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Suspension Madin-Darby canine kidney (MDCK) cells (MDCK-N), adherent MDCK cells (MDCK-C), and
adherent rhesus monkey kidney LLC-MK2 cells (LLC-MK2D) were systematically evaluated for the prepa-
ration of influenza vaccine seed viruses for humans on the basis of primary virus isolation efficiency,
growth ability, genetic stability of the hemagglutinin (HA) and neuraminidase (NA) genes, and antigenic
properties in hemagglutination inhibition (HI) test of each virus isolate upon further passages. All the
subtypes/lineages of influenza viruses (A(H1N1), A(HI1N1)pdm09, A(H3N2), B-Victoria, and
B-Yamagata) were successfully isolated from clinical specimens by using MDCK-N and MDCK-C, whereas
LLC-MK2D did not support virus replication well. Serial passages of A(HIN1) viruses in MDCK-N and
MDCK-C induced genetic mutations of HA that resulted in moderate antigenic changes in the HI test.
All A(H1N1)pdmO09 isolates from MDCK-C acquired amino acid substitutions at the site from K153 to
N156 of the HA protein, which resulted in striking antigenic alteration. In contrast, only 30% of MDCK-
N isolates showed amino acid changes at this site. The frequency of MDCK-N isolates with less than
two-fold reduction in the HI titer was as high as 70%. A(H3N2) and B-Yamagata isolates showed high anti-
genic stability and no specific amino acid substitution during passages in MDCK-N and MDCK-C.
B-Victoria isolates from MDCK-N and MDCK-C acquired genetic changes at HA glycosylation sites that
greatly affected their antigenicity. When these cell isolates were applied to passages in hen eggs, A
(HIN1), B-Victoria, and B-Yamagata viruses grew well in eggs, while none of the cell isolates of A
(H3N2) viruses did. Thus, we demonstrate that MDCK-N might be useful for the preparation of influenza

vaccine seed viruses.
© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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- 1. Introduction
Abbreviations: EIDso, 50% egg infectious dose; HA, hemagglutinin; HI, hemag-
glutination inhibition; LLC-MK2D, adherent LLC-MK2 cells; MDCK cells, Madin-

Darby canine kidney cells; MDCK-C, adherent MDCK cells; MDCK-N, suspension Influenza, a global public health problem, is highly contagious

MDCK cells; NA, neuraminidase.
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and causes mild to severe illness such as high fever, myalgia, head-
ache, and pneumonia. In the United States alone, influenza virus is
thought to infect 3-16% of the population, with an estimated
economic burden of $47.2-$149.5 billion every year [1,2]. Annual
influenza epidemics around the world result in about three to five
million cases of severe illness and about 290,000 to 650,000 deaths
each year [3]. Furthermore, influenza pandemics, like those in
1918, 1957, 1968, and 2009, can occur. The Spanish influenza pan-
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demic of 1918-1919 resulted in hundreds of millions of cases and
led to approximately 20-50 million human deaths [4]. Human
infection with the highly pathogenic A(H5N1) avian influenza virus
was first detected in 1997, and the World Health Organization
(WHO) has confirmed 860 human cases and 454 deaths as of Jan-
uary 21, 2019 [5,6]. Since March 2013, when the novel A(H7N9)
influenza virus emerged in China, 1567 laboratory-confirmed
human cases, including at least 615 deaths, have been reported
[7,8]. Avian influenza viruses pose a threat of future influenza pan-
demics because the frequency of avian influenza cases in humans
is increasing.

Vaccination is one of the most effective strategies to prevent
influenza virus infection and its associated complications. For sev-
eral decades, influenza vaccines have been principally produced in
embryonated hens’ eggs, but this system has two limitations: (i) it
is difficult for the egg-based system to match the surge in demand
for vaccines, especially during influenza pandemics and (ii) influ-
enza viruses isolated and propagated in eggs will acquire antigenic
alteration through host adaptation [9-15]. Antigenic alteration in
isolates is a serious concern because it can reduce the effectiveness
of the produced vaccines owing to the mismatch between circulat-
ing viruses and vaccine-induced antibodies.

Cell-based vaccines are considered to solve the problems of egg-
based vaccines because manufacturers do not have to depend on
the availability of eggs and can avoid antigenic changes associated
with the adaptation to eggs. For the propagation of influenza
viruses, some cell lines have been used, such as Madin-Darby
canine kidney (MDCK) cells, Vero cells [16,17], LLC-MK2 cells,
PER.C6 cells [18], EB66 cells [19], and AGE1.CR cells [20].

The MDCK cell line is an adherent cell line established from the
kidney of a healthy cocker spaniel dog in 1958. This cell line has
been utilized for influenza surveillance worldwide because of its
high susceptibility to influenza viruses [21,22]. Hence, this conven-
tional MDCK (MDCK-C) with adherent growth is one of the suitable
candidates for the preparation of influenza vaccine seed viruses.

Recently, a suspension MDCK cell line MDCK33016PF (referred
to as MDCK-N in this paper) has been established and used for the
production of seasonal influenza vaccines [22-27]. Suspension
cells have advantages such as simpler culture process without
microcarrier beads, higher virus yield, and lower production cost
compared to adherent cells; therefore, MDCK-N could be a good
candidate for influenza vaccine seed preparation.

LLC-MK2, established from the kidney of a healthy rhesus mon-
key, is susceptible to a variety of viruses, including influenza virus
[28-30]. We have confirmed that LLC-MK2D, a derivative cell line
of LLC-MK?2, is free of specific adventitious agents and has no
tumorigenicity in nude mice. The qualified LLC-MK2D cell line
was shown to be useful for the generation of seed viruses by using
a reverse genetics technology [31]. If this qualified cell line is
proved to have the ability to efficiently propagate influenza virus,
it will be applicable in practical use soon. Hence, the evaluation
of the LLC-MK2D cell line for vaccine seed preparation from clinical
specimens is necessary.

Although some cell lines like MDCK have been in practical use
for vaccine production, it remains unclear whether mammalian
cell lines can amplify a wide variety of influenza viruses without
changing their genetic and antigenic properties. Therefore, it is
necessary to examine cell lines for the identification of the cell sub-
strate most suitable for the development of vaccine seed viruses.
Moreover, since many countries will continue to produce vaccines
with hen eggs, it is desirable that cell-derived seed viruses could
also be applied to egg-based vaccine production.

