s range of variability.

4.3. Results and discussion
4.3.1. Effect of freeze/thaws and MOI on HA titer in MDCK infection
Figures 4.1 and 4.2 show the HA titers for the 1x freeze/thaw and 6x freeze thaw
infection sets respectively.
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Figure 4.1. HA titer for 1x freeze/thaw infection at three different MOI

Figure 4.2. HA titer for 6x freeze/thaw infection at three different MOI
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The two preceding figures show that there is an increase in HA production as the
MOI increases. The 1x freeze/thaw infection had a maximum HA titer of 1024 HAU/50 µL
after 8 days at a MOI of 4x10-6. The maximum HA titer of the 4x10-8 and 4x10-10 MOI were
512 HAU/50 µL and 256 HAU/50 µL respectively.
The 6x freeze/thaw infection saw much lower HA titers with the maximum at 171
HAU/50 µL at a MOI of 4x10-5 after 10 days. The MOI of 4x10-6 reached a maximum of 1
HAU/50 µL between days 5 and 7. This HA returned to zero at day 8, suggesting that the
virus did not replicate and that the positive HA reading on those days was a false positive.
The MOI of 4x10-8 returned no positive HA readings.
The trends in virus production are consistent between the 1x and 6x freeze/thaw
virus: higher MOI leads to higher HA titer in production. However, as the number of
freeze/thaw cycles increases, the ultimate HA titer decreases. This is inconsistent with the
minimal difference in TCID50 observed in the previous chapter. If these data were consistent
with the observed minimal difference in infectivity, there would be a minimal difference in
the ultimate HA titer between the 1x and 6x freeze/thaw virus infections. One possible
explanation is that the pH-induced changed chances in the virus surface proteins effected the
conformation of those proteins, making it difficult if not impossible for the virus to replicate.

4.3.2. Use of DNA concentration as a termination point for infection
Figures 4.3 and 4.4 show the concentration of DNA in the media during the 1x and 6x
infection sets respectively.
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Figure 4.3. DNA values for 1x freeze/thaw infection

Figure 4.4. DNA values for 6x freeze/thaw infection
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The 6x freeze/thaw infection was found to contain higher concentrations of free DNA
in the culture supernatant than the 1x freeze/thaw infection. In the 1x infection, the highest
free DNA concentrations correspond with the highest HA titers. However, in the 6x
freeze/thaw, the lowest free DNA concentration in the later days of infection corresponds
with the highest HA titer.
At this point, there is not enough data to extrapolate reasons as to why these values
are different. There are many possible differences: variability in cell density during
infection, differences in cell culture conditions, etc. Without further experiments, this will
remain an unanswered question.
As an indicator for infection progress, the level of free DNA increases as the infection
progresses. This is seen in both Figures 4.3 and 4.4. However, there is no discerning factor
between DNA levels in flasks that are producing virus and those that are not. DNA
concentrations appear to fit a sigmoidal curve, with the majority of the virus production
occurring before the vertical portion of the curve starting at approximately day four. After
this day, the HA titer does not change beyond the error in the assay.
It appears that the concentration of free DNA in the cell culture supernatant could be
used as an orthogonal method of analysis in conjunction with the hemagglutination assay
instead of a direct measurement technique. The HA assay would provide confirmation of
infection and an HA titer at the end of the production run while DNA analysis would provide
a harvest point based on the transition into the vertical portion of the sigmoidal curve. In this
way, some of the variability could be removed from virus production, specifically the wide
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range of variability in the HA assay at high HA titers (512 HAU/50 µL, 1024 HAU/50 µL,
etc.).

4.4. Conclusions
When freezing and thawing a virus stock, the impact of the freeze/thaw on infection
must be investigated as this is the end use of the virus. As the number of freeze/thaw cycles
increases, the ultimate HA titer decreases. This was manifested as a maximum HA titer of
171 HAU/50 µL for the six-times frozen and thawed virus at a MOI ten-fold higher than that
of the once frozen and thawed virus, which had a maximum HA titer of 1024 HAU/50 µL.
The analyzed MOI provided insight into a key process input: the amount of virus
required to achieve a maximum HA titer. From the data, it was confirmed that higher MOI
lead to higher HA titers in production. This trend is consistent between the 1x and 6x
freeze/thaw virus. Based on the data presented, an MDCK culture inoculated at a minimum
MOI of 10-6 using a 1x freeze/thaw virus would yield a maximum HA titer at harvest.
The amounts of free DNA measured during the experimental infections left many
questions to still be answered. This is a series of experiments that need to be further
investigated. However, the data suggest that DNA measurements could be used to determine
the harvest point for an infection while HA measurements could be used to confirm infection
as there is no clear differentiation between an infected culture and an uninfected culture from
a DNA standpoint.
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5. Effect of thawing conditions
5.1. Introduction
While the effect of cyclic freezing and thawing is of importance to the production of
influenza virus, the impact of the method used to thaw the virus during that cycle was also
considered. It is a common for industry practice to thaw a small aliquot of virus stock (i.e. 1
mL) in a person’s hand, as hand temperature is approximately 30°C. By varying the
temperature at which the virus stock is thawed, thaw time for the virus also changes, albeit
indirectly: as the thawing temperature increases, the time it takes to thaw the virus decreases.
This speaks to the degree of preparedness of the technician using the virus stock for
production. Depending on the duration of time between the thaw of the virus stock and the
scheduled time of use, the technician may thaw the virus stock at room temperature or in an
incubator if that stock is needed sooner than a room temperature thaw would provide.

