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Abstract 

The use of H9N2 subtype avian influenza vaccines is an effective approach for the control of the virus spread among 
the poultry, and for the upgrading of vaccine manufacturing, cell culture‑based production platform could overcome 
the limitations of conventional egg‑based platform and alternate it. The development of serum‑free suspension cell 
culture could allow even higher virus productivity, where a suspension cell line with good performance and proper 
culture strategies are required. In this work, an adherent Mardin–Darby canine kidney (MDCK) cell line was adapted to 
suspension growth to cell concentration up to 12 × 106 cells/mL in a serum‑free medium in batch cultures. Subse‑
quently, the H9N2 influenza virus propagation in this MDCK cell line was evaluated with the optimization of infection 
conditions in terms of MOI and cell concentration for infection. Furthermore, various feed strategies were tested in 
the infection phase for improved virus titer and a maximum hemagglutinin titer of 13  log2 (HAU/50 μL) was obtained 
using the 1:2 medium dilution strategy. The evaluation of MDCK cell growth and H9N2 virus production in bioreactors 
with optimized operating conditions showed comparable cell performance and virus yield compared to shake flasks, 
with a high cell‑specific virus yield above 13,000 virions/cell. With the purified H9N2 virus harvested from the bioreac‑
tors, the MDCK cell‑derived vaccine was able to induce high titers of neutralizing antibodies in chickens. Overall, the 
results demonstrate the promising application of the highly efficient MDCK cell‑based production platform for the 
avian influenza vaccine manufacturing.
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Introduction
Avian influenza virus (AIV) can cause infections both in 
animals and humans. The H9N2 viruses have been iso-
lated globally in the past few decades and are persistently 
circulating in several countries in Asia, the Middle East, 
and North Africa (Gu et  al. 2017). This has resulted in 
severe economic burdens to the poultry industry by the 
decrease in egg production and the moderate-to-high 
mortality of poultry (Lamb and Takeda 2001; Lee and 
Song 2013; Pu et  al. 2015). In addition, H9N2 viruses 
have revealed the potential to cause the pandemic due 

to the emerging reported cases of avian-to-human trans-
mission of H9N2 viruses and detections of partial H9N2 
virus-derived genomic segments in the emerging highly 
pathogenic human influenza viruses regarding H7N9, 
H5N1, H10N8, and H5N6 virus reassortants (Gu et  al. 
2017; Li et  al. 2014; Pu et  al. 2017; Sorrell et  al. 2009). 
To face the threat posed by the emerging H9N2 viruses, 
vaccination is considered as an effective measurement to 
control the virus spread among the poultry and to limit 
the health risks to humans (Genzel and Reichl 2009; Park 
et al. 2011).

The conventional embryonated egg production plat-
form has been intensively applied for the manufacturing 
of influenza vaccines for more than 70 years. Neverthe-
less, this platform is highly dependent on the supplies of 
eggs, which can be limited in the event of an influenza 
pandemic (Hegde 2015; Ulmer et al. 2006). Furthermore, 
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the influenza virus produced in eggs acquired the anti-
genic alteration in glycosylated proteins due to the host-
cell adaptation, resulting in the vaccines less protective 
against some influenza strains (Zost et  al. 2017). Cell 
culture-based platform has been established as a viable 
alternative for the manufacturing of influenza vaccines, 
particularly advantageous in case of a pandemic, due to 
its flexibility, scalability, and lower potential constraints 
of egg shortages (Harding and Heaton 2018; Milian and 
Kamen 2015). Particularly, the lately developed dispos-
able equipment enables the fast and handy manufactur-
ing of influenza vaccines (Coronel et  al. 2019). Various 
continuous cell lines have been characterized for the 
propagation of influenza viruses, such as human embry-
onic kidney 293 (HEK293), Vero, EB66, PBG.PK2.1, 
 DuckCelt®-T17, and MDCK cells, among which the 
MDCK cells are considered as one of the most suitable 
candidates due to its high susceptibility to influenza virus 
and superior productivity for the increased production 
capacity (Brown and Mehtali 2010; Genzel et  al. 2010; 
Granicher et al. 2019; Huang et al. 2015; Le Ru et al. 2010; 
Pau et  al. 2001; Petiot et  al. 2018). By using the MDCK 
cells, influenza vaccines, such as  Flumist® (MedImmune), 
 Flucelvax®/Optaflu® (Seqirus/Novartis), and  SKYCellflu® 
(SK chemicals), have been developed and certified (Gen-
zel and Reichl 2009; Sun et al. 2011).

