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Currently MedImmune manufactures cold-adapted (ca) live, attenuated influenza vaccine (LAIV) from
specific-pathogen free (SPF) chicken eggs. Difficulties in production scale-up and potential exposure of
chicken flocks to avian influenza viruses especially in the event of a pandemic influenza outbreak have
prompted evaluation and development of alternative non-egg based influenza vaccine manufacturing
technologies. As part of MedImmune’s effort to develop the live attenuated influenza vaccine (LAIV)
using cell culture production technologies we have investigated the use of high yielding, cloned MDCK
cells as a substrate for vaccine production by assessing host range and virus replication of influenza virus
produced from both SPF egg and MDCK cell production technologies. In addition to cloned MDCK cells
the indicator cell lines used to evaluate the impact of producing LAIV in cells on host range and replica-
tion included two human cell lines: human lung carcinoma (A549) cells and human muco-epidermoid
bronchiolar carcinoma (NCI H292) cells. The influenza viruses used to infect the indicators cell lines rep-
resented both the egg and cell culture manufacturing processes and included virus strains that composed
the 2006–2007 influenza seasonal trivalent vaccine (A/New Caledonia/20/99 (H1N1), A/Wisconsin/67/05
(H3N2) and B/Malaysia/2506/04). Results from this study demonstrate remarkable similarity between

influenza viruses representing the current commercial egg produced and developmental MDCK cell pro-
duced vaccine production platforms. MedImmune’s high yielding cloned MDCK cells used for the cell
culture based vaccine production were highly permissive to both egg and cell produced ca attenuated
influenza viruses. Both the A549 and NCI H292 cells regardless of production system were less permissive
to influenza A and B viruses than the MDCK cells. Irrespective of the indicator cell line used the replication
properties were similar between egg and the cell produced influenza viruses. Based on these study results

CK ce
we conclude that the MD

. Introduction
The currently licensed egg-derived influenza vaccines are effi-
acious, protecting up to 90 percent of vaccine recipients [1–4].
he recent threat of pandemic influenza outbreaks and antici-
ated increase in demand for seasonal influenza vaccine owing

� This project is funded in whole or in part with Federal funds from the Office of
he Assistant Secretary for Preparedness and Response (ASPR), Biomedical Advanced
esearch and Development Authority, under Contract Nos. HHSO100200600010C
nd HHSO100200700036C. The total federal program funding for these contracts is
221,379,570, representing approximately 92% of the total amount of the projects.
he remaining 8% of the total amount for the projects is anticipated to be financed
y nongovernmental sources.
∗ Corresponding author. Tel.: +1 650 603 2483; fax: +1 650 603 3483.

E-mail address: hussaina@medimmune.com (A.I. Hussain).

264-410X/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.vaccine.2010.03.005
ll produced and egg produced vaccine strains are highly comparable.
© 2010 Elsevier Ltd. All rights reserved.

to expanded vaccination recommendations require evaluation
of alternative non-egg based technologies for manufacturing
influenza vaccines [5]. The production of the egg-derived vaccine
is not easily scalable and is limited by the availability of chicken
eggs [6]. The egg-based influenza vaccine manufacturing process
is labor intensive requiring long term planning and long annual
production cycles [7]. These difficulties in production scale-up and
potential exposure of chicken flocks to avian influenza viruses have
prompted the evaluation of cell culture vaccine production plat-
forms as alternatives to egg dependent production [8].

MedImmune currently manufactures, a live attenuated virus

(LAIV) vaccine indicated for the active immunization of individuals
2–49 years of age against influenza disease caused by influenza
virus subtypes A and B [9–11]. As part of MedImmune’s effort
to develop LAIV using cell culture production technologies, we
have investigated a biologically cloned Madin-Darby canine kid-

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:hussaina@medimmune.com
dx.doi.org/10.1016/j.vaccine.2010.03.005
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ey (MDCK) cell line that produces high titer of influenza virus as
substrate for production [12].

To evaluate the impact of producing LAIV in high yielding cloned
DCK cells, we have assessed in vitro susceptibility and virus

eplication kinetics of influenza virus produced from these cells
r using specific-pathogen free (SPF) eggs. In addition to Med-
mmune’s cloned MDCK cells we used two human cell lines to
valuate and compare infectivity and replication to assess whether
he production system had an impact. The human cell lines used
or evaluation are human lung carcinoma (A549) cells and human

uco-epidermoid bronchiolar carcinoma (NCI H292) cells. These
ells previously have shown to have different susceptibilities to
nfluenza viruses. A549 cells were used in this study because they
upport productive viral replication to levels and kinetics similar
o the human primary lung cells [13]. NCI H292 cells have been
reviously shown to be good for isolation and replication of many
uman viruses including vaccinia virus, HSV, adenovirus, polyoma
K virus and paramyxoviruses [14]. NCI H292 cells have also been
uggested as an alternate to primary rhesus monkey kidney cells for
solation and replication of human paramyxoviruses [14]. Viruses
hat do not replicate in NCI H292 cells include CMV, VZV, SV-40,
espiratory coronaviruses and some influenza A and type B viruses.
dditionally, A549 and NCI H292 cells have been studied to evaluate

nfluenza virus replication, proinflammatory cytokine responses
nd influenza virus induced apoptosis [15,16].