5.2. Experimental design
In order to test the effect of various thawing conditions on PR8 virus stock, aliquots
of virus stock CS10092013 were frozen at -80°C in freezer insulators and then thawed under
four different conditions: in a refrigerator (2-8°C), on a lab bench (20°C), in-hand (30°C),
and in an incubator (34°C). The samples were each analyzed for infectivity and HA titer by
TCID50 and HA assays, respectively.
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5.3. Results and discussion
The effect of the analyzed thawing conditions, as measured by their TCID50 and HA
titer, is shown in Figures 5.1 and 5.2 respectively.

Figure 5.1. Infectivity results for various virus thawing conditions
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Figure 5.2. HA results for virus thawing conditions

During experimentation, the length of time required to thaw the virus stock aliquots,
shown in table 5.1, were measured.

Table 5.1. Measured thaw time for virus stock CS10092013.
Thawing condition
Approximate thawing time
Refrigerator (2-8°C)
60 min
Lab bench (20°C)
10 min
Hand (30°C)
5 min
Incubator (34°C)
5 min

There was no significant difference observed in the infectivity and HA values among
the analyzed thawing conditions as both of these values are within the one-dilution variability
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of the assay. From these results, the minimal difference between these four thawing
conditions suggests that any of the four analyzed thawing methods are viable for thawing a
virus stock.

5.4. Conclusions
When comparing thawing methods, no significant differences between thawing in a
refrigerator (2-8°C), on a bench (20°C), in hand (30°C), and in an incubator (34°C) were
observed with respect to infectivity and HA value. Any of the four analyzed thawing
methods are viable for thawing a virus stock as one does not impact the virus more than
another.
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6. Conclusions and future work
In this work, the freeze/thaw stability of a PR8 virus stock was studied. It was
determined that there was a 1.5 log10 decrease in TCID50 when forcing a PR8 virus stock
through a single freeze/thaw cycle. There was also a minimal drop in infectivity after the
first freeze/thaw cycle when cyclically freezing and thawing the same virus stock six times.
However, the HA titer of the stock doubled upon thawing the virus after freezing, with no
changes after six cycles. When comparing thawing methods, it was determined that there
was no difference in infectivity or HA titer between incubator, hand, bench, and refrigerator
thawing.
When analyzing the effect of virus stock freeze/thaw cycles on cell culture infections,
it was observed that the six-time freeze/thaw cycled virus produced a much lower HA titer
when compared to a once frozen and thawed virus, even at a ten-fold higher MOI. The use
of DNA as a stand-alone marker for infection progress would not be feasible, as there is no
differentiation between infected and uninfected cultures from a DNA standpoint. However,
this method could be used in conjunction with HA titer measurements could give a more
accurate harvest point than HA measurements alone.
This study addressed only the freeze/thaw stability of live PR8 virus stocks. As a
continuation of this work, there are several possible areas of exploration. An investigation
into the stability of other influenza strains and/or subtypes could provide greater information
on the general stability of influenza virus, as previous work has demonstrated that stability is
strain and subtype specific [15].
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An investigation into freezing methods could provide insight into changes to the
virus. Additional studies could address optimal storage conditions for the virus (i.e. storage
temperature, excipients for cryopreservation, etc.).
A more thorough investigation into changes in the virus and/or its storage conditions
would help to better understand decreases in TCID50 and increases in HA observed upon
freeze/thaw. For example, measurements of background pH and virus size throughout a
freeze/thaw cycle would provide necessary information to explain what might be happening
at the molecular level to cause changes in infectivity and HA values.
Different assay techniques for determining infectivity, viral counts, and HA titer
could be studied. The methods used for this study are subjective and have a wide range of
native variability (i.e. ±1 dilution, resulting in a two-fold or ten-fold deviation). Techniques
such as single-radial-immunodiffusion (SRID) and focused fluorescence microscopy could
provide more accurate viral titers. Spectroscopic or chromatographic methods could give
more accurate measurements for HA titers.
Understanding the influenza virus processing scheme is important for BTEC courses.
Stability studies on all process intermediates should be performed. The stability of viral
proteins, DNA, and host cell proteins throughout the downstream processing scheme should
be investigated under different storage conditions. This will provide a better understanding
of changes to the virus if an in-process hold is required, as is sometimes necessary with
material for laboratory exercises.
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The work previously described only begins to scratch the surface of understanding the
complex processes involved with the production of influenza vaccines.
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Appendix A – Suspension MDCK Cell Passaging Protocol
Protocol adapted from Attempt to Develop a Scalable Process for the Production of Puerto
Rico 8 (PR8) Influenza in Madin-Darby Canine Kidney (MDCK) Cells in a Bench-Scale
Reactor written by Brandon Moore
Protocol Author: Stephen E. White

