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Replication kinetics of novel swine influenza A viruses: an approach to 
vaccine production
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ABSTRACT. Novel swine Influenza A viruses (IAVs) have been described in South America. The objective of this study 
was to evaluate the replication kinetics of novel swine IAVs as a first step in vaccine production. Different swine IAV 
lineages (H1N1, H1N2, and H3N2), infection doses (MOI: 1, 0.1, 0.01, 0.001, 0.0001, and 0.00001), harvest times (every 12 
h), and substrates (MDCK and Vero cells) were used. For all IAV strains, MDCK cells were the most efficient substrate, 
generating titers of ≥128 HAU/50 µL with an MOI of 0.00001 at 60 h post-infection. These data may be useful in vaccine-
producing laboratories. 
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INTRODUCTION

Novel reassortant H1N2 and H3N2 swine influenza A vi-
rus (IAV) strains have recently been identified in commercial 
farms in Chile. These IAV strains are genetically and anti-
genically divergent from other IAVs described worldwide 
and circulate endemically in Chilean swine farms (Tapia et 
al., 2018, 2020). The hemagglutinin (HA) segments of these 
Chilean IAVs were likely introduced into swine from humans 
in the late 1980s and the early 1990s (Nelson et al., 2015). 
Other South American countries also have human-origin 
IAV lineages that circulate endemically in swine (Cappuccio 
et al., 2011; Resende et al., 2017). Commercial vaccines based 
on North American or European IAV strains would not be 
effective against these IAV strains, reinforcing the need to 
develop swine IAV vaccines with strains that represent an-
tigenic clusters circulating at the local geographical level 
(Tapia et al., 2020). However, some laboratories do not have 
the expertise to produce swine IAV vaccines efficiently.

Vaccination is the primary method for preventing and 
controlling influenza in pigs. Most commercial swine IAV 
vaccines are based on whole-inactivated viruses, in which 
the major antigen is HA, a surface glycoprotein (Anderson 
et al., 2016). These vaccines are produced in embryonated 
chicken eggs or in cell cultures. Embryonated chicken eggs 
have been widely used in the production of IAV vaccines 
worldwide for over 70 years (CDC, 2022);  however, this 
substrate has several drawbacks. Dependence on egg sup-
ply is a cause for concern, especially during high demand 
(McLean et al., 2016). This requires the availability of a large 
number of specific-pathogen-free eggs simultaneously and 

sometimes within a short period of time, which can be 
scarce or unavailable in some countries. In addition, in re-
source-limited conditions, using embryonated eggs is labor 
intensive and requires considerable planning and effort to 
obtain sufficient eggs for inoculation (Hegde, 2015). More-
over, some IAV strains do not grow well in embryonated 
chicken eggs, such as human-origin H3N2 strains (CDC, 
2019). Importantly, during growth and adaptation to em-
bryonated chicken eggs, through serial passages, IAV strains 
are likely to acquire mutations that might change their an-
tigenic properties, including glycosylation patterns, which 
could have an impact on antigenicity and decrease the effi-
cacy of the vaccines produced (Skowronski et al., 2014; Zost 
et al., 2017).

Therefore, different mammalian cell lines have been eval-
uated for the production of whole-inactivated IAV vaccines 
in the last decade. The cell-based production of influenza 
vaccines has several advantages. Cell lines can be extensively 
stored for future production, avoiding dependence on egg 
supply. The process is more standardized and controlled; 
therefore, scalability is better with cell culture than with 
egg-based production systems. In general, mammalian in-
fluenza viruses grow well in mammalian cell lines, avoiding 
the time required for passage and adapting the viruses to 
embryonated chicken eggs. This also results in a decreased 
risk of generating mutations during viral passage and allows 
the maintenance of the antigenic characteristics of these 
IAVs in cell cultures as compared to embryonated chicken 
eggs (Manini et al., 2017; CDC, 2019; Tree et al., 2001). The 
main mammalian cell lines evaluated for the production of 
IAV vaccines were Madin-Darby Canine Kidney (MDCK), Af-
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rican green monkey kidney (Vero), Per.C6®, and AGE1.CR® 
(Feng et al., 2011; Manini et al., 2017; CDC, 2019). Of these, 
MDCK and Vero cells have been well-studied and licensed 
for influenza vaccine production (Donis et al., 2014; Genzel 
et al., 2010).