Thus, in this study, we systematically evaluated MDCK-N,
MDCK-C, and LLC-MK2D cell lines for the preparation of influenza
vaccine seed viruses on the basis of the observed isolation

efficiency, growth properties, genetic and antigenic properties of
the isolates, and characteristics of egg-passaged cell isolates.

2. Materials and methods
2.1. Cells

MDCK-N cells were cultivated in 500 mL disposable spinner
flasks (Corning, Corning, NY, USA) with 100 mL of chemically
defined medium (CDM) prepared by Lonza (Basel, Switzerland) at
100 rpm, 5% CO,, and 37 °C on a shaking platform (MIR-S100C;
Sanyo, Osaka, Japan). Cell passages were performed at intervals
of 3-4days at a seeding density of 1 x 10° cells/mL. Cells were
monitored until the cell density reached 1.0-1.5 x 10° cells/mL
3-4 days after seeding.

MDCK-C cells were maintained in minimum essential medium
(MEM) supplemented with 10% fetal bovine serum (FBS) in a
75 cm? culture flask under 5% CO, at 37 °C. The confluent cells
were trypsinized (0.05% trypsin-EDTA, 25300054; Gibco, Carlsbad,
CA, USA), and 3.0 x 106 cells were seeded in a 75 cm? culture flask
at each passage.

LLC-MK2D cells were maintained in MEM supplemented with
10% FBS, non-essential amino acids (Gibco), and 1 mM sodium
pyruvate (Gibco) in a 75 cm? culture flask under 5% CO, at 37 °C.
The confluent cells were trypsinized (0.05% trypsin-EDTA, Gibco),
and 1.0 x 106 cells were seeded for further passaging.

2.2. Clinical specimens

Nasal or pharyngeal swabs were collected using a UTM 360C kit
(Copan, Brescia, Italy) from patients diagnosed with influenza or
influenza-like illness through the winter seasons of 2006/2007,
2008/2009, and 2010/2011. These specimens were subjected to
virus isolation, and influenza virus-positive samples were further
analyzed to determine type and subtype/lineage. Ten specimens
each were selected from the following five groups: A(HIN1), A
(H1N1)pdmO09, A(H3N2), B-Yamagata, and B-Victoria viruses. The
study protocol was approved by the ethics committee of the
National Institute of Infectious Diseases, Japan.

2.3. Virus isolation and passage in cell culture

For virus isolation using MDCK-N, the infection medium was
prepared at a 3:7 ratio of CDM and protein-free medium (prepared
by Novartis). Neomycin (37.5 ug/mL) was added to prevent bacte-
rial contamination from specimens, and 1 pg/mL of TrypZean
(Sigma-Aldrich, St. Louis, MO, USA) was added to support viral
growth in the infection medium. The density of MDCK-N was
adjusted to 1 x 10° cells/mL in the infection medium, and 5 mL
of cell suspension was distributed to 50 mL filter-capped tubes
(TPP, Trasadingen, Switzerland). Fifty microliters of each clinical
specimen was inoculated into each aliquot of MDCK-N, and tubes
containing cells and specimens were incubated under 5% CO, at
34 °C on a shaker platform. MDCK-C and LLC-MK2D for virus isola-
tion were prepared as follows: 1.5 x 10° (MDCK-C) and 3 x 10°
(LLC-MK2D) cells were seeded in 60 mm diameter dishes 3 days
before the inoculation and kept in MEM with 10% FBS until use.
OPTI-PRO serum-free medium containing 4 mM 1-Glu, 37.5 pg/mL
neomycin, and 1 pg/mL TrypZean (MDCK-C) or 5 ug/mL Trypsin
Acetylated (LLC-MK2D) was used to prepare the virus isolation
medium. Fifty microliters of clinical specimens was inoculated,
and the cultures were kept under 5% CO, at 34 °C. These cell lines
were incubated for 72 h after the inoculation. Then, the super-
natant was collected, and the hemagglutinin (HA) titer in the fluid
was determined. If HA activity was not observed, the supernatant
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was applied for blind passage. Samples showing HA activity after
blind passage were judged as positive for isolation.

The isolates obtained successfully were applied to subsequent
serial passages. The passaging was performed similarly to the pro-
cedure described above. Dilution factors of 1, 10, 100, and 1000
were adopted for the inocula showing HA titers of <8, 16-128,
256-512, and >1024, respectively. On and after the third passage,
the volume of inoculum was increased to 500 uL with ten-fold
dilution and filtered in a sterile manner instead of using neomycin.
The isolates were passaged repeatedly until the passage number
reached 10. The differences in virus isolation efficiency among
the three cell lines were statistically analyzed by the z-test.

2.4. Hemagglutination tests

Hemagglutination tests were performed according to our labo-
ratory’s protocol. Briefly, the samples were serially diluted two-
fold with PBS, and 50 uL of 0.75% guinea pig red blood cells (GRBC)
in PBS was added to 50 pL of diluted samples. After 90 min incuba-
tion, the wells showing complete agglutination of GRBC were
judged as HA positive. The HA titer was determined as the recipro-
cal value of the dilution with HA-positive samples.

2.5. Genetic analysis

Viral RNA in each sample was extracted by using the QIAamp
Viral RNA Mini Kit (Qiagen K. K., Tokyo, Japan). Extracted RNA
was used as the template for RT-PCR using PrimeScript One Step
RT-PCR Kit Ver.2 (Takara Bio Inc., Shiga, Japan) with specific pri-
mers to amplify the HA and neuraminidase (NA) genes of the iso-
lates. PCR amplicons were subjected to DNA sequencing using
the BigDye Terminator Kit Ver.3.1 (Applied Biosystems Japan,
Tokyo, Japan) with the specific primers according to the manufac-
turer’s instructions. Sequence data were collected using an
ABI3730x] automatic capillary sequencer (Applied Biosystems
Japan) and analyzed by Sequencher ver. 4.9 software (Gene Codes
Co., Ann Arbor, MI, USA). Multiple sequence alignment of HA and
NA genes was performed by GENETYX-MAC ver. 15 (Genetyx Co.,
Tokyo, Japan). The differences in the frequency of amino acid sub-
stitution between MDCK-N and MDCK-C were statistically ana-
lyzed by Student’s t-test.

2.6. Antigenic analysis

HA inhibition (HI) tests were performed using 0.75% GRBC with
4 HA units of virus according to standard methods. The HI value
was determined as the reciprocal of the highest dilution of serum
at which HA activity was completely inhibited. The differences in
log, unit of fold reduction of the HI titer between MDCK-N and
MDCK-C isolates were statistically analyzed by Student’s t-test.