The viruses used for these studies were the virus strains
hat were components of the northern hemisphere 2006–2007
nfluenza seasonal trivalent vaccine: ca A/New Caledonia/20/99
H1N1), ca A/Wisconsin/67/05 (H3N2) and ca B/Malaysia/2506/04;
ach strain was produced in both MDCK cultures as well as eggs
17]. Each vaccine strain was used to infect MDCK, A549 and
CI H292 cell lines at a specific MOI. Cell culture supernatants,
ell lysates and formalin-fixed cell monolayers were collected
through 96 h post-infection. The respective test samples were

nalyzed by fluorescent focus assay (FFA), real-time qRT-PCR,
mmunofluorescence (IF), Western blot analysis and hemaggluti-
ation assay (HA).

Here we report the evaluation of the influenza virus produced
n a high yielding MDCK cell clone and compared it to the virus pro-
uced in SPF chicken eggs. The high yielding MDCK cells were very
ermissive to both egg produced (EP) and cell produced (CP) atten-
ated vaccine strains. Both the A549 and NCI H292 cells were less
ermissive to influenza A strains compared to MDCK cells regard-

ess of the production system. Based on these study results we
onclude that the cloned MDCK cell produced and egg produced
nfluenza vaccine strains are highly comparable.

. Materials and methods

.1. Egg and cell produced virus strains

The three 2006–2007 seasonal vaccine components were pro-
uced using the egg and MDCK cell production platforms. The
est virus used represented egg and cell produced H1N1, H3N2
nd influenza B virus represented by A/New Caledonia/20/99,
/Wisconsin/67/05 and B/Malaysia/2506/04 virus, respectively.
he three seasonal strains were produced by a classical reassort-
ent process according to the currently licensed LAIV master virus

eed (MVS) process. The cell produced virus for the study was
enerated from the same virus seeds used to manufacture the egg-
erived 2006–2007 viruses. Briefly, the egg produced virus strains

ere produced in 10- to 11-day-old SPF eggs inoculated with 0.1 mL

f 3.1 log10 TCID50/mL each. The inoculated eggs were incubated at
3 ± 1 in the presence of 70% humidity for 48 h for H1N1 and H3N2
irus and 60 h for influenza B virus. The virus containing allantoic
uid was harvested, stabilized with sucrose phosphate buffer and
8 (2010) 3848–3855 3849

further processed for downstream purification. The final purified
bulk was tested for virus concentration and stored at or below
60 ◦C until further use. The egg produced viruses were subjected
to four passages in eggs during the MVS manufacturing process.
The MDCK cell produced viruses were propagated in MDCK cells
using sufficient quantity of cells for bioreactor inoculation. The
cells were allowed to attach to the microcarriers with controlled
pH in the presence of CO2. Viral infection of the MDCK cell culture
was achieved by allowing the microcarriers to settle and by addi-
tion of infection medium and appropriate volume of master virus
seed stock. Upon addition of infection medium and virus inoculum
the cell culture was maintained at 33 ± 1 ◦C for 48 h. At the end
of infection the cell culture supernatant was collected and further
processed through downstream purification. The final purified bulk
was tested for virus concentration and stored at or below 60 ◦C until
further use.

2.2. Cell substrates and propagation

The human lung carcinoma (A549) cells ATCC/Catalogue #
CC-185 Lot No. 4257591 were cultured in Ham’s F-12k media sup-
plemented with 10% fetal bovine serum (FBS) at 37 ± 1 ◦C in the
presence of 5% CO2. The human muco-epidermoid pulmonary car-
cinoma (NCI H292) cells ATCC/Catalogue # CRL-1848 Lot 4734654
were propagated in RPMI 1640 medium supplemented with 10%
FBS. The MDCK cloned cells a proprietary cell line developed in
MedImmune were first grown in roller bottles and then seeded in
6-well tissue culture (TC-6) plates prior to infection. A549 and NCI
H292 cells were all expanded in T-225 tissue culture flasks prior to
infection in TC-6 well plates. The cells were seeded into TC-6 well
plates at a seeding density of 1.75 × 106 cells/well with 2 mL com-
plete growth media. The cells were incubated 12–48 h at 37 ± 1 ◦C
and 5% CO2 until confluent.