The objective of this study was to evaluate the replication 
kinetics of novel swine IAVs in MDCK and Vero cells and to 
determine the optimal cell line, initial infectious dose, and 
harvest time to obtain high antigen (HA) titers. Using this 
approach, we aimed to establish an efficient protocol for 
obtaining stable antigen-specific IAV seed strains for use as 
vaccines against these viruses. In addition to an endemic 
pandemic H1N1 2009-like (A(H1N1)pdm09-like) swine IAV 
strain, we used novel reassortant H1N2 and H3N2 swine IAV 
strains previously identified in commercial farms in Chile.

MATERIALS AND METHODS

We used strains A/swine/Chile/VN1401-274/2014(H1N2), 
A/swine/Chile/VN1401-4/2014(H1N2), A/swine/Valparai-
so/VN1401-559/2014(H1N1), and A/swine/Maule/VN1401-
1824/2015(H3N2). They have been previously sequenced 
and deposited in GenBank (MF099149.1, MF099073.1, 
MK160103.1, MF099352.1) and genetically characterized. The 
strains represent four different Chilean swine IAV lineages, as 
previously described (Tapia et al., 2018, 2020). According to 
the H1 classification described by Anderson et al. (2016), the 
strains A/swine/Chile/VN1401-274/2014(H1N2) and A/swine/
Chile/VN1401-4/2014(H1N2) were classified within the clade 
Other-Human-1B.2, whereas the strain A/swine/Valparaiso/
VN1401-559/2014(H1N1) is an A(H1N1)pdm09-like strain 
classified within clade 1A.3.3.2. The strains A/swine/Chile/
VN1401-274/2014 (H1N2), A/swine/Chile/VN1401-4/2014 
(H1N2), and A/Maule/Chile/VN1401-1824/2015(H3N2) were 
genetically distant from other IAVs identified in swine and 
humans globally (Tapia et al., 2018, 2020). 

All procedures were approved by the Biosafety Institu-
tional Committee (Certificate Number 104-07-11-2017) 
and the Institutional Committee for Animal Care and Use 
(CICUA) of the University of Chile (Certificate Number 02-
2016). The study was conducted in accordance with local 
legislation and institutional requirements. Viral isolation 
and propagation of viruses were performed under BSL-2 
conditions according to international recommendations 
(Meechan & Potts, 2020).

First, these strains were titrated using a plaque assay, 
which is an accurate method for the direct quantification of 
infectious virions by counting discrete plaques (infectious 
units and cellular dead zones) in cell culture (Baer & Kehn-
Hall, 2014). For this assay, 6-well plates were seeded with 
600,000 MDCK cells per well, using 3 mL of minimum es-
sential medium (MEM) supplemented with 10% fetal bovine 
serum and 1% antibiotic–antimycotic solution, and incubat-
ed for 24 h at 37 °C and 5% CO2. The following day, conflu-
ent MDCK cells were washed twice with 1x phosphate-buff-
ered saline (PBS) and inoculated with 200 µL of ten-fold 

serial dilutions of each IAV strain (10-1, 10-2, 10-3, 10-4, 10-5 and 
10-6). The plates were incubated for 1 h at 37 °C and 5% 
CO2 to allow for virus absorption. Then, the inoculum was 
removed, 2 mL of solid IAV growth medium (MEM, 1% dex-
tran, 5% NaHCO3, 0.3% bovine serum albumin, 2% purified 
OxoidTM agar (Basingstoke, Hampshire, UK), and 1 μg/mL 
trypsin treated with N-tosyl-L-phenylalanyl chloromethyl 
ketone (TPCK)) was added to each well, and the plates were 
incubated for 48 h at 37 °C and 5% CO2. Next, 1 mL of 
4% formaldehyde was added to each well, and the plates 
were incubated for 1 h at RT. The solid IAV growth medium 
with formaldehyde was removed and 0.5% crystal violet was 
added to visualize the viral plaques in the MDCK mono-
layers. The plaques were counted, and the virus titer was 
expressed in plaque-forming units per mL (PFU/mL). Each 
IAV strain was titrated in triplicates.

