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Summary of the "take home" message 

Influenza B viruses can infect and replicate in a variety of cell types of human respiratory 

tract with higher preference for the conducting airway than lower lung and with similar 

tropism and replication competence as human seasonal influenza A viruses.    

  



Abstract 

Despite causing regular seasonal epidemics with substantial morbidity, mortality and 

socioeconomic burden, there is still a lack of research on influenza B viruses (IBVs). In this 

study, we provide for the first time a systematic investigation on the tropism, replication 

kinetics and pathogenesis of IBVs in the human respiratory tract. 

Physiologically relevant ex-vivo explant cultures of human bronchus and lung, human airway 

organoids, and in-vitro cultures of differentiated primary human bronchial epithelial cells 

(dHBECs) and type-I-like alveolar epithelial cells (AECs) were used to study the cellular and 

tissue tropism, replication competence, and induced innate immune response of 16 IBV 

strains isolated from 1940 to 2012 in comparison with human seasonal influenza A viruses 

(IAVs), H1N1 and H3N2. IBVs from the diverged Yamagata- and Victoria-like lineages and 

the earlier undiverged period were included. 

The majority of IBVs replicated productively in human bronchus and lung with similar 

competence to seasonal IAVs. IBVs infected a variety of cell types, including ciliated cells, 

club cells, goblet cells, and basal cells, in human airway organoids. Like seasonal IAVs, 

IBVs are low inducers of pro-inflammatory cytokines and chemokines. Most results 

suggested a higher preference for the conducting airway than the lower lung and strain-

specific rather than lineage-specific pathogenicity of IBVs.  

Our results highlighted the non-negligible virulence of IBVs which require more attention 

and further investigation to alleviate the disease burden, especially when treatment options 

are limited. 

  



Introduction 

Influenza B virus (IBV) was first isolated in 1940 [1]. It belongs to the family 

Orthomyxoviridae, is enveloped and contains an eight-segment negative-sense single-

stranded RNA genome [2]. Since the mid-1970s, IBVs have diverged into Yamagata-like and 

Victoria-like lineages according to the phylogenetic and antigenic characteristics of their 

haemagglutinin (HA) surface glycoproteins [3]. They have been co-circulating worldwide 

causing regular seasonal epidemics with substantial morbidity, mortality and socioeconomic 

burden. Approximately once every three years, IBVs are the predominant circulating strain of 

influenza virus with prevalence as high as 70% [4].  In the US, estimated rates of influenza-

associated hospitalizations were second only to A/H3N2, higher than A/H1N1 [5]. 

Pneumonia, respiratory failure and acute respiratory distress syndrome (ARDS) associated 

with IBV infection may lead to death [6]. Of all influenza associated excess mortality in the 

US, influenza B viruses on average contributes to 29%, sometimes their contribution reaching 

as high as 51-95% [7]. In Hong Kong, an average hospitalization cost of US$1328.33 was 

attributed to each IBV-infected child [8].  

While IBVs share major structural similarities with influenza A viruses (IAVs), they are 

evolutionarily diverged and genetically incompatible with no intertypic reassortment with 

IAVs detected in nature [2]. However, research on IBVs is still overshadowed by that 

focussed on IAVs. IBV virus tropism and pathogenesis are still poorly studied.  

The ability of influenza virus to replicate in human upper and conducting airways is often 

associated with its transmissibility, so viral infection of ex-vivo explant cultures of human 

nasopharynx and bronchus has been listed by the WHO as a parameter for assessing 

transmissibility [9]. Recently, we showed that human airway organoids represented an 

alternative physiologically relevant model of human ex-vivo bronchus cultures with the 



advantages of being more abundantly available and more easily manipulated for co-staining 

with defined cellular markers to study cellular tropism [10]. Replication in the lower lung is 

often associated with disease severity and ex-vivo explant cultures of human lung were 

extensively used by our group to investigate viral pathogenesis [11-13]. 

Our study provides for the first time a systematic investigation on tissue tropism and 

replication competence of IBVs in ex-vivo explant cultures of human bronchus and lung and 

human airway organoids using a panel of 16 representative IBV strains from 1940 to 2012, 

including viruses from both Yamagata- and Victoria-like lineages as well as a virus from the 

period prior to the divergence of these two lineages. Innate immune responses induced by 

IBVs were studied in in-vitro cultures of differentiated primary human bronchial epithelial 

cells (dHBECs) and primary human type-I-like alveolar epithelial cells (AECs). In parallel, 

human seasonal A/H1N1 and A/H3N2 were used for comparison.   

   

Material and methods 

Technical details are in supplementary materials. 