A.1. Materials


Flask of suspension MDCK cells ready for passaging



Sterile baffled culture flasks (125 mL, 250 mL, 500 mL, 1000 mL)



Flask shaker in an humidified incubator (37°C, 5% CO2)



Sterile EX-CELL™ MDCK Media (SAFC, St. Louis, MO; Cat # 14581C-1000ML)



200 mM glutamine (Gibco, Grand Island, NY; Cat # 25030-081)

A.2. Media preparation

Table A.1. Suspension culture growth media recipe.
Component
Sterile EX-CELL™ MDCK media
Sterile 200 mM glutamine

Quantity Required
1000 mL
25 mL

1. Prepare the BSC by ensuring that all materials from previous processing are put away
and that the BSC is clean.
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2. Place 1000 mL sterile EX-CELL™ MDCK media and sterile 200 mM glutamine
inside the BSC. Using aseptic technique inside the BSC, add 25 mL sterile 200 mM
glutamine to the sterile EX-CELL™ MDCK media.
3. Label the media bottle with its contents, the date of preparation, and the date of
expiration. Initial and date the bottle and store at 2-8°C for future use. The media
should be used within 7 days of preparation.
Note: It is recommended that the media be sterile-filtered into smaller aliquots or
prepared in smaller aliquots immediately prior to use.

A.3. Procedure
1. Warm media to at least room temperature, preferably 37°C.
2. Prepare the BSC by ensuring that all materials from previous processing are put away
and that the BSC is clean. Spray down the BSC with alcohol to clean the surfaces.
3. Obtain a culture flask of suspension MDCK cells ready for passaging, and place the
flask inside the BSC.
4. Aseptically sample the culture flask, and measure the density and viability of the cells
in suspension.
5. If the cell density is below 1.0x106 cells/mL, return the flask to the incubator and
allow the cells to continue growing.
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6. If the cell density is between 1.0x106 cells/mL and 2.0x106 cells/mL, the culture
should be split (passaged). The culture should not be allowed to exceed 2.0x106
cells/mL.
7. Calculate the volume of media and cells needed to seed a new flask. This can be
done using the following formula:
𝐶𝑇 ∗ 𝑉𝑇 = 𝐶𝐶 ∗ 𝑉𝐶
where CT is the target cell concentration, VT is the target culture volume, CC is the
culture density measured in step 3, and VC is the volume of the current culture to be
added to fresh media to create the passaged culture. To calculate a scale-up volume,
the maximum VT can be calculated by setting VC equal to the total volume of the
culture being passaged. VT should be between 0.3x106 cells/mL and 0.5x106
cells/mL.
8. Select an appropriately-sized culture flask, and place it and the fresh media in the
BSC.
9. Using aseptic technique, add the calculated volume of fresh media to the new flask.
10. Using aseptic technique, remove the calculated volume of culture from the culture
flask, and aseptically add it to the media in the new flask.
11. Aseptically cap the new flask. Label the flask with MDCK and the passage number.
Initial and date the new flask and place it on the shaker table in the incubator. Shake
the cells at 110 RPM in the incubator at 37°C and 5% CO2.
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A.4. Waste disposal


For cells that remain unused after passaging, add bleach or a solution containing
sodium hypochlorite to the flask and allow to sit for 30 minutes before disposing of
the solution down the drain.



Cap media bottles inside the BSC after use. Return unexpired media to a refrigerator
(2-8°C). Expired media should be disposed of down the drain.



After passaging, empty flasks that contained cells should be autoclaved before being
thrown away.
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Appendix B – Adherent MDCK Cell Passaging Protocol
Protocol adapted from Anchorage dependent MDCK culturing written by Melody Lao
Protocol Author: Stephen E. White

B.1. Materials


Flask of adherent MDCK cells ready for passaging



Sterile cell culture-treated T-flasks (75 cm2, 175 cm2, 225 cm2)



An humidified incubator (36°C, 4.5% CO2)



Sterile Eagle’s Minimum Essential Media (EMEM) (ATCC, Manassas, VA; Cat #
30-2003, BTEC Material ID # R-151)



Sterile Fetal Bovine Serum (FBS) (ATCC, Manassas, VA; Cat # 30-2020)



Sterile 0.25% Trypsin-EDTA (ATCC, Manassas, VA; Cat # 30-2101)



Bottle, flask, or beaker for waste



Sterile centrifuge tube (15 mL, 50 mL)

B.2. Media preparation

Table B.1. Adherent culture growth media recipe.
Component
Sterile EMEM
Sterile FBS

Quantity Required
500 mL
50 mL
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1. Prepare the BSC by ensuring that all materials from previous processing are put away
and that the BSC is clean.
2. Place 500 mL sterile EMEM and sterile FBS inside BSC. Using aseptic technique
inside the BSC, add 50 mL sterile FBS to the sterile EMEM.
3. Label the media bottle with its contents, the date of preparation, and the date of
expiration. Initial and date the bottle and store at 2-8°C for future use. The media
should be used within 30 days of preparation.