Once the titer of each swine IAV strain was determined, 
6-well plates were seeded with MDCK and Vero cells 
(600,000 cells per well) using 3 mL of MEM supplemented 
with 10% fetal bovine serum and 1% antibiotic–antimycotic 
solution, and incubated for 24 h at 37 °C and 5% CO2. The 
MDCK and Vero cell lines were kindly provided by Dr. Sagar 
Goyal (University of Minnesota, MN, USA). Confluent cells 
were washed twice with PBS and inoculated with 200 µL of 
ten-fold serial dilutions of each strain, corresponding to a 
multiplicity of infection (MOI) of 1, 0.1, 0.01, 0.001, 0.0001, 
and 0.00001 (MOI refers to the number of virions added 
per cell during infection, i.e., a MOI of 1 means 1 virion for 
every cell, while a MOI of 0.00001 means 1 virion for ev-
ery 100,000 cells). After incubation for 1 h at 37 °C and 5% 
CO2, the monolayers were washed twice with PBS, and 3 mL 
of IAV growth medium (MEM supplemented with 1 μg/mL 
TPCK-treated trypsin, 0.3% bovine serum albumin, and 1% 
antibiotic–antimycotic solution) was added. The plates were 
incubated at 37 °C and 5% CO2. The monolayers were ob-
served for cytopathic effect (CPE), and 50 μL of supernatant 
was collected every 12 h post-infection to determine the 
HA titer using a standard hemagglutination assay (Kitikoon 
et al., 2014). The HA titer was expressed as hemagglutina-
tion units per 50 μL (HAU/50 μL) and measured until the 
CPE exceeded 75% of the monolayer. The most efficient 
type of cell line, MOI, and harvest time were used to repro-
duce this assay on a larger scale, using roller bottles with 
an area of 1,700 cm2 (Corning®, NY, USA). The assay was 
performed in triplicate. 

The MOI of 0.00001 generated the highest HA titer for 
all IAV strains inoculated in MDCK cells, reaching a peak 
of 128 HAU/50 μL at 48 h post-infection for the strains A/
swine/Chile/VN1401-274/2014(H1N2), and 256 HAU/50 μL 
at 60 h post-infection for the strains A/swine/Chile/VN1401-
4/2014(H1N2), A/Valparaiso/Chile/VN1401-559/2014(H1N1), 
and A/swine/Maule/VN1401-1824/2015(H3N2) (Figure 1).

In Vero cells, the experiment was extended up to 120 h 
post-infection due to the slow development of the CPE, 
at which time the strains reached the maximum HA titer. 
The strain A/swine/Chile/VN1401-274/2014(H1N2) reached a 
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Figure 1.
Replication of swine IAV strains in MDCK cells. MDCK cells were inoculated with strains A/swine/Chile/VN1401-274/2014(H1N2) (a), A/swine/
Chile/VN1401-4/2014(H1N2) (b), A/swine/Valparaiso/VN1401-559/2014(H1N1) (c), and A/swine/Maule/VN1401-1824/2015(H3N2) (d). MOI of 1, 
0.1, 0.01, 0.001, 0.0001 and 0.00001, were used for each strain. HA titers were calculated at 12, 24, 36, 48, and 60 h post-infection.

titer of 32 HAU/50 μL with the MOI 0.01 and 0.001, where-
as the strains A/swine/Chile/VN1401-4/2014(H1N2) and A/
swine/Maule/VN1401-1824/2015(H3N2) reached a titer of 16 
and 64 HAU/50 μL, respectively, with the MOI 0.1. Strain A/
Valparaiso/Chile/VN1401-559/2014(H1N1) did not generate 
CPE or HA titers (Figure 2).

RESULTS AND DISCUSSION

The MDCK cell line and the MOI of 0.00001 were the 
most efficient in replicating IAV strains. This infectious dose 
was then selected to reproduce the assay on a larger scale in 
roller bottles to confirm the results obtained in the plates. 
Harvesting was carried out 60 h post-infection. A harvest 
volume of 300 mL per bottle was obtained for each strain, 

with a titer of 256 HAU/50 μL for all IAV strains.
In this study, we evaluated the replication kinetics of 

novel reassortant swine IAV strains and determined the op-
timal cell line, initial infectious dose, and harvest time for 
obtaining high HA titers. These strains belong to different 
clades and subtypes, representing the genetic and antigenic 
diversity of the swine IAVs circulating in Chile (Tapia et al., 
2018, 2020). 