In past years, massive progress has been reported with 
the propagation of influenza virus using adherent MDCK 
cells (Bock et al. 2009; Genzel et al. 2006; Hu et al. 2008; 
Hussain et  al. 2010). Nevertheless, the use of serum for 
cell growth leads to the increased complexity of cul-
ture process and batch-to-batch variations. In addition, 
desired high cell density cultivation is limited by the 
surface area of the microcarrier beads. The cell line and 
medium development can lead to MDCK suspension cul-
ture in serum-free or chemically defined medium, which 
enables the large-scale manufacturing of influenza vac-
cines due to the easy operation and the stable process 
control (Chu et al. 2009; Lohr et al. 2010). Particularly, the 
cell adaptation to suspension culture in a well-designed 
serum-free medium is required to reduce the risks of 
undesirable cell line properties regarding inadequate cell 
growth performance and low virus productivity. With 
the suspension cell line, for the process design and opti-
mization to produce influenza vaccines, various pro-
cess strategies need to be selected to maximize the cell 
concentration and virus titer as well as to avoid the so-
called “cell density effect,” which leads to the reduction 
of cell-specific virus yield (CSVY) (Maranga et al. 2003). 
Therefore, a combination of a suitable MDCK cell line 
and optimal process strategies is of a great importance 
for the efficient virus production in large-scale manu-
facturing. However, the growth performance of MDCK 

suspension cells regarding the aggregates, low cell growth 
rate, and low cell concentration have been reported 
(Chu et  al. 2009; Huang et  al. 2011; Li et  al. 2018; Lohr 
et  al. 2010). In addition, with low CSVYs, these MDCK 
suspension cells were not able to reach high virus titers. 
Furthermore, for avian influenza vaccines so far no study 
focuses on the systematical development of a simple and 
efficient suspension cell culture-based process from cell 
line generation to the immunogenicity evaluation of new 
vaccines.

In this work, we demonstrate the development of a 
highly efficient process for the production of an avian 
H9N2 vaccine using MDCK suspension cells. The adap-
tation of an adherent MDCK cell line to suspension 
growth in a serum-free medium was performed to allow 
the growth to high cell concentration at high cell growth 
rate. Furthermore, influenza virus productions with the 
adapted suspension cells were evaluated by implement-
ing various feed strategies in the infection phase with the 
aim of increased virus yield. Additionally, the scale-up in 
bioreactors was compared to the cultivation in the shake 
flasks in terms of cell growth and virus production as well 
as the immunogenicity of the vaccine produced in biore-
actors was evaluated. Overall, we demonstrate a highly 
potential production platform for the fast large-scale 
manufacturing of avian influenza vaccines.

Materials and methods
Cell line and cell culture
The adherent MDCK cell line (NBL-2) (ATCC, Virginia, 
USA; No. CCL-34) used in this work was cultivated in 
Dulbecco’s modified Eagle’s medium (DMEM; Thermo 
Fisher Scientific, Waltham, USA) supplemented with 
10% (v/v) of fetal bovine serum (FBS; Biosun, Shanghai, 
China) in static T flasks (TPP, Trasadingen, Switzerland) 
at 37  °C and 5%  CO2 atmosphere. After the adaptation 
to suspension growth, the MDCK cells were cultivated 
in an in-house serum-free medium, here referred as 
Xeno-SFM, in polycarbonate Erlenmeyer shake flasks 
 (Corning®, Corning, USA) at 37  °C and 5%  CO2 atmos-
phere with a shaking frequency of 130  rpm. For the 
growth evaluation of suspension cells in shake flasks, 
cells were inoculated with a cell concentration of 1 × 106 
cells/mL. For the process optimization in shake flasks, 
the cells were seeded and grown to 6 × 106 or 10 × 106 
cells/mL for infection. For the batch cultivation in the 
bioreactor, MDCK cells were cultivated in a 3 L bioreac-
tor (ez-Control, Applikon, Delft, the Netherlands) with 
a working volume (wv) of 1 L. Approximately 170 mL of 
the preculture was used to inoculate the bioreactor with 
a seed density of 1.0 × 106 cells/mL. The cells were grown 
for 72 h before infection. The pH was controlled at 7.00 
by the addition of 1 M NaOH and  CO2 flow through the 
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sparger. The dissolved oxygen (DO) was set to 40% by the 
headspace aeration with a constant flow of air and a ring 
sparger with the air–O2 mixture in the culture. In addi-
tion, the temperature was controlled at 37 °C and agita-
tion was set at 150 rpm over the whole cultivation.