 

Viruses 

Virus stocks of 16 IBVs and 5 IAVs (Table 1) were prepared in Madin–Darby canine kidney 

(MDCK) cells or specific-pathogen-free embryonated chicken eggs with limited passage. 

Viral titres were determined using TCID50 and plaque assays.  

 

  



Infection of ex-vivo explant cultures of human bronchus and lung 

Fresh human bronchus and lung were collected from non-tumour residual tissues of patients 

undergoing surgical resection with informed consent. Approval was granted by the 

Institutional Review Board of the University of Hong Kong and the Hospital Authority 

(Hong Kong West) (approval no: UW 14-119). Tissues were cultured and infected in ~10
6
 

TCID50/ml virus for 1h at 37
o
C as previously described [10-13]. Supernatant was harvested at 

1, 24 and 48 hours post infection (hpi) for virus titration by TCID50 assay. Tissues were fixed 

in 10% neutral-buffered formalin at 48hpi for immunohistochemical staining.  

 

Infection of human airway organoids 

Human airway organoids were cultured from cells isolated from non-tumour lung tissue and 

infected in ~10
6
 TCID50/ml virus for 1h at 37

o
C as described [10]. Supernatant was harvested 

at 1, 24 and 48hpi for virus titration by TCID50 assay. Total virus released from 1-48hpi was 

represented by the area under curve (AUC) from viral titre plots. Organoids were fixed in 4% 

paraformaldehyde at 24 and 48hpi for immunohistochemical double staining. 

 

Infection of in-vitro human primary cell cultures  

dHBECs [13, 14] and AECs [11-13] were isolated, cultured and infected at a multiplicity of 

infection (MOI) of 0.01 or 2 for 1h at 37
o
C as described. Supernatant was harvested at 1, 24, 

48, 72 and 96hpi for virus titration by TCID50 assay. Total virus released from 1-96 or 24-

96hpi was represented by AUC from viral titre plots. Cell lysates were collected at 6 or 8 and 

24hpi for measurement of mRNA expression. Except when infecting mucus-containing 



dHBECs, all cells were washed with phosphate buffered saline (PBS), pH 7.4, prior to 

infection. 

Mucus content was measured in our earlier dHBEC cultures using an enzyme-linked lectin 

assay (ELLA) with horseradish peroxidase conjugated wheat germ agglutinin (HRP-WGA) 

which specifically binds sialic acids (SA) and monomers and oligomers of N-acetyl-D-

glucosamine. Mucins were quantified as they comprise a significant portion of airway mucus 

and are rich in SA and N-acetyl-D-glucosamine. 200-300 μl of PBS was added onto the 

apical compartment of a 24-well transwell insert for 20 mins to rinse out the mucus secreted 

by the dHBECs. ELLA results showed that washing with PBS can remove mucus effectively. 

Approximately 4000 to 8000 μg/ml of mucins were present in this setting. 

 

Immunohistochemical staining 

Paraffin-embedded human tissues and airway organoids were single stained with IBV- or 

IAV-specific antibody and double stained with IBV- or IAV-specific antibody and cell-type 

specific markers acetyl-α-tubulin, SCGB1A1/CC10, MUC5AC or p63-alpha, respectively, as 

described [10, 11].  

 

Cytokine and chemokine and interferon-stimulated gene measurement     

mRNA expression of cytokines and chemokines in dHBECs and AECs was measured by 

real-time PCR as described [11-13].  

 

  



Desialylation–haemagglutination assay 

The effect of desialylation on IBV and IAV haemagglutination of Turkey red blood cells 

(TRBCs) was studied as described [11]. Untreated TRBCs were compared with those treated 

with Glyko® Sialidase S
TM

 (Prozyme) or sialidase DAS181 (NexBio). 

 

Data analysis 

Viral replication was categorized as productive replication, marginal replication or non-

replication with mean titres at 24hpi or later being ≥10
2.5

 TCID50/ml (≥1 log higher than the 

TCID50 assay detection limit of 10
1.5

 TCID50/ml), between 10
2 

to <10
2.5

 TCID50/ml (0.5 to <1 

log higher than the detection limit) and <10
2
 TCID50/ml (<0.5 log higher than the detection 

limit), respectively. 

Statistical analysis was performed using GraphPad Prism version 5. Viral replication kinetics 

and mRNA expressions between experimental groups at different time points were compared 

by two-way analysis of variance (two-way ANOVA) while AUC values were compared by 

one-way ANOVA, both with Bonferroni post-tests. 