All IAV strains replicated efficiently in MDCK cells, gener-
ating equivalent infection dynamics and HA titers. High HA 
titers can be achieved using low MOIs. The highest HA titers 
were obtained at the lowest initial infectious dose (MOI = 
0.00001). This inverse relationship between the MOI and 
virus yield, determined by the HA assay, has been previously 
described (Isken et al., 2012; Petiot et al., 2018; Rimmelzwaan 
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Figure 2.
Replication of swine IAV strains in Vero cells. Vero cells were inoculated with strains A/swine/Chile/VN1401-274/2014(H1N2) (a), A/swine/
Chile/VN1401-4/2014(H1N2) (b), A/swine/Valparaiso/VN1401-559/2014(H1N1) (c), or A/swine/Maule/VN1401-1824/2015(H3N2) (d). MOI of 1, 
0.1, 0.01, 0.001, 0.0001 and 0.00001, were used for each strain. HA titers were calculated at 12, 24, 36, 48, 60, 72, and 120 h post-infection.

et al., 1998). Low HA titers with high MOIs could be due to 
the presence of non-infectious biologically active influenza 
virus particles (niBAPs) or other types of interfering parti-
cles that lack replication capacity, specifically non-infectious 
cell-killing particles (niCKPs) (Brooke, 2014). These non-in-
fectious particles have the potential to influence the course 
of pathogenesis through their capacity to stimulate or sup-
press antiviral responses, and in the case of niCKPs, to drive 
cells into apoptosis (Marcus et al., 2009). These swine IAV 
strains are likely to generate a high proportion of niCKPs 
that are sufficiently diluted at low MOIs but play an import-
ant role in inducing apoptosis at higher MOIs (Isken et al., 
2012). Specifically, this could be the case for strain A/swine/
Chile/VN1401-274/2014(H1N2), which reached a lower HA 
titer (1 log base 2) than the other strains. Possibly, higher 
HA titers (>256 HAU/50 µL) would have been reached if we 
used lower MOIs. The cells would have remained viable for 
a longer period (>60 h), allowing a higher HA titer to be 
achieved. Isken et al. (2012) showed that strain-specific dif-

ferences in HA titers and the induction of apoptosis are less 
pronounced with a reduction in the MOI, which is beneficial 
for robustness in vaccine production processes, as process 
conditions and harvest time can be kept constant regardless 
of the strain used (Isken et al., 2012). 

In general, IAV strains reached the maximum HA titer at 
60 h post-infection in MDCK cells at an MOI of 0.00001. 
Therefore, this was the optimal harvest time for this MOI. 
Knowing the optimal harvest time for a given MOI is very 
useful in vaccine production, as the production of each 
batch can be better planned and scheduled. It must be not-
ed that, on a large scale, it is not possible to visualize CPE to 
determine harvest time.

In contrast to MDCK cells, lower HA titers were obtained 
in Vero cells, indicating less efficient replication kinetics. No 
CPE or HA titers were obtained with the MOI of 0.00001 
at any time post-infection. In fact, the pandemic-like strain 
A/Valparaiso/Chile/VN1401-559/2014(H1N1) could not rep-
licate in Vero cells. Some IAV strains have been reported 
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to be unable to generate high viral load titers in Vero cells 
(Liu et al., 2009). This may be because Vero cells rapidly 
inactivate exogenous trypsin, which restricts the replication 
of influenza viruses (Kaverin & Webster, 1995). Trypsin has 
a negative effect on interferon (IFN)-induced antiviral pro-
teins (Seitz et al., 2012) and cleaves HA to induce cellular 
infection (Klenk et al., 1975). In addition, canine IFN-induced 
myxovirus resistance protein 1 (Mx1) produced by MDCK 
cells cannot inhibit IAV replication (Seitz et al., 2010), mak-
ing it advantageous over other cell lines used in the replica-
tion of this virus (Hegde, 2015; Manini et al., 2017).