Cell concentration, viability, and diameter were meas-
ured by a cell counter (Countstar, Shanghai, China) based 
on the trypan blue staining method (Gao et al. 2016). 20 
μL of fully adapted cell culture was applied to the micro-
scope slide and the cell morphology was viewed by an 
ELIPSE microscope (NIKON, Tokyo, Japan) Extracellu-
lar metabolites regarding glutamine, glucose, lactate, and 
ammonium were measured by an automatic Bioprofile 
400 analyzer (Nova Biomedical, Waltham, USA) (Lohr 
et al. 2009).

Cell adaptation
When the adherent cell monolayer was grown to about 
80–90% confluency in the T75 flask, the serum-contain-
ing medium was discarded and cells were rinsed with 
phosphate-buffered saline (PBS) before the trypsinization 
(0.25% (w/v) trypsin, Thermo Fisher Scientific, Waltham, 
USA). Detached cells were suspended with Xeno-SFM 
and transferred to the shake flask for the cultivation and 
the shaking frequency was set at 130  rpm. During the 
period of the adaptation, the cells were refreshed or pas-
saged with Xeno-SFM every 2 days to a seeding density of 
1.0 × 106 cells/mL until they could grow in single suspen-
sion with the minimal aggregation and a stable specific 
growth rate. The suspension cells were frozen with 10% 
(v/v) dimethyl sulfoxide to generate the cell bank after 
they were finally adapted to Xeno-SFM.

Influenza virus infection
The virus strain influenza A/Chicken/Guangdong/SS/94 
(H9N2) was kindly supplied by Zhaoqing Dahuanong 
Biological Medicine Co., Ltd. and was initially grown in 
chicken embryos. The virus was adapted to the suspen-
sion MDCK cells over a series of virus passages with a 
low multiplicity of infection (MOI) of  10−3. Seed virus 
was stored at aliquots of 1 mL at − 80 °C. After the adap-
tation, the infectious titer of the final seed virus was  108 
 TCID50/mL.

Various medium exchange strategies were introduced 
in shake flasks at the time of infection (TOI) for process 
optimization. Infection was carried out either after a 
complete medium replacement at the viable cell concen-
tration of 6 × 106 or 10 × 106 cells/mL or after a 4:5, 3:4, 
2:3, 1:2, 1:3 or 1:4 medium dilution at the cell concen-
tration of 10-11 × 106 cells/mL. For example, with a 1:2 
medium dilution, 25 mL fresh medium was added to the 
culture (wv = 25  mL) to reach a twofold increase in the 
working volume. Infection in bioreactors was performed 

with a 1:2 medium dilution at TOI. TPCK-trypsin 
(Sigma-Aldrich, Munich, Germany) was supplemented 
after medium exchange to a final concentration of 5 μg/
mL. Diluted H9N2 seed virus was added with a MOI of 
 10−3.

Virus quantification
The hemagglutinin activity (HA) assay was used for the 
quantification of virus titer (Kalbfuss et  al. 2008). The 
concentration of chicken erythrocyte solution (Shang-
hai Institute of Biological Products Co., Ltd, Shanghai, 
China) was set to 2 × 107 cells/mL for determination. The 
virus titer was expressed as  log2 (HAU/50 μL). Accord-
ingly, the virus concentration (Cvir, max, virions/mL) was 
calculated by multiplying the HA titer and erythrocyte 
concentration as given by Eq.  (1). The corresponding 
CSVY was calculated as given by Eq. (2):

where xv,max represents the maximum viable cell concen-
tration in the infection phase, wv1 the working volume 
at highest viable cell concentration, and wv2 the working 
volume at maximum virus titer.