2.7. Virus propagation in eggs

Isolates passaged 10 times in MDCK cells were applied for fur-
ther serial passages in eggs. Ten-fold serially diluted isolates were

Table 1

prepared and inoculated into the allantoic cavity of 10-day-old
embryonated hens’ eggs. The eggs were incubated at 34°C in a
humidified atmosphere for 48 h and chilled at 4 °C overnight. After
the collection of allantoic fluids, the endpoint of dilution with HA
activity was determined. The 50% egg infectious dose (EIDs) titers
of the isolates were calculated, and allantoic fluids from 10 to 1000
times lower dilution than the endpoint were pooled for the next
passage in eggs. The viruses were passaged eight times in eggs to
analyze the growth ability and genetic and antigenic stability of
egg-passaged cell isolates.

3. Results

3.1. Isolation efficiency from clinical specimens and growth
characteristics of the isolates

To evaluate the efficiency of virus isolation, 50 clinical samples
(10 samples/subtype or lineage) were inoculated into MDCK-N and
MDCK-C cells, and 20 clinical samples (four samples/subtype or
lineage) into LLC-MK2D cells. The virus isolation efficiency was
higher than 80% for each of the five subtypes/lineages in MDCK-
N and MDCK-C cells (Table 1). However, LLC-MK2D showed signif-
icantly lower efficiency compared to the other two cell lines. No
isolate of the A(H1N1), A(H3N2), or B-Victoria viruses was isolated,
and only two isolates of B-Yamagata were obtained after a blind
passage. Since the virus isolation efficiency in LLC-MK2D cells
was poor from the first 20 samples (five samples each of A
(H1IN1), A(H3N2), B-Victoria, and B-Yamagata), inoculation of the
remaining 30 samples was not done.

To evaluate the growth characteristics of the isolates, HA tests
were performed for the viruses serially passaged in these cell lines.
Both isolates from MDCK-N and MDCK-C showed high HA titers in
A(H1N1), A(H3N2), B-Victoria, and B-Yamagata viruses (Fig. 1). The
cell concentrations were approximately 5 x 10° cells/mL for both
cell lines at the time of infection, and cell-specific yields (amounts
of HA produced per cell) in MDCK-N and MDCK-C were also com-
parable. However, isolates of A(HIN1)pdmO9 from MDCK-N
showed significantly lower HA titers than those from MDCK-C
(Fig. 1). The HA titers of two B-Yamagata isolates from LLC-
MK2D cells, which ranged from 1 to 6 in log, scale (data not
shown), were not comparable to those from MDCK-N and MDCK-
C (ranging from 7 to 9 in log, scale). Overall, both MDCK-N and
MDCK-C cell lines were considerably better suited than the LLC-
MK2D cell line for the isolation and propagation of influenza A
and B viruses.

3.2. Genetic and antigenic analyses of the cell-passaged isolates

We performed genetic and antigenic analyses to assess the sta-
bility of cell-passaged viruses. The frequency of amino acid
changes in the HA of cell-passaged viruses compared to the clinical
specimens was between 0.00 + 0.00 and 2.10 £ 0.31 (mean # stan-
dard error) per virus (Table 2). In the NA gene, cell-passaged
viruses showed amino acid substitutions at a ratio of 0+ 0.00-
0.40 £ 0.16 per virus.

Efficiency of virus isolation from clinical specimens using MDCK-N, MDCK-C, and LLC-MK2D cell lines.

Cell line Isolation efficiency (number of isolates recovered/number of specimens tested)

A(HIN1) A(H1N1)pdmO09 A(H3N2) B-Victoria B-Yamagata
MDCK-N 90% (9/10) 100% (10/10) 100% (10/10) 80% (8/10) 80% (8/10)
MDCK-C 90% (9/10) 100% (10/10) 100% (10/10) 80% (8/10) 90% (9/10)
LLC-MK2D 0% (0/5)* n.d. 0% (0/5)* 0% (0/5)* 40% (2/5)"

" Isolation efficiency in LLC-MK2D was significantly lower than that in MDCK-N and MDCK-C (p < 0.01).
™ Isolation efficiency in LLC-MK2D was significantly lower than that in MDCK-C (p < 0.05).
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Fig. 1. Growth characteristics of influenza viruses in MDCK cell cultures. A(H1N1), A(H1N1)pdm09, A(H3N2), B-Victoria, and B-Yamagata viruses were isolated and passaged
in MDCK-N (open square) and MDCK-C (closed triangle) cells. Each symbol represents the mean HA titers for the obtained isolates (eight to ten isolates for each subtype or
lineage). The error bars represent the standard deviations. The differences in HA titers between MDCK-N and MDCK-C were statistically analyzed by Student’s t-test (*p < 0.05,

**p <0.01). ND, not detectable.

Regarding A(H1N1) viruses, most isolates propagated in MDCK-
N and MDCK-C cells showed the D186N or D186V amino acid sub-
stitution in HA (Table 3). These amino acid changes moderately
affected the reactivity of the cell-passaged viruses with antiserum
against A/Brisbane/59/2007_MDCK. The frequency of MDCK-N iso-
lates with less than two-fold reduction in HI titer was 33.3%, and
that of MDCK-C isolates was 88.9% (Table 4). The log, fold reduc-
tion in the HI titer was 1.33 +0.33 for MDCK-N and 0.67 +0.24
for MDCK-C, with no significant difference (Table 5).

All A(H1N1)pdmO09 isolates from MDCK-C cells acquired one or
more amino acid substitutions at the site from K153 to N156
(Table 3). These amino acid changes resulted in striking antigenic
alteration. All the MDCK-C isolates showed two-fold or higher
reduction in HI titer (Table 4). In contrast, only 30% of MDCK-N iso-
lates showed the amino acid changes at the site from K153 to N156
and more than 70% of the viruses retained the antigenicity of the
reference antigen from cells. It was obvious that the reduction in
HI titer for MDCK-N isolates was significantly lower than that for
MDCK-C isolates (Table 5).

As for A(H3N2) isolates, the pattern of the amino acid changes
was variable in each isolate, where only H183L and V2231 were

Table 2

shared by MDCK-N and MDCK-C isolates (Table 3). For the anti-
genicity of the A(H3N2) virus, 90% of MDCK-N isolates and 70%
of MDCK-C isolates remained within two-fold reduction in HI titer
(Table 4) and there was no significant difference between MDCK-N
and MDCK-C (Table 5).