2.3. Influenza virus infection of cells

The TC-6 well plates with confluent wells were washed once
with 2 mL Hanks Balanced Salt Solution (HBSS) prior to infection.
Based on the cell count per well and virus titers, the egg pro-
duced (EP) and cell produced (CP) viruses were diluted in complete
growth medium and then used to infect cells at an MOI of 0.1
except for A549 which was also infected at an MOI of 1.0. The TC-6
well plates were inoculated with 0.5 mL inoculum and incubated
at 33 ± 1 ◦C, 5% CO2 for 60 min. Following virus adsorption the cell
monolayer was washed with HBSS and wells replaced with 2 mL
complete growth media. Cell culture supernatants and cell lysates
were collected at 4, 8, 12, 24, 48, 72, and 96 h post-infection (PI)
and stored at ≤−60 ◦C until testing. The test samples included clar-
ified and stabilized cell culture supernatant, cell lysates for both
RNA extraction and Western blot analysis and formalin-fixed cell
monolayers.

2.4. Fluorescent focus assay (FFA) for determination of virus
potency

FFA, an antibody binding and staining method was used for
the potency determination of influenza virus titers. Cell super-
natants collected 4 through 96 h PI were each appropriately diluted
in virus growth medium. In the case of samples with low virus
concentrations the dilution scheme was altered. Briefly, 2-day-old
ATCC Madin-Darby Canine Kidney (MDCK) cells in 96-well tissue

culture plates were infected by inoculating 100 �L of appropri-
ate virus dilutions and incubating the plates at 33 ± 1 ◦C in the
presence of 5% CO2 for 18 h. Polyclonal chicken antisera against
the virus were used as the primary antibody and rabbit anti-
chicken IgG conjugated with FITC was used as the secondary
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Fig. 1. Comparison of replication kinetics of egg and cell produced influenza A and
influenza B virus infected MDCK cells. Kinetics of CP and EP cold-adapted A/New
850 A.I. Hussain et al. / Va

ntibody. They were used as to detect the infected cells prior to titer
etermination.

.5. Total RNA isolation from cells

Total RNA was isolated from each cell line using the RNeasy®

ini kit (Qiagen) according to the manufacturer’s instructions, with
inor modifications. Briefly, 375 �L of RLT buffer was added to

ach TC-6 well and allowed to incubate at room temperature for
min. The cells were then scraped and total RNA was extracted
ith an RNeasy® spin column. Purified RNA was eluted into 50 �L

f nuclease-free water and stored at ≤−60 ◦C until use. Uninfected
otal cell RNA was also extracted and used as control.

.6. Viral RNA isolation from supernatants

RNA was isolated from 10× sucrose phosphate buffer stabilized
ell supernatants using the RNeasy® 96 kit (Qiagen) according to
he manufacturer’s spin technology instructions, with minor modi-
cations. RNA was extracted with an RNeasy® 96 spin column plate.
urified RNA was eluted into 100 �L of nuclease-free water and
tored at ≤−60 ◦C until use.

.7. Real-time one-step RT-PCR

Real-time one-step RT-PCR reactions were carried out using the
BI TaqMan® one-step RT-PCR master mix according to the manu-

acturer’s instructions with a total volume of 25 �L. The primers and
robes used for amplification of influenza A and B gene segments

nclude A-MF 5′-AAG ACC AAT CCT GTC ACC TCT GA-3′, A-MR 5′-
AA AGC GTC TAC GCT GCA GTC C-3′ and 6FAM TTC ACG CTC ACC
TG CCC AGT G-Tamra; B-MF 5′-GAG ACA CAA TTG CCT ACC TGC
T-3′, B-MR 5′-TTC TTT CCC ACC GAA CCA AC-3′ and 6FAM-AGA
GA TGG AGA AGG CAA AGC AGA ACT AGC-Tamra; A-PB1F 5′-GAC
TT GGG CCA GCA ACA-3′, A-PB1R 5′-GTG GCA CCG GTA CGT ATA
CT G-3′ and 6FAM-CCC AAC TGG CTC TTA ACT ATT CAT CAA AGA
T-Tamra and B-NPF 5′-CTT GCT TCG GAG CTG CCT AT-3′, B-NPR 5′-
GA AAC CCT TGC ACT TTA ATG C-3′ and 6FAM-CCC AAC TGG CTC
TA ACT ATT CAT CAA AGA CT-Tamra. The primers and probe were
sed at a final concentration of 900 nM and 250 nM, respectively.
ample RNA volume of 5 �L was added to the 20 �L reaction mix.
o template control (NTC) reactions contained 5 �L of nuclease-

ree water. Each sample was tested in duplicate. A 10-fold dilution
eries of purified influenza A or B RNA with known virus titers
log10 FFU/mL) was performed and 5 �L of each standard dilution
as run in triplicate to construct a 7-point standard curve. Ther-
al cycling was performed in a Fast Real-time PCR System 9700HT