  

Results 

Influenza B viruses replicated productively in human bronchial explants 

The majority (15/16) of IBV strains tested replicated productively in explant cultures of 

human bronchus (Figure 1a). Yamagata-like B/Taiwan/N1902/2004, B/Florida/4/2006, 

B/HongKong/412407/2008, and B/HongKong/448799/2012 and Victoria-like 

B/Malaysia/2506/2004, B/HongKong/38551/2005 and B/HongKong/407373/2011 replicated 

most efficiently (mean peak titres ≥10
5
 TCID50/ml), being comparable to those of seasonal 



A/H1N1 (A/Oklahoma/447/2008) and A/H3N2 (A/Oklahoma/370/2005), and significantly 

higher than those of Yamagata-like B/Harbin/7/1994, Victoria-like B/Victoria/2/1987, 

B/Taiwan/N1706/2002 and B/HongKong/204133/2006, and the early B/Lee/1940 strains 

(Figures 1a and S1). Most IBVs and seasonal IAVs exhibited similar replication patterns with 

24hpi peaks. Additional information on the replication kinetics of seasonal A/H1N1 

(A/HongKong/54/1998) and A/H3N2 (A/HongKong/1174/1999) is provided in figure S3a. 

Immunohistochemical staining for IBV nucleoprotein (NP) showed ciliated and non-ciliated 

epithelial cells in explant cultures of human bronchus infected with IBV (Figures 1b and 

S4a). The extensiveness of IBV NP expression was correlated with viral replication 

competence with extensive clusters of infected cells observed in highly replicating strains. 

Sloughing and thinning of the epithelium was also observed in IBV-infected explants. 

 

Cellular tropism of influenza B viruses in human airway organoids  

To further understand the tropism of IBVs in human conducting airways, human airway 

organoids were infected with Yamagata-like B/Taiwan/N1902/2004 and Victoria-like 

B/HongKong/38551/2005 in comparison with seasonal A/H1N1 (A/Oklahoma/447/2008) and 

A/H3N2 (A/Oklahoma/370/2005). All viruses showed highly productive replication as in 

human bronchial explants with mean peak titres being >10
5
 TCID50/ml at 48hpi (Figure 2a). 

AUC analysis from 1-48hpi demonstrated similar overall replication between the two IBVs 

and A/Oklahoma/370/2005 which were significantly lower than A/Oklahoma/447/2008 

(Figure 2b). Immunohistochemical double staining revealed both IBVs and seasonal IAVs 

infected acetyl-α-tubulin+ ciliated cells, SCGB1A1+/CC10+ secretory club cells, MUC5AC+ 

secretory goblet cells and p63-alpha+ basal cells (Figures 2c and S4c). Additional 

information on the replication kinetics of seasonal A/H1N1 (A/HongKong/54/1998) and 



A/H3N2 (A/HongKong/1174/1999) in human airway organoids and the corresponding 

immunohistochemical double staining is provided in figures S3c and S3d, respectively.  

 

Influenza B viruses replicated productively in human lung explants 

Using the same virus panel as in human bronchus, most IBVs (13/16) productively replicated 

in explant cultures of human lung (Figure 3a). Nonetheless, mean viral titres of IBVs and 

seasonal IAVs (A/Oklahoma/447/2008 and A/Oklahoma/370/2005) were mostly ≤10
4
 

TCID50/ml at 24 and 48hpi as opposed to those in human bronchial explants, except for 

Victoria-like B/Malaysia/2506/2004, and mostly comparable (Figures 3a and S2). Like in 

human bronchus, most IBVs and seasonal IAVs produced the highest titres at 24hpi. 

Additional information on the replication kinetics of seasonal A/H1N1 

(A/HongKong/54/1998) and A/H3N2 (A/HongKong/1174/1999) is provided in figure S3b. 

Immunohistochemical staining for IBV NP stained positive in alveolar epithelial cells 

(Figures 3b and S4b). Explants infected with marginal and non-replicating strains 

correspondingly showed no or a few sparsely located positive cells while those infected with 

productive replicating strains generally had more positive cells.   

 

Influenza B virus-induced innate immune response in differentiated primary human 

bronchial epithelial cells (dHBECs)  

Among the highest replicating IBV strains in human bronchial explants, Yamagata-like 

B/Taiwan/N1902/2004 and B/HongKong/448799/2012 and Victoria-like 

B/HongKong/38551/2005 and B/HongKong/407373/2011 were evaluated for their 

replication efficiency and induction of innate immune response in dHBECs in comparison to 

seasonal A/H1N1 (A/Oklahoma/447/2008) and A/H3N2 (A/Oklahoma/370/2005). At MOI 



0.01, all viruses showed highly productive replication (mean peak titres ≥10
6
 TCID50/ml) 

(Figure 4a).   AUC analysis from 1-96hpi indicated comparable overall replication between 

the four IBVs with only B/HongKong/448799/2012 having lower AUC than 

B/HongKong/38551/2005 (Figure 4b). All IBVs, however, exhibited significantly lower 

AUC than the two seasonal IAVs. At MOI 2, there was a trend suggesting higher induction of 

pro-inflammatory cytokines and chemokines IFNβ, CXCL10, and CCL5 mRNA by IBVs 

than seasonal IAVs at 24hpi, with statistical significance in the case of Yamagata-like IBVs 

(Figure 4c). 