B.3 MDCK Flask Passaging
1. Warm media to at least room temperature, preferably 37°C.
2. Prepare the BSC by ensuring that all materials from previous processing are put away
and that the BSC is clean. Spray down the BSC with alcohol to clean the surfaces.
3. Obtain a culture flask of adherent MDCK cells ready for passaging. Under an
inverted microscope, observe the confluence of the cells.
4. If the flask is below 80% confluence, return the flask to the incubator and allow the
cells to continue growing.
5. If the flask is at 80% confluence or greater, place the flask inside the BSC.
6. Place the fresh media and the Trypsin-EDTA inside the BSC.
7. Aseptically remove the media from the flask into the waste container.
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8. Aseptically add 4-5 mL trypsin-EDTA to the flask, coating the cell surface, and
immediately remove the solution into the waste container. Do not allow the flask to
sit for more than 1 minute.
9. Aseptically add 7-8 mL fresh trypsin-EDTA to the flask, coating the cell surface, and
place the flask in the 36°C, 4.5% CO2 incubator. Allow the flask to incubate for a
few minutes, but do not allow the flask to incubate for more than 10 minutes. After a
few minutes, inspect detachment and gently tap the t-flask on the sides to help the
cells detach. Replace into the incubator if extra incubation is necessary.
10. Once the cells have detached, remove the flask from the incubator and return it to the
BSC.
11. Add the same volume of media as trypsin-EDTA added to the t-flask and coat the
entire culture surface to stop the reaction.
12. Using a 10 mL pipette, gently use the liquid in the flask to remove any excess cells
from the culture surface. Sterile transfer the entire culture into the appropriatelysized centrifuge tube.
Note: if multiple flasks of the same passage are used, all cells can be added to the
same centrifuge tube if there is enough room. Aseptically cap the centrifuge tube.
13. In a swing-bucket centrifuge, spin down the cells at 1500 rpm for 5 minutes. Ensure
to balance the centrifuge before use.
14. Return the centrifuge tube to the BSC, ensuring not to disturb the cell pellet (i.e.
invert, shake) during the transfer.
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15. Aspirate or pour off the supernatant into the waste container without disturbing the
cell pellet.
16. Gently resuspend the cell pellet in 7-11 mL fresh media. If multiple flasks were
harvested, use additional media to resuspend the pellet to prevent the final culture
from being too concentrated to count.
17. Aseptically sample the culture, and measure the density and viability of the cells in
suspension.
18. If passaging or scaling up the culture, proceed to step 19. If preparing TCID50 assay
plates, proceed to section B.4.
19. Calculate the volume of media and cells needed to seed a new flask. This can be
done using the following formula:
𝐶𝑇 ∗ 𝑉𝑇 = 𝐶𝐶 ∗ 𝑉𝐶
where CT is the target cell concentration, VT is the target culture volume, CC is the
culture density measured in step 3, and VC is the volume of the current culture to be
added to fresh media to create the passaged culture. To calculate a scale-up volume,
the maximum VT can be calculated by setting VC equal to the volume of the cell
suspension remaining after sampling after step 17. VT should be between 0.1x106
cells/mL and 0.3x106 cells/mL.
20. Select an appropriately-sized t-flask, and place it and the fresh media in the BSC.
a. T75: 20 mL working volume
b. T175: 30 mL working volume
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c. T225: 50 mL working volume
21. Using aseptic technique, add the calculated volume of fresh media to the new flask.
22. Using aseptic technique, remove the calculated volume of culture from the culture
flask, and aseptically add it to the media in the new flask.
23. Aseptically cap the new flask. Label the flask with MDCK and the passage number.
Initial and date the new flask and place it in the incubator.

B.4. TCID50 assay plate preparation
1. Calculate the volume of media and cells needed to inoculate a flask at 0.5x106
cells/mL using the formula in step 19 of section B.3.
2. Using aseptic technique, dilute the cell suspension to the target density and gently
mix.
3. Place a package of sterile reagent reservoirs and a sterile cell culture-treated 96-well
plate in the BSC.
4. Remove the plate and a reservoir from their respective packages, careful not to touch
the inside of the reservoir.
5. Mix the cell suspension and add 11 mL of the cell suspension to the reservoir, paying
careful attention not to pass over the reservoir once the cell suspension is added.
6. Using a multi-channel pipette and sterile aerosol-resistant pipette tips, gently mix the
cells suspension in the reagent reservoir and transfer 100 μL off cells from the
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reservoir into the first column of the plate. Pay careful attention to not operate over
the reagent reservoir and minimize operating over the open plate.
7. Continue to transfer 100 μL of cell suspension per well from the reagent reservoir
into the 96-well plate, mixing the cells in the reagent reservoir between transfers.
8. Once plating is complete, replace the cover on the plate and transfer the plate to the
humidified incubator, being careful not to lift the lid.
9. Incubate the plates overnight.