ABI). The RT step involved incubation at 48 ◦C for 30 min. The PCR
ycling conditions included 95 ◦C for 10 min, 40 cycles of 95 ◦C for
5 s and 60 ◦C for 1 min. The quantity, or copy number, for the test
amples was calculated based on the standard curve and reported
s RT-PCR log10 copies/mL.

.8. Real-time two-step RT-PCR

Reverse transcription of RNA with random hexamers was per-
ormed in a final volume of 20 �L with 1 unit RNase inhibitor and
0 �L of sample or standard RNA using the high capacity cDNA
everse transcription kit (ABI).

.9. PCR amplification
Multiplex real-time PCR reactions were carried out using the
aqMan® Universal PCR Master Mix according to the manufac-
urer’s instructions with a total volume of 25 �L. Primers and probes
or M, PB1, and NP segments for both influenza A and influenza B
Caledonia/20/99, A/Wisconsin/67/05 and B/Malaysia/2506/04 influenza virus repli-
cation in MDCK cells measured by FFA (each data point represents average of
triplicate samples tested).

were obtained from ABI. In each reaction, the custom primers and
probe were used at a final concentration of 900 nM and 250 nM,
respectively, along with a 1× final concentration of eukaryotic 18s
rRNA TaqMan® Endogenous Control, VIC®/MGB (ABI). Each sample
was tested in triplicate. Thermal cycling was performed in a Fast
Real-time PCR System 9700HT (ABI) in standard mode. The PCR

cycling conditions included a UNG incubation of 50 ◦C for 2 min,
denaturation of 95 ◦C for 10 min, followed by 40 cycles of 95 ◦C for
15 s and 60 ◦C for 1 min. The quantity, or copy number, for the test
samples is calculated and reported as log copies/mL.
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ig. 2. Comparison of viral RNA copy number of egg and cell produced influenza A
/New Caledonia/20/99, A/Wisconsin/67/05 and B/Malaysia/2506/04 influenza viru
oint represents average of triplicate samples tested). The maximum SD for the tripli

.10. Immunofluorescence assay

Following harvesting the supernatants at each of the time points
he cells in the TC 6 plates were washed with 1× in PBS and
xed with 1% formalin for 15 min at 4 ◦C. The plates were washed
wice with 2 mL/well of PBS. Sheep anti-A/New Caledonia/20/99,
/Hiroshima/52/05 (cross-reactive with A/Wisconsin/67/05) and
/Malaysia/2506/04 were used as primary antibodies at 1:1000
ilutions. Primary antibody treated plates were incubated at
7 ± 1 ◦C for 1 h and washed with 2 mL of TPBS (PBS with 0.1%
ween-20) with 5 min interval between washes. 1:300 diluted
ITC-conjugated secondary antibodies was added and plates incu-
ated at 37 ± 1 ◦C for 1 h and washed 3× with 2 mL/well of TPBS.
ll of the wash fluid was removed and plates were air-dried at
oom temperature. The plates were screened for fluorescence using
fluorescent microscope and images were captured for analysis.

.11. Western blot analysis

Proteins in the virus infected cell lysates were separated by
lectrophoresis using the BioRad pre-cast gels under denaturing
nd reducing conditions. Ten-well 10–20% SDS–polyacrylamide
els were used to size separate proteins in the samples. Samples
ere denatured using sample buffer with �-mercaptoethanol and
eated at 95 ◦C for 5 min. Samples were normalized by protein
oncentration. BioRad Kaleidoscope and Rainbow Marker (Amer-
ham Biosciences) molecular weight marker was used on each
el. Electrophoresis was performed in running buffer at 80–100 V
or 1.5–2 h. Following electrophoresis the size-separated proteins
ere transferred to pre-cut PVDF membranes in a BioRad blotting

odule using 1× transfer buffer. Proteins were transferred for 1 h

t 100 V in an ice bath. PVDF membranes with transferred proteins
ere blocked overnight in a 5% solution of nonfat dry milk solu-

ion containing 0.1% Tween-20. The blocked PVDF membranes were
ashed 1× in wash buffer and reacted for 1 h on a rocker plate at
virus infected MDCK, A549 and NCI H292 cells. Kinetics of CP and EP cold-adapted
egment RNA in MDCK, A549 and NCI H292 cells measured by qRT-PCR (each data
for MDCK, A549 and NCI H292 cells was found to be 0.23, 0.48 and 0.43, respectively.

room temperature with appropriate dilutions of sheep antisera to
A/New Caledonia/20/99 (H1N1), A/Hiroshima/52/05 (H3N2), and
B/Malaysia/2506/04, respectively. After washing the PVDF mem-
brane were reacted with goat anti-sheep IgG-HRP conjugate for 1 h
on the rocker plate at room temperature. The viral proteins were
detected using Pierce, SuperSignal West Pico Chemiluminescent
substrate on film.