       

Inhibitory effect of mucus on replication of influenza B viruses  

Airway mucus constantly lines the respiratory tract and can act as a barrier to trap pathogens 

and prevent them from infecting the underlying epithelium [15]. As the mucin barrier 

potentially has an important effect on the ability of a virus to infect cells, we were interested 

to know the inhibitory effect of mucus on IBV infection. Prior to infection at MOI 2, 

dHBECs were either washed with PBS or not washed to remove or retain the secreted mucus 

respectively.  In the presence of mucus, viral titres of Yamagata-like B/Taiwan/N1902/2004, 

Victoria-like B/HongKong/38551/2005, A/Oklahoma/447/2008 (H1N1) and 

A/Oklahoma/370/2005 (H3N2) dropped by 2.8, 4.5, 2.5 and 3.2 log TCID50/ml on average 

compared to cells without mucus at 20hpi respectively (Figure 4d). Regardless of the 

presence of mucus, both IBVs replicated to lower titres than the seasonal IAVs. Yamagata-

like B/Taiwan/N1902/2004 replicated to significantly higher titres than Victoria-like 

B/HongKong/38551/2005 in the presence of mucus despite similar replication without 

mucus, thus indicating a greater inhibitory effect of mucus on the Victoria-like IBV.     

 



Influenza B virus-induced innate immune response in primary human type-I-like 

alveolar epithelial cells (AECs)  

The same six-virus panel of influenza A and B viruses used in the study on dHBECs was 

used to investigate viral replication and induction of innate immune response in AECs. At 

MOI 0.01, IBVs showed productive replication but mean peak titres were only between 10
2.5 

to 10
3.3 

TCID50/ml, which were at least 1 log lower than those of seasonal IAVs (Figure 5a). 

However, there was no statistically significant difference in the overall replication of IBVs 

and seasonal IAVs as indicated by their AUC analysis from 24-96hpi (Figure 5b). At MOI 2, 

Victoria-like B/HongKong/407373/2011 and seasonal IAVs induced similar amount of IFNβ, 

CXCL10, and IL29 mRNA which were more than those induced by the other three IBVs at 

24hpi (Figure 5c). 

 

Influenza B viruses predominantly bind α2,6-linked sialic acid receptors 

Receptor binding specificities of IBVs and IAVs were determined by their ability to 

agglutinate untreated and desialylated 0.5% TRBCs. All viruses, including the 16 IBVs, 

seasonal A/H1N1 (A/Oklahoma/447/2008) and A/H3N2 (A/Oklahoma/370/2005), and HPAI 

H5N1 (A/Hong Kong/483/1997), could agglutinate untreated TRBCs giving titres of ≥64 

HAU (Table 2). Treatment of TRBCs with Sialidase S, which selectively cleaves α2,3-linked 

sialic acid (SA), did not affect agglutination of IBVs and seasonal IAVs. A predominantly 

α2,3-linked SA binder HPAI H5N1 was used as a positive control of this assay, in which its 

haemagglutination to Sialidase S-treated TRBCs was abolished as expected. Cleavage of both 

α2,3- and α2,6-linked SA by sialidase DAS181 prevented haemagglutination of most IBVs 

and IAVs, except for Yamagata-like B/HongKong/448799/2012 and A/H3N2 which retained 

some degree of haemagglutination with 4-fold drop in titres from 64 to 16 HAU. These 



results suggest IBVs predominantly bind α2,6-linked SA receptors and occasionally can bind 

other receptor types not of α2,3- nor α2,6-linked SA.  

           

Discussion  

We have demonstrated the ability of IBVs to infect and productively replicate in explant 

cultures of human bronchus and lung giving viral titres comparable to those of seasonal 

IAVs. In human airway organoids, both IBVs and seasonal IAVs infected ciliated cells, club 

cells, goblet cells and basal cells demonstrating their similar tropism in the human airway. In 

dHBECs and AECs, some IBVs induced higher while others induced comparable to lower 

mRNA levels of pro-inflammatory cytokines and chemokines compared with seasonal IAVs. 

dHBEC-secreted mucus was shown to inhibit both IBVs and seasonal IAVs effectively.  