With regard to B-Victoria viruses, six of eight MDCK-N-
propagated viruses and five of eight MDCK-C-propagated viruses
had amino acid substitutions at the N-linked glycosylation site from
N197 to T199 in the HA protein (Table 3). These amino acid changes
greatly affected the antigenicity, resulting in more than four-fold
reduction for 87.5% of MDCK-N isolates and 75.0% of MDCK-C iso-
lates (Table 4). No significant difference was found for the reduction
in HI titer between MDCK-N and MDCK-C (Table 5).

In the experiments with B-Yamagata viruses, no genetic change
was observed in isolates from MDCK-N or MDCK-C (Table 3), and
87.5% of MDCK-N isolates and MDCK-C isolates essentially retained
the same antigenicity (Table 4). There was no significant difference
in the reduction in HI titer between MDCK-N and MDCK-C
(Table 5). One of the two B-Yamagata isolates from LLC-MK2D
acquired the amino acid substitution of N196D at the N-linked gly-
cosylation site (Table 3).

Frequency of amino acid substitutions in HA and NA proteins of viruses recovered from three cell lines.

Cell line Protein Amino acid changes/virus (mean # standard error)
A(H1N1) A(H1N1)pdmO09 A(H3N2) B-Victoria B-Yamagata
MDCK-N HA 1.00 £0.00 2.10+0.31 0.80+0.13 1.13+0.30 0.00 + 0.00
NA 0.11+0.11 0.10+0.11 0.30+0.15 0.13+0.13 0.00 + 0.00
MDCK-C HA 0.89+0.11 1.60+£0.16 0.40 +£0.16 0.75+0.25 0.00 + 0.00
NA 0.11+0.11 0.00 + 0.00 0.40 +£0.16 0.00 + 0.00 0.00 +0.00
LLC-MK2D HA - - - - 0.50 +0.50
NA - - - - 0.00 + 0.00
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Amino acid substitutions in HA and NA proteins of recovered viruses.

Cell line Observed amino acid substitutions
(number of observed amino acid substitutions/number of analyzed viruses)
A(H1N1) A(H1N1)pdmo09 A(H3N2) B-Victoria B-Yamagata
MDCK-N HA D186N (8/9) K119E/K (1/10) A138S (1/10) N197N/K (3/8) None (0/8)
D186V (1/9) A139D/A (1/10) H183L (2/10) T199T/1 (4/8)
K153H/K (1/10) P221L (2/10) T199N (1/8)
G155E/G (2/10) V2231 (1/10) T199A (1/8)
S183P/S (7/10) N225D (1/10)
L1911 (3/10) 1227S (1/10)
L191I/L (3/10)
E432G (1/10)
K443E (1/10)
V4781 (1/10)
NA S385N (1/9) H297Q (1/10) T148I (3/10) D432D/G (1/8) None (0/8)
MDCK-C HA G152R (1/9) K119N (1/10) H183L (1/10) FI5Y (1/8) None (0/9)
D186N (5/9) K153E/K (5/10) Y195H (2/10) N150N/A (1/8)
D186V (2/9) K154E (1/10) V2231 (1/10) T168I (1/8)
K154E/K (2/10) T199T/1 (2/8)
K154E/Q/K (1/10) T199T/A (1/8)
G155E (4/10)
N156D (1/10)
V3071 (1/10)
NA V114I (1/9) None (0/10) T148P (2/10) None (0/8) None (0/9)
T148A (1/10)
T1481(1/10)
LLC-MK2D HA - - - - N196D (1/2)
NA _ _ - - None (0/2)
Table 4
Antigenic characterization of influenza viruses propagated in MDCK cell lines.
Cell line HI titer Virus: A(HIN1) A(H1N1)pdmO09 A(H3N2) A(H3N2) B-Victoria B-Victoria B-Yamagata (Jan
reduction (Jan 2008, Jan 2009) (Jan 2011) (Jan 2007) (Jan 2009) (Apr 2007) (Dec 2008) 2008, Apr 2008)
Ferret A/Brisbane/ A/Narita/ A/Uruguay/  A/Toyama/ B/Hiroshima/ B/Brisbane/ B/Shizuoka/
antiserum  59/07 1/09 716/07 123/08 1/05 60/08 109/07
against:
MDCK-N  None 3/9 4/10 0/5 5/5 0/3 0/5 4/8
2-fold 0/9 3/10 4/5 0/5 1/3 0/5 3/8
4-fold 6/9 2/10 1/5 0/5 2/3 2/5 1/8
>8-fold 0/9 1/10 0/5 0/5 0/3 3/5 0/8
MDCK-C None 4/9 0/10 0/5 5/5 0/3 0/5 0/9
2-fold 4/9 0/10 2/5 0/5 2/3 0/5 7/9
4-fold 1/9 2/10 2/5 0/5 1/3 3/5 2/9
>8-fold 0/9 8/10 1/5 0/5 0/3 2/5 0/9
Table 5
Statistical analysis of the antigenicity of influenza viruses propagated in MDCK cell lines.
Cell line Log, (fold reduction of HI titer)
A(H1NT1) A(H1N1)pdmo09 A(H3N2) B-Victoria B-Yamagata
MDCK-N 1.33+£0.33 1.00 +0.26" 0.60+£0.17 2.25+0.25 0.63+0.26
MDCK-C 0.67£0.24 2.80+0.14 0.90+0.27 2.00+0.27 1.22+£0.15

The values are expressed as mean + standard error.
" Log, unit of fold reduction of the HI titer in MDCK-N was significantly lower than that of MDCK-C (p < 0.01).

3.3. Propagation of the cell-derived isolates in eggs

Two cell isolates each from A(HIN1), B-Victoria, and B-

Yamagata viruses, which were passaged 10 times in MDCK-N or
MDCK-C, were applied for serial passages in eggs. Although we
attempted to grow all A(H3N2) cell isolates in eggs, none of the iso-

lates grew in the allantoic cavity. No viral genome was detected in
the virus-inoculated eggs by quantitative RT-PCR [32].

The growth properties of the cell isolates in eggs are shown in
Fig. 2. The A(H1N1) isolates showed high HA titers from the begin-
ning of the egg passages, and the EIDso values reached 10%-10°
immediately during passages (Fig. 2A). The HA titers and EIDsg val-
ues of A(HIN1) viruses seemed high enough for both MDCK-N and
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Fig. 2. Growth characteristics of cell isolates in embryonated hens’ eggs. Isolates of A(HIN1), B-Victoria, and B-Yamagata viruses from MDCK-N (open square and triangle)
and MDCK-C (closed square and triangle) were serially passaged in eggs. Each symbol represents the EIDs, (A, B, and C) or HA titer (D, E, and F) of one passaged virus. ND, not

detectable.