Transmission electron microscopy
The virus supernatant was harvested from bioreactors 
and clarified by centrifugation at 10,000 rpm for 20 min. 
The virus particles were purified by sucrose density gra-
dient centrifugation using an ultracentrifuge (HITACHI, 
Tokyo, Japan) at 30,000 rpm for 2.5 h in a sucrose solu-
tion with a gradient density from 20 to 60%. Transmis-
sion electron microscopy (TEM) of virus particles was 
performed using the negative staining method. The 
purified virion-containing solution was applied on a 
carbon-coated 230 mesh copper grids, stained with 2% 
phosphotungstic acid solution and viewed using the 
TEM (JEM-1400, Tokyo, JEOL).

Vaccine preparation, immunization, and antibody 
determination
The clarified H9N2 virus bulk produced in bioreactors 
was diluted to a final HA equal to the egg-derived H9N2 
virus bulk. Subsequently the MDCK cell-derived virus 
bulk and egg-derived virus bulk were prepared into the 
corresponding oil emulsion inactivated vaccines. The 
3-week-old specific pathogen-free (SPF) chickens were 
divided into two groups (n = 10 per group) and were 
subjected to subcutaneous injection on the neck with 

(1)Cvir = 2× 107 × 2
log2

(

HAU
50 µL

)

,

(2)CSVY =

Cvir,max × wv1

xv, max × wv2
,
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0.3  mL MDCK cell-derived vaccine or egg-derived vac-
cine. At days 14, 21, and 28, blood samples were col-
lected for serum separation. The procedure was approved 
by the Committee on the Ethics of Animal Experiments 
of Zhaoqing Dahuanong Biological Medicine Co., Ltd. 
The hemagglutination inhibition antibody titers of sera 
against the H9N2 virus derived from MDCK cells or eggs 
by one dose immunization were determined by hemag-
glutination inhibition (HI) assay (Pedersen 2008).

Statistical analysis
A t test was used for statistical analysis using GraphPad 
Prism 7 software. The p values lower than 0.05 (shown as 
the single asterisk in figures) were considered significant.

Results and discussion
Adaptation of adherent MDCK cells to suspension culture
For the cell adaptation to the suspension culture, a step-
wise reduction of the serum and medium for adher-
ent cells is the common approach. Nevertheless, in this 
work a direct adaptation of MDCK cell line to Xeno-SFM 
was attempted. Therefore, detached adherent MDCK 
cells were directly transferred to the shake flasks and 
cultivated in the Xeno-SFM. In the first stage of adapta-
tion (0–9 days), the cell growth was unstable due to the 
direct removal of serum and the introduction of the new 
medium, with the cell growth rate ranging from 0.26 
 day−1 to 0.65  day−1 (Fig. 1b). This stage can be considered 
as a process of selecting the more “robust” cell popula-
tion to achieve higher and stable cell growth. Despite the 
unstable cell growth, the viability of MDCK cells stayed 
above 90% in this stage (Fig. 1a). With the well-designed 

Xeno-SFM, only a few small aggregates were observed 
in the culture in this stage (data not shown). In the sec-
ond stage of adaptation (9–19  days), the cell aggregates 
disappeared and cells were growing in single suspension 
with a cell size of approximately 14 μm (Fig. 4c, inset). In 
addition, the cell growth was stable with a growth rate 
of around 0.46  day−1 and cell viability over 95% (Fig. 1). 
Therefore, over the whole cultivation, the adaptation 
seemed to have an obvious impact on the cell growth but 
not the overall cell viability, which was consistent with 
the previous study by Bissinger et  al. (2019). Over mul-
tiple passages the fully adapted MDCK suspension cells 
were frozen to generate a cell bank for further studies.

Overall, the whole adaptation of the MDCK cells to 
the optimal cell growth was done in less than 3  weeks 
thanks to the Xeno-SFM which was directedly designed 
for the suspension culture. Compared to the adaptation 
process of some other reported established MDCK sus-
pension cell lines with the step-wise approaches (over 
40 passages) (Lohr et  al. 2010; van Wielink et  al. 2011), 
fast adaptation of MDCK cell line demonstrated in this 
work (10 passages) dramatically reduced the labor work. 
In addition, the thawing and long-term passages of the 
adapted cells in the Xeno-SFM confirmed the stable and 
fast cell growth (data not shown). Further genotyping and 
tumorigenicity studies of this MDCK cell line are needed 
as they are major concerns for the suspension cell lines 
for the potential commercial use.