2.12. Hemagglutination (HA) assay

The hemagglutination (HA) assay was performed using freshly
prepared 0.5% chicken, turkey and guinea pig RBCs prepared in
PBS. The culture supernatants harvested from 4 through 96 h post-
infection were tested for hemagglutination activity. Briefly, 50 �l
of undiluted cell supernatant was added to the first well of a V-
bottom 96-well plates containing 50 �l/well DPBS. Serial two-fold
dilutions were performed and 50 �l of 0.5% appropriate red blood
cell suspension was added to each well and the 96-well plate was
incubated undisturbed at room temperature (RT) for 30–60 min.
HA results were recorded and results reported as log2 HA units.

2.13. HA and NA sequence analysis

RNA from supernatants from virus infected wells was extracted
using QIAamp® viral RNA mini kit (Qiagen) per manufacturer’s
instructions and 5 �l of it was used for generation of HA and NA
RT-PCR products for sequencing. Following RT-PCR amplification
single-tube MicroSpin S-400 spin columns were used to clean up
the amplicons. Analysis and PCR product concentration were deter-
mined by agarose gel electrophoresis. Sequencing was performed

using Prism BigDye® terminator cycle sequencing ready reaction
kit v.3.0 (ABI) using standard cycle sequencing conditions. Unin-
corporated dye terminators were removed using a PerformaTM

DTR gel filtration block and purified products were collected in
a MicroAmp® PCR plate and electrophoresis for sequencing was
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Fig. 3. Comparison of influenza A and B viral RNA accumulation in infected
MDCK cells. Kinetics of CP and EP cold-adapted A/New Caledonia/20/99 (A/NC),
852 A.I. Hussain et al. / Va

erformed using 3730 DNA analyzer (ABI) and the data files were
rocessed using SequencherTM software

. Results

.1. Replication kinetics of influenza virus in MDCK, A549 and
CI H292 cells

Fluorescent focus assay (FFA) was performed to quantitate infec-
ious virus and compare replication kinetics of EP and CP influenza
iruses in MDCK, A549 and NCI H292 cells. The virus titer mea-
ured using FFA was found to be comparable for both the EP and CP
nfluenza viruses in all the indicator cells. In MDCK cells infected at
.1 MOI, a difference of no more than 0.4 log10 FFU/mL in virus peak
iter was observed between EP and CP A/New Caledonia/20/99,
/Wisconsin/67/05 and B/Malaysia/2503/04 virus (Fig. 1). Results

rom the replication kinetics suggest MDCK cells to be highly per-
issive to both CP and EP influenza A and B viruses. The peak

irus titers for EP and CP H1N1, H3N2 and influenza B virus were
etermined to be 8.6 ± 0.0 and 8.5 ± 0.0, 7.5 ± 0.06 and 7.9 ± 0.0
nd 7.8 ± 0.10 and 7.9 ± 0.0, respectively. For both A549 and NCI
292 cells the virus titer was below the limit of detection of the
FA (<2.4 log10 FFU/mL) when infected with either EP or CP A/New
aledonia/20/99 and A/Wisconsin/67/05 at MOI of 1.0. Detectable
irus titers for EP and CP B/Malaysia/2506/04 virus infected A549
nd NCI H292 cells were observed for infection at MOI of 1.0.
owever, the peak virus titers were <5 log10 FFU/mL and suggest

estricted permissiveness of both A549 and NCI H292 cells to
nfluenza virus infection using the study protocol (data not shown).
esults demonstrate MedImmune’s cloned MDCK cells are highly
ermissive to influenza virus infection and irrespective of the pro-
uction platform generate high titers of ca attenuated influenza
iruses.