Human conducting airway and alveolar epithelia are predominantly lined with human-like 

α2,6-linked and avian-like α2,3-linked SA receptors respectively [16, 17]. IBV preference for 

α2,6-linked SA receptors is consistent with the higher replication of most IBVs in human 

bronchial than lung explants and dHBECs than AECs as reported in this study. Consistent 

with previous studies [18], our sialidase-treated haemagglutination assays showed IBVs 

predominantly bound α2,6-linked SA receptors. 

The contagiousness of seasonal influenza viruses is reflected by the millions of infected 

people worldwide during epidemics [19]. High infectivity and productive replication of IBVs 

and seasonal IAVs in human conducting airways as demonstrated in our human bronchial 

explants and airway organoids provide the prerequisites for their successful transmission. In 

contrast, HPAI H5N1 virus which is known to have low transmissibility infected fewer cell 

types and replicated poorly in these models [10, 16].  



The prevalence of IBV infection in humans was often not as high as seasonal IAVs although 

there were years when they predominated [19]. The comparable ability of IBVs and seasonal 

IAVs to infect and replicate in explant cultures of human conducting airways in this study 

suggested differential viral fitness might not be the major contributing factor. It has been 

proposed that the epidemiology of IBVs and IAVs corresponds to their evolutionary 

behaviour and the changing herd immunity [20, 21]. Seasonal epidemics often occur due to 

antigenic drift. With slower mutation rates, IBVs apparently required longer time to 

effectively escape the existing herd immunity [20]. However, co-circulation of both 

Yamagata- and Victoria-like viruses have allowed reassortment of gene segments to take 

place between lineages, thus generating new viruses with unique gene constellations and 

increasing epidemic potential [20-22]. In 2001, Victoria-like IBVs re-emerged after a decade 

of absence in many countries with a subpopulation of Victoria-like HA and Yamagata-like 

NA reassortant which later spread globally and became the predominant IBV strain [23, 24]. 

Such evolutionary behaviour could in turn explain the pattern of alternating dominance of the 

two IBV lineages. One lineage predominates until sufficient herd immunity is built against it 

at which point the other lineage increases in frequency with accumulated genetic and 

antigenic changes [20]. Inter-lineage reassortment possibly resulted in strain-specific rather 

than lineage-specific replication and host innate immune response observed in our explant 

cultures of human bronchus and lung and in-vitro cultures of dHBECs and AECs 

respectively. Phylogenetic analysis of all gene segments revealed that viral genetic 

reassortment was associated with strain-specific pathogenicity of IBVs in ferrets [25]. Since 

humans and seals are the only natural hosts of IBVs [26], IBVs do not experience major 

genetic change and antigenic shift leading to pandemics and highly pathogenic strains like 

IAVs [21].  



We did not observe any huge replication difference among IBV strains in human lung 

explants. Most had replication efficiencies comparable with seasonal IAVs. Moreover, IBVs, 

like seasonal IAVs, were low pro-inflammatory cytokine and chemokine inducers. They are 

apparently not as pathogenic as HPAI H5N1 which has strong tropism for human lung and 

ability to induce cytokine dysregulation [27, 28]. However, their virulence should not be 

neglected, especially for people with lower immunity like the elderly, young children, and 

those with underlying diseases, as pneumonia, ARDS, and fatality were more often 

associated with IBV infection in these groups [6, 29]. In the US, 22% to 44% of paediatric 

influenza deaths each season were attributable to influenza B between 2004 and 2011, 

excluding the 2009–2010 pandemic [30]. However, treatment options for IBV infection are 

limited with only oseltamivir and zanamivir being the two FDA-approved drugs [31]. Yet, 

oseltamivir is less effective against IBVs than IAVs and zanamivir is not prescribed to 

children under 7. Recent availability of quadrivalent influenza vaccines which included IBVs 

from both lineages may give broader protection and reduce the burden of IBV-lineage 

mismatch often encountered by trivalent vaccines [32]. Nevertheless, evidence has 

accumulated on the sporadic transmission of IBVs from humans to pigs indicating potential 

expansion of host species and increasing risks [33]. Our on-going risk assessment had also 

suggested swine respiratory tract is susceptible to IBV infection (unpublished data). 

Continuous surveillance and risk assessment of newly evolving IBV strains are therefore 

necessary. 