Cell growth and metabolism in batch cultivation
Subsequently, the cell growth in batch cultivations 
using the fully adapted MDCK cells was evaluated in 

Fig. 1 Adaptation of adherent MDCK cells to suspension growth in Xeno serum‑free medium. a Viable cell concentration (black circle) and cell 
viability (black square) over the period of adaptation. b Cell‑specific growth rate (black diamond) of MDCK cells over the adaptation. The inset in the 
panel is a microscopy picture showing the morphology of the adapted suspension MDCK cells. Error bars represent the standard deviation of three 
analytical replicates
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the shake flasks. With a seeding density of 1.0 × 106 
cells/mL, MDCK cells were able to grow to cell con-
centration up to 12 × 106 cells/mL with a maximum 
cell-specific growth rate of 0.70  day−1 (Fig.  2a and b). 
Additionally, the cell viability above 95% was observed 
in the exponential phase from 0  h to 72  h (Fig.  2a). 
Compared to the growth rates of other MDCK sus-
pension cell lines reported by Lohr (0.62  day−1) (Lohr 
et al. 2010) and Huang (0.73  day−1) (Huang et al. 2015) 
as well as some other suspension cell lines used for the 
propagation of influenza virus regarding AGE1.CR cells 
(0.67  d−1) (Genzel et  al. 2014),  DuckCelt®-T17 (0.6 
 day−1) (Petiot et al. 2018), and PBG.PK2.1 (0.50  day−1) 
(Granicher et al. 2019), this MDCK suspension cell line 
showed one of the highest growth rates. From 96  h, 
the cell concentration started to decrease combined 
with the decreasing cell viability as well as the negative 
growth rates.

The main metabolites in the shake flasks were meas-
ured over the whole batch cultivation as shown in Fig. 2c. 
The glucose and glutamine were depleted at 120 h when 
the viable cell concentration started to decrease. As 
two well-known by-products of cell culture, lactate and 
ammonium reached the concentrations up to 20 mmol/L 
and 4 mmol/L, respectively, in the cell growth phase and 
these by-product levels do not show negative impacts on 
the cell growth for many animal cells (Cruz et  al. 2000; 
Lao and Toth 1997; Ritter et al. 2010). From 72 h, lactate 
concentration started to decline when the glucose con-
centration was below 10 mmol/L. This indicated a meta-
bolic shift that MDCK cells started to uptake the lactate 
as the energy source instead of releasing the lactate when 
the glucose was about to limit. Overall, sufficient utiliza-
tion of main energy substrates and moderate levels of by-
product production contributed to the high cell growth 
rate and high cell concentration of MDCK cells.

Fig. 2 Growth and metabolism of MDCK suspension cells in Xeno serum‑free medium in shake flasks (n = 2). a Viable cell concentration (black 
circle) and cell viability (black square) over the batch cultivation. b Cell‑specific growth rate (black diamond). c Concentrations of extracellular 
metabolites, including glucose (Gluc) (white square), glutamine (Gln) (white diamond), lactate (white triangle), and ammonium (Amm) (inverted 
white triangle), over the batch cultivation. The horizontal dashed line indicates the cell‑specific growth rate of 0  day−1
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Medium exchange and the optimization of MOI for virus 
production
In the next step, the propagation of H9N2 virus in the 
MDCK suspension cells was evaluated and impacts of 
various infection strategies, including MOI and medium 
exchange on the virus production were investigated. 
To evaluate the impact of MOI on the virus titer, H9N2 
seed virus, which has been adapted from eggs to adher-
ent MDCK cells, was added to the culture with a MOI 
of  10−2,  10−3, or  10−4 under various conditions (differ-
ent cell concentrations at TOI and with or w/o medium 
exchange). The trypsin addition was optimized in the 
preliminary experiments and the final concentration of 
5  μg/mL was used for virus production as the optimal 

condition (data not shown). With the higher MOI  (10−2 
and  10−3), similar infection dynamics and HA titers were 
obtained, where the HA accumulations were completed 
at 48 hpi (Fig. 3). However, the lower MOI  (10−4) led to 
the HA release with a delay of 24 h and lower maximum 
HA titers compared to the experiments performed with 
MOI of  10−2 and  10−3 (Fig.  3). As a critical parameter 
for the virus infection, the selection of the optimal MOI 
for the virus production process needs to be taken into 
account. As the virus particles in the medium are trans-
ported to the target cells by diffusion, using higher MOI 
can increase the chance of viruses to attach and enter the 
cells, but lower MOI can reduce the occurrence of defec-
tive interfering particles which was described previously 