In conclusion, we evaluated the optimal parameters 
for growth of novel swine IAV strains recently described 
in Chile. The optimal cell line, initial infectious dose, and 
harvest time were determined. These factors are critical 
for vaccine production, particularly for whole-inactivated 
vaccines. Although the optimal MOI depends on the virus 
strain, in general, this protocol could be useful for laborato-
ries producing swine IAV vaccines that are just beginning or 
have less experience. This is important because other South 
American countries also have human-origin swine IAVs that 
are genetically and antigenically different from commercial 
vaccine strains (Cappuccio et al., 2011; Resende et al., 2017) 
and might have to produce their own vaccines for effective 
prevention and control.

DECLARATIONS
Competing interests statement

The authors declare that they have no conflicts of interest.

Ethics statement
Not applicable.

Availability of data and materials
The dataset supporting the conclusions of this study is available in the 

Supplementary Data.

Authors’ contributions
Conceptualization, RT and VN; methodology, RT and RAM; validation, 

RT and VN; formal analysis, RT; investigation, RT; resources, RT, RAM and 
VN; data curation, RT; writing—original draft preparation, RT; writing—re-
view and editing, RT, RAM and VN; visualization, RT; supervision, RT and 
VN; project administration, RT; funding acquisition, RT, RAM, and VN. All 
authors have read the final version of the manuscript and accept responsi-
bility for the veracity and originality of this work.

Funding
This research was funded by CONICYT-PCHA/Doctorado Nacion-

al/2014-21140719 to RT; FONDECYT 11170877, 1211517, and FIV-2017 to VN; 
and by NIH and with funds from the CRIP (Center for Research on Influ-
enza Pathogenesis), an NIH-funded Center of Excellence for Influenza Re-
search and Surveillance (CEIRS, contract number HHSN272201400008C) 
to VN and RAM.

Acknowledgments
We thank Karla Tapia for her technical support with the plaque assay 

for influenza A viruses.

REFERENCES

Anderson, T. K., Macken, C. A., Lewis, N. S., Scheuermann, R. H., Van Reeth, 
K., Brown, I. H., Swenson, S. L., Simon, G., Saito, T., Berhane, Y., Ciac-

ci-Zanella, J., Pereda, A., Davis, C. T., Donis, R. O., Webby, R. J., & Vin-
cent, A. L. (2016). A Phylogeny-Based Global Nomenclature System and 
Automated Annotation Tool for H1 Hemagglutinin Genes from Swine 
Influenza A Viruses. mSphere, 1(6), e00275-16. https://doi.org/10.1128/
mSphere.00275-16  

Baer, A., & Kehn-Hall, K. (2014). Viral Concentration Determination Through 
Plaque Assays: Using Traditional and Novel Overlay Systems. Journal of 
Visualized Experiments, 93, 52065. https://doi.org/10.3791/52065

Brooke, C. B. (2014). Biological activities of «noninfectious» influenza A vi-
rus particles. Future Virology, 9(1), 41-51. https://doi.org/10.2217/fvl.13.118

Cappuccio, J. A., Pena, L., Dibárbora, M., Rimondi, A., Piñeyro, P., Insarralde, 
L., Quiroga, M. A., Machuca, M., Craig, M. I., Olivera, V., Chockalingam, 
A., Perfumo, C. J., Perez, D. R., & Pereda, A. (2011). Outbreak of swine 
influenza in Argentina reveals a non-contemporary human H3N2 virus 
highly transmissible among pigs. Journal of General Virology, 92(12), 
2871-2878. https://doi.org/10.1099/vir.0.036590-0

Centers for Disease Control and Prevention (CDC). New Lab Method to 
Test Flu A(H3N2) viruses. (2019, March 13). https://www.cdc.gov/flu/
spotlights/2018-2019/new-lab-method-test-flu.html

Centers for Disease Control and Prevention (CDC) (2022, November 3). 
How Influenza (Flu) Vaccines Are Made. https://www.cdc.gov/flu/pre-
vent/how-fluvaccine-made.htm

Donis, R. O., Chen, L.-M., Davis, C. T., Foust, A., Hossain, M. J., Johnson, 
A., Klimov, A., Loughlin, R., Xu, X., Tsai, T., Blayer, S., Trusheim, H., 
Colegate, T., Fox, J., Taylor, B., Hussain, A., Barr, I., Baas, C., Louwer-
ens, J., Geuns, E., Lee, M.-S., Venhuizen, L., Neumeier, E., & Ziegler, T. 
(2014). Performance characteristics of qualified cell lines for isolation 
and propagation of influenza viruses for vaccine manufacturing. Vac-
cine, 32(48), 6583-6590. https://doi.org/10.1016/j.vaccine.2014.06.045