B.5. Waste disposal


For cells that remain unused after passaging, add bleach or a solution containing
sodium hypochlorite to the flask and allow to sit for 30 minutes before disposing of
the solution down the drain.



Cap media and trypsin-EDTA bottles inside the BSC after use. Return unexpired
media to a refrigerator (2-8°C). Expired media and trypsin-EDTA should be disposed
of down the drain.



After passaging, empty flasks that contained cells should be autoclaved before being
thrown away.
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Appendix C – MDCK Shake Flask Infection Protocol
Protocol adapted from Optimization of virus infection in cells and eggs written by M. D.
Koci and R. A. Ali
Protocol Author: Stephen E. White

C.1. Materials


Flask of suspension MDCK cells at 2.0x106 cells/mL



Sterile baffled culture flasks (125 mL, 250 mL, 500 mL, 1000 mL)



Flask shaker in an humidified incubator (37°C, 5% CO2)



Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning Cellgro, Manassas, VA;
Cat # 10-013-CM)



Sterile 1 mg/mL TrypZean™ (prepared from Sigma-Aldrich, St. Louis, MO; Cat #
T3568)



Class II BSC in a BSL-2 laboratory

C.2. Media preparation

Table C.1. Infection media recipe.
Component
Sterile DMEM
Sterile 1 mg/mL TrypZean™

Quantity Required
500 mL
500 μL

50

1. Prepare the BSC by ensuring that all materials from previous processing are put away
and that the BSC is clean.
2. Place 500 mL sterile DMEM inside BSC. Using aseptic technique inside the BSC,
add 500 μL sterile 1 mg/mL TrypZean™ to the sterile DMEM.
3. Label the media bottle with its contents, the date of preparation, and the date of
expiration. Initial and date the bottle and store at 2-8°C for future use. The media
should be used within 7 days of preparation.
4. Note: It is recommended that the media be sterile-filtered into smaller aliquots or
prepared in smaller aliquots immediately prior to use.

C.3. Procedure
1. Warm media to at least room temperature, preferably 37°C.
2. Prepare the BSC by ensuring that all materials from previous processing are put away
and that the BSC is clean. Spray down the BSC with alcohol to clean the surfaces.
3. Obtain a flask of suspension MDCK cells at 2.0x107 cells/mL.
4. Aseptically sample the culture flask, and measure the density and viability of the cells
in suspension.
5. If the cell density is much below 2.0x106 cells/mL, return the flask to the incubator
and allow the cells to continue growing.
6. If the cell density is at or above 2.0x106 cells/mL, the culture is ready for infection.
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7. Place a sterile culture flask in the BSC that is twice the size of the current culture
flask (e.g. if a 500 mL culture flask is currently used, use a 1000 mL culture flask).
8. Transfer the cell culture into the large flask. Add an equal volume of infection media
to the new culture flask. This dilutes the culture 1:2.
9. Place the large culture flask in a humidified incubator at 37°C with a 5% CO2
atmosphere. Allow the flask to remain in the incubator for between 30 and 60
minutes.
10. Thaw a vial of virus stock.
11. Prepare the Class II BSC by ensuring that all materials from previous processing are
put away and that the BSC is clean. Spray down the BSC with alcohol to clean the
surfaces.
12. Calculate the dilution required to infect the culture at the desired multiplicity of
infection (MOI):
𝐼𝑛𝑛𝑜𝑐𝑢𝑙𝑢𝑚 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 (𝑚𝐿) =

𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑂𝐼 ∗ 𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠
𝑇𝑖𝑡𝑒𝑟 𝑜𝑓 𝑣𝑖𝑟𝑎𝑙 𝑖𝑛𝑛𝑜𝑐𝑢𝑙𝑢𝑚

13. In the Class II BSC, dilute the virus to the proper MOI with infection media.
14. After the culture flask has been allowed to incubate (step 9), place the flask in the
Class II BSC.
15. Aseptically add the diluted virus to the culture flask, ensuring that the virus is
incorporated into the culture medium.
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16. Aseptically cap the culture flask, initial and date the flask, label as an infected culture,
and place the flask on the shaker platform in the humidified viral incubator at 37°C,
5% CO2. Shake the flask at 110 rpm for the duration of the infection.
17. After 24 hours, reduce the temperature of the viral incubator to 34°C.

C.4. Waste disposal


Cap media bottles inside the BSC after use. Return unexpired media to a refrigerator
(2-8°C). Expired media should be disposed of down the drain.



After transferring, empty flasks that contained cells should be autoclaved before
being thrown away.



Any materials that came in direct contact with live virus (i.e. dilution vials, pipette
tips) should be autoclaved before being disposed of.