MDCK-C isolates, although the HA titers of the MDCK-N isolates
were lower than those of MDCK-C (Fig. 2D).

The isolates of the B-Victoria lineage gradually acquired high
infectivity for eggs, and EIDsq values reached 106-107 after the fifth
passage (Fig. 2B). The isolates of the Yamagata lineage grew well in
eggs after the second passage, and EIDs values around 10% were
observed for both MDCK-N and MDCK-C isolates (Fig. 2C). How-
ever, the HA titers of the B-Victoria and B-Yamagata viruses iso-
lated in both cell lines remained lower even after extended
passages in eggs; this finding is an important aspect warranting
improvement (Fig. 2E and F).

3.4. Genetic and antigenic analyses of the egg-passaged cell isolates

All the A(H1N1) isolates from MDCK-N and one isolate from
MDCK-C possessed the D186N substitution but had acquired no
additional mutation during further passages in eggs (Table 6). For
the other A(H1N1) isolates from MDCK-C, which had had no amino
acid substitution as long as they were passaged in cells, the D186N
substitution did occur after egg passages. It was shown that all the
tested A(H1N1) viruses finally acquired the D186N change either
after serial passages in cells or in eggs.

The HI assay of these A(H1N1) viruses revealed that the anti-
genicity of egg-passaged cell isolates (C10E8) was similar to that
of cell isolates (C10) (Table 7). The C10 and C10E8 viruses reacted
to antisera against both egg-derived and cell-derived reference
antigens.

In B-Victoria viruses, both the MDCK-N isolates and one of two
MDCK-C isolates already acquired genetic mutations at the glyco-
sylation site from N197 to T199 before egg passages (Table 6).
The loss of glycosylation by these amino acid changes resulted in
decreased reactivity to antiserum raised against the cell-derived
viral antigens and increased reactivity to antiserum against the
egg-derived antigens (Table 7).

Regarding B-Yamagata viruses, passaging in MDCK-N and
MDCK-C cells caused no amino acid substitution in HA, but egg

passaging immediately induced amino acid changes at the
receptor-binding site or the glycosylation site in HA (Table 6).
The HI assay demonstrated that these amino acid changes during
egg passages affected the antigenicity of B-Yamagata isolates.
The C10E8 viruses lost their reactivity to the antiserum against
the cell-derived antigen, and in contrast, their reactivity to anti-
serum against the egg-derived antigen increased (Table 7).

4. Discussion

In the present study, we showed that each cell line had a differ-
ent ability to propagate influenza viruses, and in addition, each cell
line induced specific genetic and antigenic changes in HA and NA
proteins.

The isolation efficiency of viruses from clinical specimens was
sufficiently high in MDCK-N and MDCK-C but very low in LLC-
MK2D (Table 1). However, LLC-MK2, the parental cell line of LLC-
MK2D, was reported to be susceptible to influenza viruses [28-
30]. The low ability of LLC-MK2D to propagate influenza viruses
might have resulted from the specific nature of a particular clone
in the original cell line.

Both MDCK cell lines enabled the propagation of A(HIN1), A
(H3N2), B-Victoria, and B-Yamagata viruses to high HA titers, but
A(H1N1)pdmO09 viruses from MDCK-N showed significantly lower
HA titers than those from MDCK-C (Fig. 1B). The replication effi-
ciency of A(HIN1)pdmO09 viruses in MDCK-N cells should be,
therefore, improved by strategies such as the development of
high-growth vaccine strains by classical reassorting or reverse
genetics [33], or the modification of MDCK-N cells [34].

The genetic and antigenic properties of MDCK-N and MDCK-C
isolates were similar in A(H1N1), B-Victoria, and B-Yamagata, but
different in A(H1N1)pdmO09. A(H3N2) and B-Yamagata viruses
from both MDCK-N and MDCK-C exhibited no specific amino acid
substitution and maintained their antigenicity similar to those of
cell-derived reference antigens (Tables 3 and 4). These results
imply that both MDCK-N and MDCK-C cells would be suitable for
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Table 6
Genetic changes observed in HA of the cell isolates after serial passages in eggs.

K. Nakamura et al./Vaccine 37 (2019) 6526-6534

Clinical specimen Cell line Amino acid substitution at C10 Amino acid substitution at C10E8 Significance of the site
(compared with clinical specimen) (compared with C10)
A(HIN1) #13 MDCK-N D186N No change Antigenic/receptor binding site
MDCK-C D186N No change Antigenic/receptor binding site
A(H1IN1) #15 MDCK-N D186N No change Antigenic/receptor binding site
MDCK-C No change D186N Antigenic/receptor binding site
B-Victoria #11 MDCK-N T199A No change Antigenic/glycosylation site
MDCK-C N150N/A N/A150N Antigenic site
T199T/A T/A199A Antigenic/glycosylation site
B-Victoria #14 MDCK-N N197N/K N/K197N Antigenic/glycosylation site
T199T/1 T/11991 Antigenic/glycosylation site
MDCK-C No change N197N/S Antigenic/glycosylation site
T199T/1 Antigenic/glycosylation site
B-Yamagata #11 MDCK-N No change G141E Receptor-binding site
Q199P Receptor-binding site
MDCK-C No change Q199P Receptor-binding site
T371S Unknown
B-Yamagata #12 MDCK-N No change N196D Antigenic/glycosylation site
MDCK-C No change G141G/E Receptor binding site
T198T/1 Antigenic/glycosylation site
Table 7
Antigenic characterization of cell-isolated viruses with or without serial passages in eggs.
A(H1IN1) B-Victoria B-Yamagata
Cell line HI titer Ferret A/Brisbane/59/ A/Brisbane/59/ B/Brisbane/ B/Brisbane/ B/Shizuoka/ B/Sendai-H/
reduction antiserum 2007 MDCK 2007 Egg 6020/08 MDCK 6020/08 Egg 109/2007 114/2007 Egg
against: MDCK
[solates: C10 C10E8 Cc10 C10E8 C10 C10E8 C10 C10E8 Cc10 C10E8 Cc10 C10E8
MDCK-N None 0/2 0/2 0/2 2/2 0/2 0/2 1/2 0/2 0/2 0/2 0/2 2/2
2-fold 0/2 1/2 2/2 0/2 0/2 0/2 1/2 2/2 2/2 0/2 0/2 0/2
4-fold 2/2 1/2 0/2 0/2 2/2 0/2 0/2 0/2 0/2 0/2 1/2 0/2
>8-fold 0/2 0/2 0/2 0/2 0/2 2/2 0/2 0/2 0/2 2/2 1/2 0/2
MDCK-C None 1/2 0/2 2/2 2/2 0/2 0/2 1/2 0/2 0/2 0/2 0/2 1/2
2-fold 1/2 2/2 0/2 0/2 0/2 0/2 0/2 2/2 1/2 0/2 0/2 0/2
4-fold 0/2 0/2 0/2 0/2 1/2 0/2 1/2 0/2 1/2 0/2 0/2 0/2
>8-fold 0/2 0/2 0/2 0/2 1/2 2/2 0/2 0/2 0/2 2/2 2[2 1/2

the isolation and propagation of A(H3N2) and B-Yamagata vaccine
seed viruses.