Fig. 3 Optimization of infection parameters for H9N2 production in Xeno serum‑free medium in shake flasks (n = 3). HA titers were shown in 
different panels when cells were infected at cell concentration of 6 × 106 cells/mL or 10 × 106 cells/mL with or without the medium exchange at TOI 
with a MOI of  10−2 (black circle),  10−3 (white square) and  10−4 (black triangle). a Cell concentration of 6 × 106 cells/mL without medium exchange. 
b Cell concentration of 6 × 106 cells/mL with medium exchange. c Cell concentration of 10 × 106 cells/mL without medium exchange. d Cell 
concentration of 10 × 106 cells/mL with medium exchange
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to interfere with the propagation of intact particles and 
decrease the virus titer (Frensing et  al. 2013). In this 
work, the MOI of  10−2 and  10−3 contributed to similar 
virus titers and the MOIs are also in a comparable range 
as the optimal MOI reported previously for other cell 
lines (Genzel et al. 2010; Le Ru et al. 2010; Li et al. 2018).

The medium exchange was introduced at TOI when 
cell concentrations were 6 × 106 and 10 × 106 cells/mL to 
evaluate its impact on improving the virus titer. For the 
experiments where cells were infected at cell concen-
tration of 6 × 106 cells/mL at TOI, a maximum HA titer 
of 11.17  log2(HAU/50 μL) was obtained with medium 
exchange performed at TOI (MOI 0.001) compared 
to 10.17  log2(HAU/50 μL) obtained without medium 
exchange (MOI 0.001) (Fig.  3a and b). For the experi-
ments using 10 × 106 cells/mL, a very low maximum 
HA titer of only 4  log2(HAU/50 μL) was determined 
without the medium exchange (MOI 0.01), while a dras-
tic increase in HA titer to 12.67  log2(HAU/50 μL) was 
obtained after the medium exchange (MOI 0.001) (Fig. 3c 
and d). It is clear that medium renewal in the infection 
phase had an impact on virus titer and HA titers were 
increased after medium exchange most likely due to the 
supply of medium substrates and removal of accumulated 
by-products. This was also confirmed in a previous study 
using adherent MDCK cells and rational substrate sup-
ply was necessary in the infection phase to improve the 
virus titer as higher demand of substrates was needed by 
the infected cells to produce viruses (Huang et al. 2014). 
Accordingly, the maximum CSVYs calculated from HA 
titers with medium exchange at TOI (6955 virions/cell 
for 6 × 106 cells/mL and 12,556 virions/cell for 10 × 106 
cells/mL) was higher than that without medium exchange 
(3690 virions/cell for 6 × 106 cells/mL and 30 virions/cell 
for 10 × 106 cells/mL), respectively, which indicated that 
the “cell density effect” described above was improved.

Various feed strategies for virus production
In the last section, higher virus titer (12.75  log2(HAU/50 
μL)) was achieved with medium exchange at TOI at 
higher cell concentration of 10 × 106 cells/mL. However, 
for suspension cells, complete medium exchange would 
not be favored in large-scale vaccine manufacturing due 
to its complex operation and long operation duration. 
The feed strategy considering the medium dilution and 
culture volume expansion can be an option. Therefore, 
cultivations in shake flasks using various medium dilu-
tion strategies at TOI were performed with the optimal 
MOI of  10−3 and trypsin addition to a final concentra-
tion of 5  μg/mL to simplify the process and to improve 
the HA titer. At TOI, a fourfold, threefold, twofold, 1.5-
fold, 4/3-fold, or 1.25-fold working volume expansion 
was conducted by adding the fresh Xeno-SFM when the 