In the event that there is unused virus stock, add the vial contents to a container of
bleach or a solution containing sodium hypochlorite and allow the container to sit for
30 minutes to inactivate the virus before disposing down the drain.
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Appendix D – Hemagglutination Assay Protocol
Protocol adapted from BARDA Analytical Module Activity #3: Hemagglutination Assay
written by Nathaniel Hentz, Becky Kitchener, and Brian Mosley
Protocol Author: Stephen E. White

D.1. Materials:


Rooster blood, 50 mL in Alsever’s solution (Fisher Scientific, P/N 50-414-838)



Round-bottom assay plates



1x Phosphate buffered saline (PBS)



Reagent reservoirs



Plate seals



Multi-channel pipette with tips



5 mL serological pipettes



Pipettes with tips



250 mL PETG bottles



15 mL conical tubes



Sample containing HA for positive control

D.2. 0.5% erythrocyte suspension preparation
1. Collect whole blood in an equal volume of Alsever’s solution for preservation of
erythrocytes.
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2. Add 10 – 11 mL of blood to a clean 15 mL conical tube and fill the remainder of the
tube with PBS.
3. Gently invert the tube several times to wash the erythrocytes. Centrifuge the tube at
800 x g for 10 minutes. Carefully aspirate the PBS from the tube and discard, making
sure to carefully remove the Buffy coat at the top of the packed blood cells.
4. Refill the tube with fresh PBS, mix by inversion, and centrifuge under the conditions
stated in step 3.
5. Repeat step 4 until a total of three washes have been performed.
6. Carefully remove 1 mL of packed erythrocytes from the pellet following the final
centrifugation. Add the erythrocytes to 199 mL of fresh PBS. This is a 0.5%
suspension of erythrocytes in PBS.
Note: the 0.5% erythrocyte suspension can be stored at 4°C for up to one week. The
suspension should be discarded if the erythrocytes show signs of hemolysis.

D.3. Assay preparation
1. Orient a 96-well round-bottom microtiter plate so that dilutions can be made in the 12
wells going across the plate.
2. Add 50 µL PBS to wells A2-A12, B2-B12, C2-C12, D2-D12, E2-E12, F2-F12, G2G12, and H2-H12.
3. Add 100 µL PBS to well A1. This is your negative control.
4. Add 100 µL of sample to wells B1, C1, D1, E1, F1, and G1.
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5. Add 100 µL of positive control to well H1. This is your positive control.
6. Use a multichannel pipette to create a 2-fold serial dilution of all samples (including
both controls) across the plate. Aspirate 50 µL from wells A1-H1 and dispense into
wells A2-H2 using your pipette to mix the samples 2-3 times. Using the same tips,
aspirate 50 µL from wells A2-H2 and dispense into wells A3-H3 using your pipette to
mix the samples 2-3 times. Continue this process until you reach wells A12-F12.
7. Once the dilutions reach wells A12-H12, aspirate 50 µL of diluted samples from
wells A12-H12 and discard into waste so that all wells contain 50 µL of sample.
1

2

3

4

5

6

7

8

9

10

11

12

A PBS 1:2 1:4 1:8 1:16 1:32 1:64 1:128 1:256 1:512 1:1024 1:2048
B

S1

1:2

1:4

1:8

1:16

1:32

1:64

1:128

1:256

1:512

1:1024

1:2048

C

S2

1:2

1:4

1:8

1:16

1:32

1:64

1:128

1:256

1:512

1:1024

1:2048

D

S3

1:2

1:4

1:8

1:16

1:32

1:64

1:128

1:256

1:512

1:1024

1:2048

E

S4

1:2

1:4

1:8

1:16

1:32

1:64

1:128

1:256

1:512

1:1024

1:2048

F

S5

1:2

1:4

1:8

1:16

1:32

1:64

1:128

1:256

1:512

1:1024

1:2048

G

S6

1:2

1:4

1:8

1:16

1:32

1:64

1:128

1:256

1:512

1:1024

1:2048

H

+

1:2

1:4

1:8

1:16

1:32

1:64

1:128

1:256

1:512

1:1024

1:2048

Figure A.1. Sample HA assay plate layout

8. Add 50 µL of the 0.5% erythrocyte solution to all wells in the plate. Shake the plate
gently to mix.
9. Cover the plate with an adhesive plate sealer, and set a lab timer for 45 minutes.
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10. Leave the plate on a flat surface while the timer is running to allow the erythrocytes
to settle.
11. Once 45 minutes have elapsed, observe what has happened in the microplate wells.
All of the negative control wells (row A) should contain a red button of erythrocytes
at the bottom of the wells. The remaining rows (rows B-H) should look different than
the negative control. Notice the number of the first well for each sample where a
button of red blood cells is visible. The well to the left of that is the highest dilution
that will allow for complete hemagglutination to occur and is described as the
hemagglutinating unit (HAU).
12. The sample result is reported as the dilution factor of the sample in the last positive
well over the sample volume in the well, or HAU/50 µL. The dilution can be
calculated as follows:
𝐻𝐴𝑈 = 2𝑦−1
where y is the column number of the dilution that will allow for complete
hemagglutination. For example, if a sample is positive out to column 7 on the plate,
the result is reported as 64 HAU/50 µL.
13. Now tilt the plate at a 45-degree angle. In wells that are hemagglutination-negative,
the blood cells will steam across the well, making a teardrop-like shape. This does
not happen in wells that are hemagglutination-positive.
14. Some wells may demonstrate incomplete hemagglutination. Incomplete
hemagglutination is characterized by buttons that do not tear drop, buttons that have
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fuzzy margins, or a doughnut-shaped ring of blood cells visible at the bottom of the
well. Wells that display incomplete hemagglutination should not be considered
hemagglutination-positive.