The large amount of mucins in mucus contain high content of terminal SA which could act as 

‘decoy’ receptors to trap viruses and prevent them from infecting cell surface [34]. Zanin et 

al., 2015, observed similar inhibitory effect of dHBEC-secreted mucus on swine pandemic 

and human A/H1N1 as on IBVs and seasonal IAVs demonstrated in this study. They also 

showed IAVs with higher NA enzymatic activity penetrated mucus layer better than their 



counterparts with less balanced HA-NA activities [35]. We speculated similar mechanisms 

for the greater inhibition of the Victoria-like IBV than Yamagata-like IBV in our study. 

However, further investigation is required and may promote better understanding in IBV 

transmissibility. 

Consistent with previous histology studies on the similar organisation, composition and 

cellular diversity between human airway organoids and dHBECs with human airways [10, 

14, 36], the replication kinetics of the tested IBVs and seasonal IAVs in human bronchial 

explants, human airway organoids and dHBECs were fairly comparable. While using human 

bronchial explants would be ideal since they are the most original, there is limited 

availability, donor-to-donor variability, and short-term viability of 48-72h of such tissues. 

Although dHBECs can be expanded and cultured for longer time, they normally have poor 

stability and reproducibility beyond passage three [37]. Human airway organoids, on the 

other hand, can be rescued from long-term cryopreservation and expanded up to at least 

passage nineteen without much alterations [10, 36]. These features allow organoids of the 

same donors, healthy or diseased, to be repeatedly used in risk assessments of different 

viruses as they emerge over time and their results compared [10]. Another important 

advantage is that organoids can be genetically engineered to study gene functions in disease 

models [38]. Moreover, there is a continuous cell structure in the 3D spheres of human 

airway organoids that should allow better study of mucus movement and ciliary beating in 

relations to mucociliary clearance during influenza virus infections, as compared to the 

interrupted cell layers in human bronchial explants and dHBECs. 

Comparable viral replication in human airway organoids and bronchial explants for the tested 

IBVs and seasonal IAVs have us anticipate similar replication efficiencies in organoids as in 

human bronchial explants for the other IBVs. Previously, IAVs with different replication 

kinetics in human bronchial explants, including human 2009 pandemic H1N1, H7N9, HPAI 



H5N1 and HPAI H5N6, also showed similar replication competence in human airway 

organoids [10].  

We chose the two Oklahoma seasonal IAVs to compare with IBVs in this study since they 

had been well characterised with glycan arrays and showed good replications in human 

bronchial and lung explants [39, 40]. Their replication kinetics also did not show major 

differences from those of the two Hong Kong seasonal IAVs (Figure S3).  

In conclusion, our study of IBVs isolated from 1940 to 2012 clearly indicated the ability of 

IBVs to infect and productively replicate in a variety of cell types in the human respiratory 

tract epithelium. There was higher preference for the conducting airway than the lower lung 

and strain-specific rather than lineage-specific pathogenicity. These highlighted the non-

negligible virulence of IBVs which require more attention and investigation to alleviate the 

disease burden, especially when treatment options are limited. 
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Table and Figure Legends 

 

Table 1. List of influenza A and B viruses used in this study  

  Undiverged IBV     

  

 
B/Lee/1940      

        

 

IBV-Yamagata
 a

  

 

IBV-Victoria 
b
 

  B/Harbin/7/1994   B/Victoria/2/1987 

  B/Yamanashi/166/1998   B/Shandong/7/1997 

  B/Taiwan/N1902/2004   B/Taiwan/N1706/2002 

  B/HongKong/84329/2005   B/Tehran/80/2002 

  B/Florida/4/2006   B/Malaysia/2506/2004 

  B/HongKong/412407/2008   B/HongKong/38551/2005 

  B/HongKong/448799/2012   B/HongKong/204133/2006 

      B/HongKong/407373/2011 
        
 Human seasonal IAVs 

 

A/HongKong/54/1998 (H1N1) 

A/Oklahoma/447/2008 (H1N1) 

 

A/HongKong/1174/1999 (H3N2) 

A/Oklahoma/370/2005 (H3N2) 
  
 Highly pathogenic avian influenza (HPAI) H5N1 

 A/Hong Kong/483/1997  
 

a
 IBV-Yamagata: Yamagata-like IBVs  

b
 IBV-Victoria: Victoria-like IBVs  

 

  



Table 2. Effects of desialylation on influenza virus haemagglutination of Turkey red blood 

cells (TRBCs) 

Viruses 

 0.5% TRBCs 

Untreated Sialidase S DAS181  
  

  