cells grew to approximately 10 × 106 cells/mL before the 
virus and trypsin addition. As shown in Fig. 4a, the vari-
ous dilution ratios at TOI resulted in a decrease in the 
cell concentration in a range of 2.6–8.5 × 106 cells/mL, 
followed by a continued growth for the first 24 hpi. The 
highest cell concentrations were observed at 24 hpi and 
subsequently cells started to die. In contrast to no titer 
measured in the control experiment without medium 
exchange, all the medium dilution strategies led to sig-
nificantly higher HA titers and the maximum HA titers 
were obtained at 48 hpi (Fig. 4b). Using the 1:2 medium 
dilution strategy, the highest HA titer of 13  log2(HAU/50 
μL) was obtained compared to the HA titers of 10.75, 11, 
12, 12, and 12  log2(HAU/50 μL) for the experiments with 
1:4, 1:3, 2:3, 3:4, and 4:5 dilution, respectively (Fig.  4b). 
The highest titer was also similar to the titer obtained 
with total medium exchange. Considering the CSVY, 
the 1:2 dilution strategy also showed the highest value 
of 18,104 virions/cell compared to other dilution strate-
gies (Fig. 4c). Medium dilution strategies led to the par-
tial renewal of substrates and dilution of inhibitors in 
the culture, which is advantageous for the virus replica-
tion and packaging. Therefore, the medium supplement 
was applied in the infection phase for virus production in 
some works of literature to achieve higher virus produc-
tivity and to ease the operation in bioreactors for suspen-
sion culture (Granicher et  al. 2019; Peschel et  al. 2013; 
Wang et al. 2017). Additionally, using the medium dilu-
tion strategy, it is critical to find the balance between the 
cell concentration and the substrate supply, in which the 
1:2 medium dilution strategy appeared to be optimal in 
this work.

Bioreactor evaluation
Cultivations in lab-scale bioreactors for H9N2 virus pro-
duction were evaluated compared to shake flasks using 
the optimized conditions regarding the MOI of  10−3, 
trypsin addition to a final concentration of 5 μg/mL and 
1:2 medium dilution at TOI. With a seeding cell con-
centration at 1 × 106 cells/mL, slightly higher cell con-
centration up to 9.7 × 106 cells/mL was reached in the 
bioreactors at 72  h compared to shake flasks (8.1 × 106 
cells/mL) possibly due to more stable control of process 
parameters in bioreactors (Fig.  5a). Comparable high 
viabilities over 96% were observed both in bioreactors 
and shake flasks during the cell growth phase (Fig.  5a). 
After infection, cells continued to grow to maximum cell 
concentrations of approximately 7 × 106 cells/mL at 24 
hpi and started to die with the onset of virus accumula-
tion both in bioreactors and shake flasks. Comparable 
virus infection dynamics regarding the HA was observed, 
where at 48 hpi both infections showed the maximum 
virus titer of 12.17  log2(HAU/50 μL) for the bioreactors 
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and 12.33  log2(HAU/50 μL) for the shake flasks (Fig. 5b). 
Based on the similar maximum cell concentrations dur-
ing the infection phase and similar virus titers, compara-
ble CSVYs (13,151 virions/cell for bioreactors and 14,465 
virions/cell for shake flasks) were measured and this 
indicated that the process has the potential to be scal-
able to higher bioreactor volumes (Fig.  5c). In addition, 
the inset of a TEM picture of the purified H9N2 viruses 
produced in the bioreactor showed that the particles 
were spherical and with intact membranous structures 
(Fig.  5c). Although higher virus titers were achieved by 
using complex approaches in some works of literature, 
the HA titer of 12.50  log2(HAU/50 μL) achieved in this 
work using MDCK suspension cells was the highest in 
simple batch cultivations in the bioreactors (Genzel et al. 
2014; Nikolay et  al. 2020; Tapia et  al. 2016). Further-
more, this was also the highest HA titer reported for the 
H9N2 virus production in animal cell culture so far (Li 
et al. 2009; Ren et al. 2015; Wang et al. 2017). The high 

HA titer was attributed to the combination of high cell 
concentration and high CSVY. With this advantage, the 
MDCK cell-based process by using simple and efficient 
cultivation would be favored for the production of vet-
erinary vaccines and is promising to be an alternative for 
the conventional egg-based platform, particularly in the 
case of a pandemic.

Immunogenicity of the MDCK cell‑derived H9N2 vaccines
The virus supernatant produced in the bioreactor at 48 
hpi and 72 hpi was harvested, clarified, and prepared into 
the inactivated vaccines according to the standard prep-
aration protocol. The SPF chicken of 3  weeks old were 
vaccinated with 0.3 mL of MDCK-derived H9N2 vaccine 
or egg-derived H9N2 vaccine. Chicken blood was col-
lected on day 14, 21, and 28 for HI assay to evaluate the 
immunogenicity of the vaccines. In general, the chickens 
immunized with MDCK-derived H9N2 vaccines or egg-
derived H9N2 vaccine showed comparable HI antibody 