D.4. Waste disposal


Cap bottles of 1x PBS and return them to their storage location. Recycle empty
bottles.



Cap the bottle of 0.5% rooster erythrocyte solution and return it to the refrigerator (28°C). Expired solution should be disposed of down the sink and the bottles rinsed
and recycled.



Used 96-well assay plates should be autoclaved before being disposed of.

D.5. Considerations for live virus
Per the university requirements, performing this assay with live virus samples should
be done as follows:


Preparation of the assay is to be performed inside of a Class II BSC inside of a BSL-2
laboratory.



During the settling step (step 10), leave the assay plate inside the BSC.



When reading the plate (steps 11-14), read the plate from within the BSC.



After completion of the assay, the plate should be autoclaved before being disposed
of.
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Appendix E – Double-stranded DNA Quantitation Using the
Quan-iT™ PicoGreen® dsDNA Kit
BTEC Standard Test Method AN-024 Rev. 00
Attached 5 pages

59

60

61

62

63

64

Appendix F – PicoGreen® plate seal study
F.1. Introduction
Analysis of HA titer is the currently utilized method of determining the time of
harvest at BTEC. An alternative method, analysis of free DNA in solution, was also
investigated. As an infection progresses, the cells that host virus particles become
continually smaller as more progeny viruses bud from the cell. When the cells become too
small to produce more buds, they lyse, releasing all components from within the cell,
including DNA. This DNA can be measured by a Quan-iT™ PicoGreen® dsDNA Assay kit
(Invitrogen, Carlsbad, CA; P/N P1496), a fluorescence-based assay that is specific to
dsDNA.
The assay protocol (BTEC Standard Test Method AN-024; see Appendix E) requires
that the analyst remove the plate seal used during the mixing/incubation step prior to reading
the plate in the plate reader (step 8.6.5). Samples removed from the shake flasks contained
live influenza, making it impossible to perform this step while simultaneously maintaining
containment. The available plate reader was used by multiple individuals and is located in a
BSL-1 space. Additionally, an unsealed plate containing live virus would contaminate the
instrument.
To maintain BSL-2 containment, preserve the plate reader in its uncontaminated state
and be able to read the plates containing live influenza virus, the plates must remain sealed
after leaving the biosafety cabinet in which they were prepared.
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F.2. Experimental design
A study was designed to evaluate the effect of two different types of plate seals in the
measurement of double-stranded DNA by PicoGreen®: a “standard” polyester plate seal
(Nalgene Nunc International, Penfield, NY; Item No. 236370) and a polypropylene PCR
plate seal (TempPlate Sealing Film, USA Scientific, Ocala, FL; Cat # 2921-0000). These
plate seals were compared to an unsealed plate per the test protocol. In order to analyze the
differences in the plate seals, a standard curve was prepared according to the test protocol.

F.3. Results and discussion
The calibration curves measured using each plate seal and no plate seal are shown in
Figure F.1, below.
45000

y = 20.38x - 35.131
R² = 1
y = 17.425x - 43.88
R² = 1

40000
35000

Signal (RFU)

30000

y = 15.219x + 6.1901
R² = 0.9999

25000
20000
15000
10000
5000
0
-5000

0

500
No plate seal

1000
1500
2000
2500
DNA Concentration (ng/mL)
Polyester plate seal
Polypropylene plate seal

Figure F.1. Calibration curve analysis for plate seals
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The calibration curves had nearly identical correlation coefficients (R2 > 0.9999),
indicating that the different seals had minimal impact on the linearity of the data over the
range of the calibration. However, differences in the slopes of each line were significant.
The two plate seals have different values for the slope of the regression function when
compared to the unsealed plate. This is a systematic error in the assay, presumably light
scattering. The PicoGreen® assay kit relies on a fluorescence detection method, in which
light is passed through the plate seal where it can be scattered. A diagram of the setup can be
found in Figure F.2.

Figure F.2. Light scattering presumptions for PicoGreen® assay
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Light at the excitation wavelength (represented by the blue lines) is passed through
the plate seal and absorbed by the sample at the bottom of the fluorescence plate. The
sample then fluoresces light (represented by the green lines) back through the plate seal.
This light is detectable by the fluorescence detector in the plate reader. Each time light
passes through the plate seal, there is a chance it will be scattered back toward its source.
The polypropylene plate seal is optically clear; in comparison, the polyester plate seal
contained optical inclusions. This could account for some of the signal scattering when the
plate seals were directly compared.