Regarding B-Victoria viruses, it was unexpected that the pas-
saging of these viruses in MDCK cells induced the same amino acid
substitutions typical of egg adaptation. These results indicate that
selecting highly stable isolates or modifying MDCK cells might be
necessary for the prevention of antigenic alteration in B-Victoria
viruses.

As for A(H1N1)pdmO9 viruses, all the MDCK-C isolates acquired
the specific amino acid changes at the site from K153 to N156 and
showed more than four-fold reduction in HI titer compared with
the cell-derived reference antigen. These amino acid changes
might be associated with a higher replication efficiency of the
MDCK-C isolates than that of the MDCK-N isolates. In contrast to
the MDCK-C isolates, the majority of the MDCK-N isolates did
not gain amino acid substitutions at this site and retained the anti-
genicity similar to that of the reference antigen from cells. These
results suggest that the MDCK-N cell line is superior to MDCK-C
cells for the isolation and propagation of A(H1N1)pdmQ9 viruses.

Donis et al. reported that the majority of viruses propagated in
the three MDCK cell lines (MDCK-1, MDCK-2, and MIDCK-3) were
within two-fold reduction in HI titer compared with reference anti-
gens [22]. Our results from two MDCK cell lines were similar to
theirs for A(H3N2) and B-Yamagata viruses but different for A
(HIN1) and B-Victoria viruses, with the present study showing
higher frequencies of antigenic alteration compared to the previ-

ous one. This might be explained by the difference in passage num-
bers. We passaged viruses ten times in each cell line, while Donis
et al. did it thrice. In addition to the four subtypes/lineages (A
(H1IN1), A(H3N2), B-Victoria, and B-Yamagata) they examined, A
(H1IN1)pdmO9 viruses from MDCK-N and MDCK-C were analyzed
in our study. It was surprising that the pattern of amino acid sub-
stitutions and the antigenic properties were quite different
between MDCK-N and MDCK-C isolates, although both MDCK-N
and MDCK-C cells originated from the same MDCK cell line. The
distinct mutation patterns between both cell isolates might have
resulted from different patterns of protein expression and glycosy-
lation on the surface of both cell lines. It was reported that the
adaptation of adherent cells to suspension growth significantly
influences N-glycosylation of HA in MDCK-propagated influenza
virus [35]. Adaptation to different culture conditions (adherent
versus suspension growth) might cause the different mutation pat-
terns in MDCK-N isolates and MDCK-C isolates, but another possi-
bility is that differences between the two MDCK cell lines
characterized in this study might just reflect cell isolate-to-cell iso-
late variability and not necessarily properties related to adherent
versus suspension growth.

Flucelvax was licensed in 2012 by the Food and Drug Adminis-
tration (FDA) as the first cell-based vaccine in the United States.
This vaccine was produced using egg-derived seed viruses in the
beginning. Recently, an influenza vaccine using the cell-derived
seed virus was approved by the US-FDA [36]. Two WHO collaborat-
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ing centers (Centers of Disease Control and Prevention in the US
and the Victorian Infectious Diseases Reference Laboratory in Aus-
tralia) isolated and propagated seed viruses in MDCK33016PF cells
(identical to MDCK-N). This made it possible to produce a com-
pletely cell-derived vaccine, which is expected to have higher vac-
cine effectiveness than that of egg-based vaccines. A(H3N2) viruses
have two serious limitations: (i) they hardly replicate in embry-
onated hens’ eggs, and (ii) critical antigenic alterations occur very
frequently during egg adaptation [37-39]. It is hoped that a com-
pletely cell-based A(H3N2) vaccine will solve these problems in
the egg-based one.

While A(HIN1), B-Victoria, and B-Yamagata viruses from
MDCK-N and MDCK-C cells could replicate efficiently in embry-
onated hens’ eggs, cell-passaged A(H3N2) viruses were not ampli-
fied by egg passaging. These results reflect the nature of A(H3N2)
viruses, that is, the inability to replicate well in eggs [37-39].

For A(H1N1) and B-Victoria viruses, the genetic and antigenic
properties of egg-passaged cell isolates were similar to those of
the original cell isolates (Tables 5 and 6). This would be explained
partly by the fact that the cell isolates had already acquired the
same amino acid changes as seen in egg adaptation prior to the
subsequent egg passages. In contrast, B-Yamagata viruses passaged
in MDCK-N and MDCK-C had no mutation, but egg passages
induced amino acid changes that resulted in the loss of a glycosy-
lation side chain and antigenic alteration. These results would sup-
port the idea that cell isolates of A(H1N1), B-Victoria, and B-
Yamagata viruses could be used as seed viruses for egg-based vac-
cine manufacture, even though some amino acid changes typical of
egg adaptation would be present in the vaccine products.

In this study, we systematically evaluated MDCK-N, MDCK-C,
and LLC-MK2D. Both MDCK cell lines were found to be useful for
developing vaccine seed viruses because of their high susceptibility
to influenza viruses. MDCK-N was assessed as the best of the three
cell lines examined here based on its higher antigenic stability for
A(H1N1)pdmO09 viruses compared to MDCK-C. However, it should
be noted that some A(H1N1) and B-Victoria viruses derived from
MDCK cells showed genetic and antigenic changes. New viruses
that easily acquire mutations during MDCK passage may emerge
in the future. It would be therefore necessary to prepare several
cell lines and use them in combination for covering a wide variety
of influenza viruses. Cell-based influenza vaccines using MDCK and
other cell lines would contribute critically to the protection against
influenza virus infection and thus to the improvement of global
public health.