.2. Comparison of viral RNA copy number in MDCK, A549 and
CI H292 cell supernatant

To evaluate the effect of production substrate on replication
inetics of the influenza viruses total viral RNA (log10 copies/mL)
as measured in EP and CP infected MDCK, A549 and NCI H292

ells culture supernatants using qRT-PCR. Comparison of EP and
P virus replication kinetics showed both were capable of effi-
ient replication in MDCK cells. The peak viral RNA copy numbers
or EP and CP A/New Caledonia/20/99, A/Wisconsin/67/05 and
/Malaysia/2506/04 in MDCK cell supernatant were determined to
e 7.8 ± 0.06 and 7.7 ± 0.04, 7.9 ± 0.07 and 7.9 ± 0.06 and 8.7 ± 0.04
nd 8.5 ± 0.12, respectively. Similar to MDCK cells, replication of
oth EP and CP influenza viruses in A549 and NCI H292 cells was
ound to be comparable. In A549 cells infected at MOI of 1.0 for
gg and CP A/New Caledonia/20/99 and B/Malaysia/2056/04 virus
he peak viral copy number was determined to be 4.3 ± 0.14 and
.9 ± 0.08 and 6.1 ± 0.10 and 6.5 ± 0.09, respectively. The EP and
P A/Wisconsin/67/05 virus replicated poorly in A549 cells. In NCI
292 cells virus replication was severely restricted with H1N1 and
3N2 viral RNA not detectable in culture supernatants for both

he EP and CP viruses. Similar to replication in A549 cells, repli-
ation of B/Malaysia/2056/04 was restricted in NCI H292 cells for
oth EP and CP viruses (Fig. 2). Replication kinetics measured using
iral RNA copies like the FFA assay confirm that the virus produc-
ion platform has minimal impact on replication of cold-adapted
nfluenza viruses. The results also suggest cloned MDCK cell to be
ighly permissive for both EP and CP influenza viruses.
.3. Viral RNA in infected MDCK, A549 and NCI H292 cell lysates

Efficiency of intracellular viral replication was also evaluated by
easuring PB1, M and NP segment RNA expression kinetics using
A/Wisconsin/67/05 (A/Wis) and B/Malaysia/2506/04 (B/Mal) influenza virus M, NP
and PB1 segment RNA in MDCK cell lysates by qRT-PCR (each data point represents
average of triplicate samples tested). The maximum SD for the triplicates for A/NC,
A/Wis and B/Mal was found to be 0.13, 0.22 and 0.09, respectively.

qRT-PCR in cell lysate that were prepared from EP and CP virus

infected cells. Figs. 3–5 summarize the accumulation of viral RNA
in cell lysates of infected MDCK, A549 and NCI H292 cells, respec-
tively. The pattern of both EP and CP influenza A PB1 and M segment
viral RNA expression kinetics and influenza B NP and M segment
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Fig. 4. Comparison of influenza A and B viral RNA accumulation in infected
A549 cells. Kinetics of CP and EP cold-adapted A/New Caledonia/20/99 (A/NC),
A/Wisconsin/67/05 (A/Wis) and B/Malaysia/2506/04 (B/Mal) influenza virus M, NP
and PB1 segment RNA in A549 cell lysates by qRT-PCR (each data point represents
average of triplicate samples tested). The maximum SD for the triplicates for A/NC,
A/Wis and B/Mal was found to be 0.17, 0.10 and 0.09, respectively.

Fig. 5. Comparison of influenza A and B viral RNA accumulation in infected NCI
H292 cells. Kinetics of CP and EP cold-adapted A/New Caledonia/20/99 (A/NC),
A/Wisconsin/67/05 (A/Wis) and B/Malaysia/2506/04 (B/Mal) influenza virus M, NP
and PB1 segment RNA in NCI H292 cell lysates by qRT-PCR (each data point repre-
s
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B influenza virus, respectively. Similarly viral proteins were also
detected in A549 cells infected with A/New Caledonia/20/99 and

F
o

ents average of triplicate samples tested). The maximum SD for the triplicates for
/NC, A/Wis and B/Mal was found to be 0.17, 0.13 and 0.08, respectively.

iral RNA accumulation in infected whole cell lysates was compa-
able. Accumulation of PB1, M and NP viral RNA in infected MDCK
as higher for all three viruses compared to A549 and NCI H292

ells and confirmed the highly permissive nature of MDCK cells
o influenza virus infection (Fig. 3). Results demonstrate intracel-
ular influenza segment RNA expression to be efficient in MDCK
ells compared to restricted replication kinetics in A549 and NCI
292 cells. The level of PB1, M and NP segment RNA in MDCK cell

ysates was found to be similar for both EP and CP influenza viruses.

hese results confirm minimal impact of the egg and cell production
latforms on intracellular viral expression kinetics.

ig. 6. Comparison of progression of infection observed using immunofluorescence in eg
f CP and EP cold-adapted A/New Caledonia/20/99 influenza virus replication measured b
Fig. 7. Viral protein expression in MDCK cells infected with cell and egg produced
virus. A/New Caledonia/20/99. Kinetics of viral protein expression in CP and EP cold-
adapted A/New Caledonia/20/99 MDCK cells detected using sheep antibodies show
the major HA proteins including HA0, HA1 and HA2 proteins.