F.4. Conclusions
In order to maintain BSL-2 containment while allowing the analysis of a PicoGreen®
assay plate, the plate must remain sealed during the reading step of the assay. The
polypropylene plate seal can be used to seal the plate as it returns a calibration curve slope
closer to that of the uncovered plate when compared to the polyester plate seal.
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Appendix G – TCID50 Assay Protocol
Protocol adapted from BARDA Advanced Downstream Processes Module Activity #4:
Influenza virus inactivation written by Jennifer Ruiz, Ph.D.
Protocol Author: Stephen E. White

G.1. Materials


Influenza virus clarified suspensions



Sterile 1x PBS buffer



Sterile round- or flat-bottom 96-well plates



MDCK-coated 96-well plates



Infection media (DMEM, 0.1% BSA, 1 μg/mL Trypsin)



Multichannel and single-channel pipettes with sterile tips



Sterile reagent boats



Incubator

G.2. Infection media preparation

Table G.1. TCID50 infection media recipe.
Component
Sterile DMEM
Sterile 0.25 % Trypsin-EDTA
BSA
MilliQ Water

Quantity Required
500 mL
200 μL
0.5 g
20 mL
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1. Prepare the BSC by ensuring that all materials from previous processing are put away
and that the BSC is clean.
2. Weigh out 0.5 g Bovine Serum Albumin (BSA) (Fisher Scientific, Fair Lawn NJ; Cat
# BP1600-100). Mix the BSA with 20 mL MilliQ water. Using aseptic technique
inside the BSC, sterile filter the BSA solution through a sterile-grade filter (≤ 0.22
μm).
3. Place 500 mL sterile Dulbecco’s Modified Eagle’s Medium (DMEM) (Corning
Cellgro, Manassas, VA; Cat # 10-013-CM) inside BSC. Using aseptic technique
inside the BSC, add 200 μL sterile 0.25 % Trypsin-EDTA (ATCC, Manassas, VA;
Cat # 30-2101) and the filtered BSA solution to the sterile DMEM.
4. Label the media bottle with its contents, the date of preparation, and the date of
expiration. Initial and date the bottle and store at 2-8°C for future use.

G.3. Assay
Note: all fluid transfer work is to be performed using aseptic technique inside a BSC. These
fluids will contain live virus.
1. Obtain a flat- or round-bottomed 96-well plate. This will become a dilution plate.
2. Load all wells of the plate with 180 μL of infection media.
3. Add 20 μL of media to well A1. Row A will be the negative control.
4. Add 20 μL of sample to wells B1, C1, D1, E1, F1, and G1. If possible, load each
sample into at least 3 rows for replication.
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5. Add 20 μL of positive control (live virus of known titer) to well H1. This will be the
positive control.
6. Perform a 1:10 serial dilution from columns 2 through 12.
7. Obtain a 96-well plate seeded with 50,000 cells per well (adherent MDCK cells).
8. Wash the plate twice with 1x PBS.
9. Transfer 100 μL of the diluted samples to the cell-seeded plate using a multi-channel
pipette.
10. Incubate the plate in a humidified 5% CO2 atmosphere at 34°C.
11. Allow the plate to incubate for two days undisturbed.
12. From day three forward, observe the plate under a microscope for signs of cytopathic
effect; determine the well where cytopathic effects are no longer evident on the cell
morphology.
13. Perform a media exchange every three days by removing the media from the plate
and replacing it with 100 μL fresh media per well.
14. To calculate the TCID50 value, use the following table and equations (Note: values
are an example):
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Log of Virus
Dilution

Infected Test Units
( # + /replicates)

Cumulative
Infected (A)

Cumulative
Uninfected (B)

Ratio of
A/(A+B)

Percent
Infected

-1

6/6

20

0

20/20

100.00

-2

6/6

14

0

14/14

100.00

-3

5/6

8

1

8/9

88.89

-4

2/6

3

5

3/8

37.50

-5

1/6

1

10

1/11

9.09

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑡𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =

( % 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 > 50% ) − 50%
( % 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 > 50% ) − ( % 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 < 50% )

(88.89%) − 50%
= 0.7569
(88.89%) − (37.50%)
𝑇𝐶𝐼𝐷50 = ( 𝑙𝑜𝑔 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 > 50% ) − ( 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑡𝑒 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 )
(−3) − (0.7569) = −3.7569
TCID50 = 103.7569 / 100 μL or TCID50 = 104.7569 / mL
15. Observe the cells in the plates until the calculated TCID50 value does not change.
This could take up to 10 days. The value at which the assay does not change is the
TCID50.

G.4. Waste disposal


For virus that remain unused after preparing the dilution plate, cap the vial and
refrigerate until the virus is no longer needed. At that point, add the vial contents to a
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container of bleach or a solution containing sodium hypochlorite and allow the
container to sit for 30 minutes to inactivate the virus before disposing.


Cap media and 1x PBS bottles inside the BSC after use. Return unexpired media to a
refrigerator (2-8°C). Expired media and trypsin-EDTA should be disposed of down
the drain. Return 1x PBS bottles to their storage location. Recycle empty containers.



At the conclusion of preparation, any material that came in contact with live virus
(i.e. pipettes, pipette tips, dilution plates) should be autoclaved before disposing.



At the conclusion of the assay, all assay plates should be autoclaved before disposing.
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