Undiverged IBV 

  B/Lee/1940 1024
 c 

1024 0   

IBV-Yamagata 
a
 

  B/Harbin/7/1994 64 64 0   

  B/Yamanashi/166/1998 128 128 0   

  B/Taiwan/N1902/2004 256 256 0   

  B/HongKong/84329/2005 64 64 0   

  B/Florida/4/2006 64 64 0   

  B/HongKong/412407/2008 64 64 0   

  B/HongKong/448799/2012 64 64 16   

IBV-Victoria 
b
 

  B/Victoria/2/1987 64 64 0   

  B/Shandong/7/1997 256 256 0   

  B/Taiwan/N1706/2002 128 128 0   

  B/Tehran/80/2002 64 64 0   

  B/Malaysia/2506/2004 128 128 0   

  B/HongKong/38551/2005 128 128 0   

  B/HongKong/204133/2006 64 64 0   

  B/HongKong/407373/2011 64 64 0   

Human seasonal IAVs 

  A/Oklahoma/447/2008 (H1N1) 64 64 0   

  A/Oklahoma/370/2005 (H3N2) 64 64 16   

HPAI H5N1  

  A/Hong Kong/483/1997 512 0 0   

 

a
 IBV-Yamagata: Yamagata-like IBVs  

b
 IBV-Victoria: Victoria-like IBVs  



c
 Haemagglutination titre in hemagglutination unit (HAU) was calculated as the reciprocal of the highest 

dilution which gave haemagglutination. Experiments were performed in triplicates (n = 3) with identical results. 

 

  



Figure 1. Replication kinetics of human seasonal influenza A and B viruses in explant 

cultures of human bronchus infected with ~10
6
 TCID50/ml at 37

o
C (a). Viral titres in culture 

medium (mean ± SEM, n ≥ 3) were determined by TCID50 assay with a detection limit of 

10
1.5

 TCID50/ml which was denoted by the baseline. Statistical significance between viral 

titres at different time post infection was calculated by two-way ANOVA with Bonferroni 

post-tests (Figure S1). Representative images of immunohistochemical staining for IBV 

nucleoprotein (brown) in virus-infected explant cultures of human bronchus at 48hpi (n ≥ 3) 

(b). Scale bar: 500μm. IBV-Yamagata: Yamagata-like IBVs; IBV-Victoria: Victoria-like 

IBVs. 

 

Figure 2. Replication kinetics of human seasonal influenza A and B viruses in human airway 

organoids infected with 10
6
 TCID50/ml at 37

o
C (a). Viral titres in culture medium (mean ± 

SEM, n = 3) were determined by TCID50 assay with a detection limit of 10
1.5

 TCID50/ml 

which was denoted by the dashed line. The total virus released from 1-48hpi was calculated 

as area under curve (AUC) (mean ± SEM, n = 3) (b). Statistical significance between AUC 

values was analysed using one-way ANOVA with Bonferroni post-tests. $: p <0.05; $$: p 

<0.01 (compared to A/Oklahoma/447/2008). Representative images of immunohistochemical 

double staining of virus-infected human airway organoids at 24 or 48hpi (n = 3) (c) for IBV 

antigen or IAV nucleoprotein (brown) and acetyl-α-tubulin (α-tub) (pink) for ciliated cells, 

SCGB1A1/CC10 (CC10) (pink) for club cells, or MUC5AC (pink) for goblet cells. Basal 

cells were stained with p63-alpha (p63a) (brown) and IBV antigen or IAV nucleoprotein 

(pink). Scale bar: 500μm.  

 



Figure 3. Replication kinetics of human seasonal influenza A and B viruses in explant 

cultures of human lung infected with ~10
6
 TCID50/ml at 37

o
C (a). Viral titres in culture 

medium (mean ± SEM, n ≥ 3) were determined by TCID50 assay with a detection limit of 

10
1.5

 TCID50/ml which was denoted by the baseline. Statistical significance between viral 

titres at different time post infection was calculated by two-way ANOVA with Bonferroni 

post-tests (Figure S2). Representative images of immunohistochemical staining for IBV 

nucleoprotein (brown) in virus-infected explant cultures of human lung at 48hpi (n ≥ 3) (b). 

Scale bar: 500μm. IBV-Yamagata: Yamagata-like IBVs; IBV-Victoria: Victoria-like IBVs. 