3.4. Progression of infection

Spread of influenza virus infection was monitored using IF stain-
ing to assess effect of virus production platform on permissivity of
MDCK, A549 and NCI H292 cells. Infected MDCK cells were observed
as early as 4–8 h post-infection for both CP and EP influenza viruses
at 0.1 MOI. At 24 h post-infection all of the cell monolayer was
positive for influenza NP protein detected by fluorescence and sug-
gests high permissivity and efficient spread of virus infection in
MDCK cells. CPE was more extensive for 48 and 72 h post-infection
time points and >90% MDCK cells were in suspension by 96 h post-
infection for all three CP and EP viruses (Fig. 6). Infection of A549
and NCI H292 cells at a MOI of 0.1 resulted in limited infection
and lack of progressive increase in fluorescence positive cells over
time for A/New Caledonia/20/99 and B/Malaysia/2506/04. Results
demonstrate that the virus production platform had no significant
effect on permissivity and spread of virus infection in MDCK cells.

3.5. Viral protein expression in infected cells

To assess the impact of production platform on influenza virus
protein expression Western blotting was performed on cell lysates
from CP and EP infected MDCK, A549 and NCI H292 cells. In MDCK
cells infected with A/New Caledonia/20/99, A/Wisconsin/67/05 and
B/Malaysia/2506/04 virus protein expression detected by Western
blot showed three major protein bands corresponding to HA0, HA1
and HA2 as early as 8–12 h post-infection (Fig. 7). The profile of HA
protein expression was similar for both EP and CP H1N1, H3N2 and
B/Malaysia/2506/04 virus and in NCI H292 cells infected with both
and egg and cell-based B/Malsysia/2506/04 virus (data not shown).
The viral protein expression of EP and CP viruses was found to be

g and cell produced influenza A and B virus infected MDCK cells (MOI 0.1). Kinetics
y Immunofluorescence assay on MDCK 9B91E4 (magnification 50×).
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Table 1
Comparison of hemagglutination activity in cell and egg produced influenza B virus infected MDCK cells.

Virus production
platform

Time P.I. (h) cRBC tRBC gpRBC

A/N A/W B/M A/N A/W B/M A/N A/W B/M

Egg 4 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 0 0 0
24 256 16 32 128 64 32 32 32 64
48 512 128 64 256 256 128 128 256 128
72 512 128 128 256 256 512 256 256 512
96 512 128 128 256 512 512 128 256 256

MDCK 4 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0

12 0 0 0 0 0 0 0 0 0
24 256 32 8 128 64 4 32 64 64
48 1024 128 64 512 1024 64 256 512 256
72 512 128 128 512 1024 64 512 512 512
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biologicals are being considered for the development of new bio-
logicals. This is especially true in the case of both pandemic and
seasonal inactivated influenza vaccines. The cell substrates being
evaluated and in use include Vero, suspension and adherent MDCK,

Table 2
Comparison of hemagglutination activity in cell and egg produced influenza B virus
infected A549 cells.

Virus production platform Time P.I. (h) B/Malaysia/2506/04

cRBC tRBC gpRBC

Egg 4 0 0 0
8 0 0 0
12 0 0 0
24 16 32 32
48 64 128 128
72 128 128 128
96 128 128 256

MDCK 4 0 0 0
8 0 0 0
12 0 0 0
24 16 32 64
96 512 128 64

bbreviations used: cRBC—chicken red blood cells; tRBC—turkey red blood cells; gpR
/M—B/Malaysia/2506/04.

omparable and confirm minimal impact of production platform
n virus replication.

.6. Hemagglutination activity

To assess the effect of production platform on virus recep-
or binding properties hemagglutination activity in cell culture
upernatants from CP and EP virus infected MDCK, A549 and NCI
292 cells was measured. The HA titers using chicken, turkey and
uinea pig red blood cells for the EP and CP influenza viruses from
nfected MDCK, A549 and NCI H292 cells found to be comparable.
or MDCK cells hemagglutination was observed as early as 24 h
ost-infection for A/New Caledonia/20/99, A/Wisconsin/67/05 and
/Malaysia/2506/04 using all RBCs. No more than two log2 HAU
ifference in HA titers was observed between EP and CP viruses
ith the exception of CP A/Wisconsin/67/05 for 48 and 72 h super-
atants and for B/Malaysia/2506/04 at 72 and 96 h post-infection
sing tRBC (Table 1). For infected A549 cells HA titers were only
bserved for B/Malaysia/2506/04 and were similar for both EP and
P viruses (Table 2). No detectable hemagglutination was observed
or supernatants from both influenza A virus infected A549 cells.
sing all three RBCs none of the EP and CP virus infected NCI H292
ells demonstrated hemagglutination activity. Tables 1 and 2 sum-
arize the HA titers both egg and cell-based influenza viruses from
DCK and A549 cells. Absence of hemagglutination in A549 and NCI
292 is consistent with restricted virus replication observed using
FA and qRT-PCR assays. Results from hemagglutination assay con-
rm efficient virus replication in MDCK cells and demonstrate
inimal impact of production substrate on receptor biding prop-