Feng, S.-Z., Jiao, P.-R., Qi, W.-B., Fan, H.-Y., & Liao, M. (2011). Develop-
ment and strategies of cell-culture technology for influenza vaccine. 
Applied Microbiology and Biotechnology, 89(4), 893-902. https://doi.
org/10.1007/s00253-010-2973-9

Genzel, Y., Dietzsch, C., Rapp, E., Schwarzer, J., & Reichl, U. (2010). MDCK 
and Vero cells for influenza virus vaccine production: A one-to-one 
comparison up to lab-scale bioreactor cultivation. Applied Microbiolo-
gy and Biotechnology, 88(2), 461-475. https://doi.org/10.1007/s00253-
010-2742-9

Hegde, N. R. (2015). Cell culture-based influenza vaccines: A necessary and 
indispensable investment for the future. Human Vaccines & Immuno-
therapeutics, 11(5), 1223-1234. https://doi.org/10.1080/21645515.2015.10
16666

Isken, B., Genzel, Y., & Reichl, U. (2012). Productivity, apoptosis, and in-
fection dynamics of influenza A/PR/8 strains and A/PR/8-based re-
assortants. Vaccine, 30(35), 5253-5261. https://doi.org/10.1016/j.vac-
cine.2012.05.065

Kaverin, N. V., & Webster, R. G. (1995). Impairment of multicycle influenza 
virus growth in Vero (WHO) cells by loss of trypsin activity. Journal 
of Virology, 69(4), 2700-2703. https://doi.org/10.1128/jvi.69.4.2700-
2703.1995

Kitikoon, P., Gauger, P. C., & Vincent, A. L. (2014). Hemagglutinin Inhibition 
Assay with Swine Sera. En E. Spackman (Ed.), Animal Influenza Virus 
(Vol. 1161, pp. 295-301). Springer New York. https://doi.org/10.1007/978-
1-4939-0758-8_24

Klenk, H.-D., Rott, R., Orlich, M., & Blödorn, J. (1975). Activation of influen-
za A viruses by trypsin treatment. Virology, 68(2), 426-439. https://doi.
org/10.1016/0042-6822(75)90284-6

Liu, J., Shi, X., Schwartz, R., & Kemble, G. (2009). Use of MDCK cells for 
production of live attenuated influenza vaccine. Vaccine, 27(46), 6460-
6463. https://doi.org/10.1016/j.vaccine.2009.06.024

Manini, I., Trombetta, C., Lazzeri, G., Pozzi, T., Rossi, S., & Montomoli, E. 
(2017). Egg-Independent Influenza Vaccines and Vaccine Candidates. 
Vaccines, 5(3), 18. https://doi.org/10.3390/vaccines5030018

Marcus, P. I., Ngunjiri, J. M., & Sekellick, M. J. (2009). Dynamics of Biolog-
ically Active Subpopulations of Influenza Virus: Plaque-Forming, Non-
infectious Cell-Killing, and Defective Interfering Particles. Journal of 
Virology, 83(16), 8122-8130. https://doi.org/10.1128/JVI.02680-08

McLean, K. A., Goldin, S., Nannei, C., Sparrow, E., & Torelli, G. (2016). 
The 2015 global production capacity of seasonal and pandemic influ-
enza vaccine. Vaccine, 34(45), 5410-5413. https://doi.org/10.1016/j.vac-

http://www.ajvs.cl


Tapia, et al. (2024) Austral J Vet Sci 56, 85-90

Austral Journal of Veterinary Science 90

cine.2016.08.019
Meechan, P. J., & Potts, J. (2020). Biosafety in microbiological and biomedi-

cal laboratories (cdc:97733). https://stacks.cdc.gov/view/cdc/97733
Nelson, M., Culhane, M. R., Rovira, A., Torremorell, M., Guerrero, P., & 