Declaration of Competing Interest

The authors declare the following financial interests/personal
relationships which may be considered as potential competing
interests: H. Trusheim is an employee of IDT Biologika GmbH. B.R.
is an employee of GSK Vaccines GmbH. The other authors declare
no conflict of interests.

Acknowledgements

We thank the staff at the National Institute of Infectious Dis-
eases, Japan; Novartis Vaccines & Diagnostics GmbH & Co.; and
the Prefectural Institutes of Public Health at Yamagata and Tochigi
for their assistance. This work was supported, in part, by a grant
from the National Institute of Biomedical Innovation to M.T., T.O.,
N.Y., H.A,, LH., H.T,, Y.H., and K.N. [grant no. 08-16]; a grant from
the Ministry of Health, Labour and Welfare to M.T., T.O., N.Y., H.
A., LH, H.T, Y.H, and KN [grant no. h23-shinkou-shitei-021];
and grants from the Japan Agency for Medical Research and Devel-
opment to N.Y. and H.A. [grant nos. JP18fk0108212 and
JP18fk0108124]. The content of this manuscript is solely the

responsibility of the authors and does not necessarily represent
the official views of the National Institute of Infectious Diseases,
Japan

Author contributions

K.N, Y.H., H. Takahashi, and N.Y. designed the study, analyzed
the data, and wrote the paper. H. Trusheim and B.R. contributed
to the implementation of MDCK-N to NIID, the study design, and
review of the paper. L.H. and H.A. performed genetic and antigenic
analyses. K.M., A.H.S., and T.Ogane, N.K,, and Y.K. performed labo-
ratory tests. M.T., T.Odagiri, and N.Y. led the project and wrote
the paper.

References

[1] Rolfes MA, Foppa IM, Garg S, Flannery B, Brammer L, Singleton JA, et al. Annual
estimates of the burden of seasonal influenza in the United States: A tool for
strengthening influenza surveillance and preparedness. Influenza Other Respir
Viruses 2018;12:132-7.

[2] Molinari NA, Ortega-Sanchez IR, Messonnier ML, Thompson WW, Wortley PM,
Weintraub E, et al. The annual impact of seasonal influenza in the US:
measuring disease burden and costs. Vaccine 2007;25:5086-96.

[3] Iuliano AD, Roguski KM, Chang HH, Muscatello D], Palekar R, Tempia S, et al.
Estimates of global seasonal influenza-associated respiratory mortality: a
modelling study. Lancet 2018;391:1285-300.

[4] Taubenberger JK, Reid AH, Janczewski TA, Fanning TG. Integrating historical,
clinical and molecular genetic data in order to explain the origin and virulence
of the 1918 Spanish influenza virus. Philos Trans R Soc Lond B Biol Sci
2001;356:1829-39.

[5] Subbarao K, Klimov A, Katz J, Regnery H, Lim W, Hall H, et al. Characterization
of an avian influenza A (H5N1) virus isolated from a child with a fatal
respiratory illness. Science 1998;279:393-6.

[6] World Health Organization. Cumulative number of confirmed human cases of
avian influenza A(H5N1) reported to WHO, 2003-2019. 2019.

[7] Gao R, Cao B, Hu Y, Feng Z, Wang D, Hu W, et al. Human infection with a novel
avian-origin influenza A (H7N9) virus. N Engl ] Med. 2013;368:1888-97.

[8] World Health Organization. Human infection with avian influenza A(H7N9)
virus - China: Update. 2018.

[9] Schild GC, Oxford JS, de Jong JC, Webster RG. Evidence for host-cell selection of
influenza virus antigenic variants. Nature 1983;303:706-9.

[10] Robertson ]S, Bootman ]S, Nicolson C, Major D, Robertson EW, Wood JM. The
hemagglutinin of influenza B virus present in clinical material is a single
species identical to that of mammalian cell-grown virus. Virology
1990;179:35-40.

[11] Robertson ]S, Nicolson C, Bootman ]S, Major D, Robertson EW, Wood JM.
Sequence analysis of the haemagglutinin (HA) of influenza A (HIN1) viruses
present in clinical material and comparison with the HA of laboratory-derived
virus. | Gen Virol. 1991;72(Pt 11):2671-7.

[12] Meyer WJ, Wood JM, Major D, Robertson JS, Webster RG, Katz JM. Influence of
host cell-mediated variation on the international surveillance of influenza A
(H3N2) viruses. Virology 1993;196:130-7.

[13] Rocha EP, Xu X, Hall HE, Allen JR, Regnery HL, Cox NJ]. Comparison of 10
influenza A (HIN1 and H3N2) haemagglutinin sequences obtained directly
from clinical specimens to those of MDCK cell- and egg-grown viruses. ] Gen
Virol. 1993;74(Pt 11):2513-8.

[14] Saito T, Nakaya Y, Suzuki T, Ito R, Saito T, Saito H, et al. Antigenic alteration of
influenza B virus associated with loss of a glycosylation site due to host-cell
adaptation. ] Med Virol 2004;74:336-43.

[15] Chen Z, Aspelund A, Jin H. Stabilizing the glycosylation pattern of influenza B
hemagglutinin  following adaptation to growth in eggs. Vaccine
2008;26:361-71.

[16] Govorkova EA, Kaverin NV, Gubareva LV, Meignier B, Webster RG. Replication
of influenza A viruses in a green monkey kidney continuous cell line (Vero). ]
Infect Dis 1995;172:250-3.

[17] Govorkova EA, Murti G, Meignier B, de Taisne C, Webster RG. African green
monkey kidney (Vero) cells provide an alternative host cell system for
influenza A and B viruses. ] Virol 1996;70:5519-24.

[18] Pau MG, Ophorst C, Koldijk MH, Schouten G, Mehtali M, Uytdehaag F. The
human cell line PER.C6 provides a new manufacturing system for the
production of influenza vaccines. Vaccine 2001;19:2716-21.

[19] Brown SW, Mehtali M. The avian EB66(R) cell line, application to vaccines, and
therapeutic protein production. PDA ] Pharm Sci Technol 2010;64:419-25.

[20] Genzel Y, Vogel T, Buck ], Behrendt I, Ramirez DV, Schiedner G, et al. High cell
density cultivations by alternating tangential flow (ATF) perfusion for
influenza A virus production using suspension cells. Vaccine
2014;32:2770-81.