rty of ca influenza virus.

.7. Sequence analysis of MDCK, A549 and NCI H292 derived
old-adapted virus

The HA and NA sequences of MDCK, A549 and NCI H292
ells derived A/New Caledonia/20/99, A/Wisconsin/67/05 and
/Malaysia/2506/04 virus were compared to the sequences of
he respective virus used as inoculum. No sequence differences
n HA and NA segments were identified in either EP or CP
/Malaysia/2506/04 from MDCK, A549 and NCI H292. The sequence

f the HA and NA segments from EP and CP A/Wisconsin/67/05
rom MDCK cells was found to be identical to the sequence of the
noculum. Similarly HA and NA segment sequences from EP and
nly CP NA segment sequence for A/New Caledonia/20/99 from
DCK and A549 cells were found to be identical to the sequence
256 512 64 128 512 256

uinea pig red blood cells; A/N—A/New Caledonia/20/99; A/W—A/Wisconsin/67/05;

of the inoculum. However, the CP HA segment sequence had a sub-
stitution identified to be 505G (141S) compared to the inoculum
sequence of 505A (141N) for both MDCK and A549 derived A/New
Caledonia/20/99 virus. The nucleotide change resulting in amino
acid substitution at position 141 (S to N) for CP A/New Caledo-
nia/20/99 from MDCK and A549 cells of HA occurred in the domain
equivalent to the antigenic site A. Interestingly, the G505A lead-
ing to A141N amino acid substitution has been previously reported
for cold-adapted A/New Caledonia/20/99 (Buonagurio et. al. [18])
when compared to wild-type HA sequence. The hemagglutination-
inhibition (HAI) analysis from this previous study comparing virus
with and without the A141N substitution revealed no differences
between viruses.

4. Discussion

A broad range of cell substrates are available for development
of human biologicals. However, only a few including WI-38, Vero,
MRC-5, CEF and CHO cells have earned acceptability among the
regulatory agencies. Different cell substrates for manufacturing
48 64 128 256
72 128 128 256
96 128 128 256

Abbreviations used: cRBC—chicken red blood cells; tRBC—turkey red blood cells;
gpRBC—guinea pig red blood cells.
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ERC6 and insect cells [8,19–27]. Transgenic plants have also been
hown useful to generate subunit influenza vaccines [28]. These
ew substrates while useful for vaccine development also raise con-
erns of safety. Assessing the safety and risks of using these novel
ubstrates takes into account the advances made in manufacturing
rocesses, purification technologies and methodologies to evalu-
te risks. The high yielding MDCK clone used by MedImmune is
ell characterized and has been shown to be safe for manufac-

uring LAIV (data not discussed) [20]. The cloned MDCK cell line
as developed from ATCC cell line and a bank was established and

ater adapted to grow in serum-free growth medium. Briefly, the
igh yielding MDCK cells were initially cloned in serum contain-

ng medium and screened for virus productivity. These clones were
ater adapted to grow in serum-free conditions for generation of the
ccession and master cell bank. The cloned MDCK cells have been
ell characterized and shown to be free of adventitious agents and
ave been demonstrated to be non-tumorigenic in animal models.

The egg and cell produced influenza viruses showed remarkable
imilarity in their ability to infect cloned MDCK, A549 and NCI H292
ells. Cloned MDCK cells were highly permissive to infection by all
hree egg and cell produced influenza virus. A549 and NCI H292
ells in comparison to cloned MDCK cells were not permissive to
/New Caledonia/20/99 and A/Wisconsin/67/05 virus but allowed

or limited but restricted replication of B/Malaysis/25060/4 virus
epresenting both egg and cell production processes.

Based on in vitro substrate susceptibility, infection progression,
eceptor binding ability, replication kinetics, viral RNA and protein
xpression and HA and NA sequence comparisons, cold-adapted
nfluenza virus generated using the cloned MDCK cell-based pro-
uction technology were found to be very similar to the LAIV
enerated using the egg based manufacturing process.
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