Fig. 4 MDCK cell growth and H9N2 virus production with various feed strategies at TOI in shake flasks (n = 3). a Cell growth in the infection phase. 
b HA titers in the infection phase. c The corresponding cell‑specific virus yield. Medium dilution: 1:4 (black), 1:3 (gray), 1:2 (brown), 2:3 (orange), 3:4 
(purple), 4:5 (red), and w/o dilution (white)
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titers. High HI antibody titers of 6.9  log2(HAU/50 μL) 
for MDCK-derived vaccine and 5.7  log2(HAU/50 μL) 
for egg-derived vaccine were detected in the chicken 
serum on day 14 (Fig. 6). The chickens showed the high-
est HI antibody titers against both types of vaccines on 
day 21 and the titers were stable afterward. Furthermore, 
HI antibody titer of 8.6  log2(HAU/50 μL) was obtained 
against the MDCK-derived vaccine prepared from the 
virus harvested at 48 hpi, similar to that harvested at 
72 hpi (9.4  log2(HAU/50 μL)) (Fig.  6). This indicated 
the harvest time seemed not to have an impact on the 
immunogenicity of MDCK-derived vaccines. Overall, the 
MDCK cell-derived H9N2 vaccines effectively induced 
the immune response regarding the H9N2-specific anti-
bodies and this revealed that MDCK cell-derived H9N2 
vaccine can be an alternative for the egg-derived vaccines 
to protect chickens from the H9 infection. Further stud-
ies considering the challenge assays with the H9N2 virus 
strain should be followed to evaluate the protective effi-
cacy of the vaccine. Additionally, the safety of the vaccine 

Fig. 5 MDCK cell growth and H9N2 virus production in stirred tank bioreactors (n = 3) and shake flasks (n = 3). a Viable cell concentration (black 
circle) and cell viability (black triangle) of MDCK cells in bioreactors (black) and shake flasks (gray). b HA titers of viruses produced by MDCK cells 
in bioreactors (black) and shake flasks (gray). The inset in the panel is a TEM picture of purified viruses harvested from one of the bioreactors. c The 
calculated cell‑specific virus yield of the viruses in bioreactors (black column) and shake flasks (gray column)

Fig. 6 Immunogenicity of the MDCK cell‑derived H9N2 vaccines 
compared to egg‑derived vaccines. The inactivated MDCK 
cell‑derived H9N2 vaccines prepared by the virus harvested at 48 hpi 
or 72 hpi and inactivated egg‑derived H9N2 vaccines were injected 
to 3‑week‑old SPF chickens. HI activity of chicken serum against 
H9N2 vaccines collected on day 14 (light gray column), day 21 (dark 
gray column), and day 28 (black column) was determined



Page 10 of 12Wu et al. Bioresour. Bioprocess.            (2020) 7:63 

regarding its impact on the health and growth of vacci-
nated chickens should be evaluated as well.

Conclusion
Advances in the medium development facilitate an eas-
ier and efficient cell adaptation to growth in suspension, 
and for the first time, a fast adaptation of an adherent 
MDCK cell line to grow in single suspension in a serum-
free medium after only 19  days was demonstrated. The 
resulting adapted MDCK cells were able to show the 
good growth performance of high cell concentration up 
to 12 × 106 cells/mL in batch cultures. The optimization 
of infection conditions and the implementation of 1:2 
medium dilution strategy at TOI allowed the improved 
HA titer. Particularly, 1:2 medium dilution strategy is 
suitable to be applied in large-scale manufacturing of 
influenza vaccines as it can ease the operation and expand 
the culture volume for infection. With the optimized 
operating conditions, lab-scale bioreactor cultivations 
resulted in the highest virus titer of 12.50  log2(HAU/50 
μL) and the highest CSVY over 14,000 virions/cell 
reported for bioreactor process using MDCK cells in 
batch cultivations. The high HI antibody titers elicited by 
chickens immunized by the MDCK cell-derived H9N2 
vaccine demonstrated the high immunogenicity of the 
vaccine. Further studies including the tumorigenicity of 
suspension MDCK cell line and the safety of the H9N2 
vaccine for poultry should be planned, and therefore, the 
use of MDCK suspension cell line for the production of 
human influenza seasonal or pandemic vaccines could be 
anticipated. Overall, the platform established in this work 
can be competitive to alternate the egg-based production 
systems for efficient influenza vaccine manufacturing.
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