Norambuena, J. (2015). Novel Human-like Influenza A Viruses Circulate 
in Swine in Mexico and Chile. PLoS Currents. https://doi.org/10.1371/
currents.outbreaks.c8b3207c9bad98474eca3013fa933ca6

Petiot, E., Proust, A., Traversier, A., Durous, L., Dappozze, F., Gras, M., Guil-
lard, C., Balloul, J.-M., & Rosa-Calatrava, M. (2018). Influenza viruses pro-
duction: Evaluation of a novel avian cell line DuckCelt®-T17. Vaccine, 
36(22), 3101-3111. https://doi.org/10.1016/j.vaccine.2017.03.102

Resende, P. C., Born, P. S., Matos, A. R., Motta, F. C., Caetano, B. C., Debur, 
M. D. C., Riediger, I. N., Brown, D., & Siqueira, M. M. (2017). Whole-Ge-
nome Characterization of a Novel Human Influenza A(H1N2) Virus 
Variant, Brazil. Emerging Infectious Diseases, 23(1), 152-154. https://doi.
org/10.3201/eid2301.161122

Rimmelzwaan, G. F., Baars, M., Claas, E. C. J., & Osterhaus, A. D. M. E. (1998). 
Comparison of RNA hybridization, hemagglutination assay, titration of 
infectious virus and immunofluorescence as methods for monitoring 
influenza virus replication in vitro. Journal of Virological Methods, 74(1), 
57-66. https://doi.org/10.1016/S0166-0934(98)00071-8 

Seitz, C., Frensing, T., Hoper, D., Kochs, G., & Reichl, U. (2010). High yields 
of influenza A virus in Madin-Darby canine kidney cells are promoted 
by an insufficient interferon-induced antiviral state. Journal of General 
Virology, 91(7), 1754-1763. https://doi.org/10.1099/vir.0.020370-0

Seitz, C., Isken, B., Heynisch, B., Rettkowski, M., Frensing, T., & Reichl, 
U. (2012). Trypsin promotes efficient influenza vaccine production in 

MDCK cells by interfering with the antiviral host response. Applied Mi-
crobiology and Biotechnology, 93(2), 601-611. https://doi.org/10.1007/
s00253-011-3569-8

Skowronski, D. M., Janjua, N. Z., De Serres, G., Sabaiduc, S., Eshaghi, A., 
Dickinson, J. A., Fonseca, K., Winter, A.-L., Gubbay, J. B., Krajden, M., 
Petric, M., Charest, H., Bastien, N., Kwindt, T. L., Mahmud, S. M., Van 
Caeseele, P., & Li, Y. (2014). Low 2012–13 Influenza Vaccine Effectiveness 
Associated with Mutation in the Egg-Adapted H3N2 Vaccine Strain Not 
Antigenic Drift in Circulating Viruses. PLoS ONE, 9(3), e92153. https://
doi.org/10.1371/journal.pone.0092153

Tapia, R., García, V., Mena, J., Bucarey, S., Medina, R. A., & Neira, V. (2018). 
Infection of novel reassortant H1N2 and H3N2 swine influenza A virus-
es in the guinea pig model. Veterinary Research, 49(1), 73. https://doi.
org/10.1186/s13567-018-0572-4

Tapia, R., Torremorell, M., Culhane, M., Medina, R. A., & Neira, V. (2020). 
Antigenic characterization of novel H1 influenza A viruses in swine. Sci-
entific Reports, 10(1), 4510. https://doi.org/10.1038/s41598-020-61315-5 

Tree, J. A., Richardson, C., Fooks, A. R., Clegg, J. C., & Looby, D. (2001). 
Comparison of large-scale mammalian cell culture systems with egg 
culture for the production of influenza virus A vaccine strains. Vaccine, 
19(25-26), 3444-3450. https://doi.org/10.1016/S0264-410X(01)00053-6

Zost, S. J., Parkhouse, K., Gumina, M. E., Kim, K., Diaz Perez, S., Wilson, P. 
C., Treanor, J. J., Sant, A. J., Cobey, S., & Hensley, S. E. (2017). Contem-
porary H3N2 influenza viruses have a glycosylation site that alters bind-
ing of antibodies elicited by egg-adapted vaccine strains. Proceedings 
of the National Academy of Sciences, 114(47), 12578-12583. https://doi.
org/10.1073/pnas.1712377114