[21] Tobita K, Sugiura A, Enomote C, Furuyama M. Plaque assay and primary
isolation of influenza A viruses in an established line of canine kidney cells
(MDCK) in the presence of trypsin. Med Microbiol Immunol 1975;162:9-14.


http://refhub.elsevier.com/S0264-410X(19)31140-5/h0005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0010
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0010
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0010
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0015
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0015
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0015
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0020
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0020
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0020
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0020
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0025
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0025
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0025
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0035
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0035
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0045
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0045
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0050
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0050
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0050
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0050
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0055
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0055
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0055
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0055
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0060
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0060
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0060
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0065
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0070
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0070
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0070
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0075
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0075
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0075
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0080
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0080
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0080
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0085
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0085
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0085
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0090
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0090
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0090
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0095
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0095
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0100
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0100
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0100
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0100
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0105
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0105
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0105

6534 K. Nakamura et al./Vaccine 37 (2019) 6526-6534

[22] Donis RO, Influenza Cell Culture Working Group, Davis CT, Foust A, Hossain M],
Johnson A, et al. Performance characteristics of qualified cell lines for isolation
and propagation of influenza viruses for vaccine manufacturing. Vaccine
2014;32:6583-90.

[23] Doroshenko A, Halperin SA. Trivalent MDCK cell culture-derived influenza
vaccine Optaflu (Novartis Vaccines). Expert Rev Vaccines 2009;8:679-88.

[24] Gregersen JP. A risk-assessment model to rate the occurrence and relevance of
adventitious agents in the production of influenza vaccines. Vaccine
2008;26:3297-304.

[25] Gregersen JP. A quantitative risk assessment of exposure to adventitious
agents in a cell culture-derived subunit influenza vaccine. Vaccine
2008;26:3332-40.

[26] Gregersen JP, Schmitt HJ, Trusheim H, Broker M. Safety of MDCK cell culture-
based influenza vaccines. Future Microbiol. 2011;6:143-52.

[27] Roth B, Mohr H, Enders M, Garten W, Gregersen JP. Isolation of influenza
viruses in MDCK 33016PF cells and clearance of contaminating respiratory
viruses. Vaccine 2012;30:517-22.

[28] Hull RN, Cherry WR, Tritch OJ. Growth characteristics of monkey kidney cell
strains LLC-MK1, LLC-MK2, and LLC-MK2(NCTC-3196) and their utility in virus
research. ] Exp Med 1962;115:903-18.

[29] Evans AS, Olson B. Rapid diagnostic methods for influenza virus in clinical
specimens: a comparative study. Yale ] Biol Med 1982;55:391-403.

[30] Schepetiuk SK, Kok T. The use of MDCK, MEK and LLC-MK2 cell lines with
enzyme immunoassay for the isolation of influenza and parainfluenza viruses
from clinical specimens. J Virol Meth 1993;42:241-50.

[31] Nakamura K, Shirakura M, Suzuki Y, Naito T, Fujisaki S, Tashiro M, et al.
Development of a high-yield reassortant influenza vaccine virus derived from
the A/Anhui/1/2013 (H7N9) strain. Vaccine 2016;34:328-33.

[32] Nakauchi M, Yasui Y, Miyoshi T, Minagawa H, Tanaka T, Tashiro M, et al. One-
step real-time reverse transcription-PCR assays for detecting and subtyping
pandemic influenza A/HIN1 2009, seasonal influenza A/H1N1, and seasonal
influenza A/H3N2 viruses. ] Virol Meth 2011;171:156-62.

[33] Ping ], Lopes TJ, Nidom CA, Ghedin E, Macken CA, Fitch A, et al. Development of
high-yield influenza A virus vaccine viruses. Nat Commun 2015;6:8148.

[34] Hamamoto I, Takaku H, Tashiro M, Yamamoto N. High yield production of
influenza virus in Madin Darby canine kidney (MDCK) cells with stable
knockdown of IRF7. PLoS ONE 2013;8:59892.

[35] Rodig ]V, Rapp E, Bohne ], Kampe M, Kaffka H, Bock A, et al. Impact of
cultivation conditions on N-glycosylation of influenza virus a hemagglutinin
produced in MDCK cell culture. Biotechnol Bioeng 2013;110:1691-703.

[36] Barr IG, Donis RO, Katz JM, McCauley JW, Odagiri T, Trusheim H, et al. Cell
culture-derived influenza vaccines in the severe 2017-2018 epidemic season:
a step towards improved influenza vaccine effectiveness. NP] Vaccines
2018;3:44.

[37] Widjaja L, Ilyushina N, Webster RG, Webby R]. Molecular changes associated
with adaptation of human influenza A virus in embryonated chicken eggs.
Virology 2006;350:137-45.

[38] Stevens ], Chen LM, Carney PJ, Garten R, Foust A, Le ], et al. Receptor specificity
of influenza A H3N2 viruses isolated in mammalian cells and embryonated
chicken eggs. ] Virol 2010;84:8287-99.

[39] Hartgroves LC, Koudstaal W, McLeod C, Moncorge O, Thompson CI, Ellis J, et al.
Rapid generation of a well-matched vaccine seed from a modern influenza A
virus primary isolate without recourse to eggs. Vaccine 2010;28:2973-9.


http://refhub.elsevier.com/S0264-410X(19)31140-5/h9005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h9005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h9005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h9005
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0115
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0115
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0120
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0120
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0120
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0125
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0125
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0125
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0130
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0130
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0135
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0135
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0135
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0140
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0140
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0140
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0145
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0145
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0150
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0150
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0150
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0155
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0155
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0155
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0160
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0160
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0160
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0160
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0165
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0165
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0170
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0170
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0170
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0175
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0175
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0175
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0180
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0180
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0180
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0180
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0185
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0185
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0185
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0190
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0190
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0190
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0195
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0195
http://refhub.elsevier.com/S0264-410X(19)31140-5/h0195

	Systematic evaluation of suspension MDCK cells, adherent MDCK cells, and LLC-MK2 cells for preparing influenza vaccine seed virus
	1 Introduction
	2 Materials and methods
	2.1 Cells
	2.2 Clinical specimens
	2.3 Virus isolation and passage in cell culture
	2.4 Hemagglutination tests
	2.5 Genetic analysis
	2.6 Antigenic analysis
	2.7 Virus propagation in eggs

	3 Results
	3.1 Isolation efficiency from clinical specimens and growth characteristics of the isolates
	3.2 Genetic and antigenic analyses of the cell-passaged isolates
	3.3 Propagation of the cell-derived isolates in eggs
	3.4 Genetic and antigenic analyses of the egg-passaged cell isolates

	4 Discussion
	Declaration of Competing Interest
	ack18
	Acknowledgements
	Author contributions
	References