 

Figure 4. Replication kinetics of human seasonal influenza A and B viruses in in-vitro 

cultures of dHBECs infected at MOI 0.01 and cultured at 37
o
C (a). Viral titres in culture 

medium (mean ± SEM, n = 4) were determined by TCID50 assay. The total virus released 

from 1-96hpi was calculated as area under curve (AUC) (mean ± SEM, n = 4) (b). Statistical 

significance between AUC values was analysed using one-way ANOVA with Bonferroni 

post-tests. Cytokine and chemokine mRNA expressions in MOI 2-infected dHBECs at 8 and 

24hpi (mean ± SEM, n = 3) (c). mRNA copy numbers of IBV haemagglutinin (HA), IAV 

matrix (M), interferon-β (IFNβ), C-X-C motif chemokine 10 (CXCL10), and C-C motif 

chemokine ligand 5 (CCL5) were expressed as per 10
5
 β-actin copies. Effect of mucus on the 

replication kinetics of seasonal IAVs and IBVs in dHBECs infected at MOI 2 and cultured at 

37
o
C (d). Viral titres in culture medium (mean ± SEM, n = 3) were determined by TCID50 

assay at 1 and 20hpi. Statistical significance between mRNA levels in (c) and viral titres in 

(d) at different time post infection was calculated by two-way ANOVA with Bonferroni post-

tests. *: p <0.05; **: p <0.01 (compared to B/Taiwan/N1902/2004); #: p <0.05; ##: p <0.01 

(compared to B/HongKong/448799/2012); $: p <0.05; $$$: p <0.001 (compared to 

A/Oklahoma/447/2008); x: p <0.05; xx: p <0.01; xxx: p <0.001 (compared to 



A/Oklahoma/370/2005). The detection limit of TCID50 assay was denoted by dashed lines. 

IBV-Yamagata: Yamagata-like IBVs; IBV-Victoria: Victoria-like IBVs. 

  

Figure 5. Replication kinetics of human seasonal influenza A and B viruses in in-vitro 

cultures of AECs infected at MOI 0.01 and cultured at 37
o
C (a). Viral titres in culture 

medium (mean ± SEM, n = 3) were determined by TCID50 assay with the detection limit 

denoted by a dashed line. The total virus released from 24-96hpi was calculated as area under 

curve (AUC) (mean ± SEM, n = 3) (b). Statistical significance between AUC values was 

analysed using one-way ANOVA with Bonferroni post-tests. Cytokine and chemokine 

mRNA expressions in MOI 2-infected AECs at 6 and 24hpi (mean ± SEM, n = 3) (c). mRNA 

copy numbers of IBV haemagglutinin (HA), IAV matrix (M), interferon-β (IFNβ), C-X-C 

motif chemokine 10 (CXCL10), and interleukin-29 (IL29) were expressed as per 10
5
 β-actin 

copies. Statistical significance between mRNA levels at different time post infection was 

calculated by two-way ANOVA with Bonferroni post-tests. *: p <0.05; **: p <0.01; ***: p 

<0.001 (compared to B/Taiwan/N1902/2004); #: p <0.05; ##: p <0.01 (compared to 

B/HongKong/448799/2012); ϕ: p <0.05; ϕϕ: p <0.01; ϕϕϕ: p <0.001 (compared to 

B/HongKong/407373/2011); $: p <0.05; $$: p <0.01; $$$: p <0.001 (compared to 

A/Oklahoma/447/2008); x: p <0.05; xx: p <0.01; xxx: p <0.001 (compared to 

A/Oklahoma/370/2005). IBV-Yamagata: Yamagata-like IBVs; IBV-Victoria: Victoria-like 

IBVs. 
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Supplementary materials 

 

50% Tissue Culture Infectious Dose (TCID50) assay 

Confluent 96-well tissue culture plates of MDCK cells were seeded a day before. Cells were 

washed with PBS and filled with new medium containing MEM (Gibco), 100 U/ml 

penicillin, 100 μg/ml streptomycin, 0.025 M HEPES, and 1 μg/ml of L-1-Tosylamide-2-

phenylethyl chloromethyl ketone (TPCK)-treated trypsin. Virus was serial diluted at ½ log10 

reduction and added to the MDCK cell plates in quadruplicate. Plates were incubated at 37
o
C 

in humidified incubators with 5% CO2 until 72hpi. Viral dilution endpoints resulting in 

cytopathic effect (CPE) in 50% of inoculated wells was calculated using the Karber method. 

 

Plaque assay 

Confluent 6-well tissue culture plates of MDCK cells were seeded a day before. Cells were 

washed with PBS. 1 ml of log10-serial-diluted virus was added to each well. Plates were 

incubated for 1 h at 37
o
C in a humidified incubator with 5% CO2. Cells were washed with 



PBS and overlaid with warm 0.5% agarose medium solution containing a 1:1 mixture of 

MEM (Gibco) and 1% agarose in PBS, with 100 U/ml penicillin, 100 μg/ml streptomycin, 

0.025 M HEPES, and 2 μg/ml of TPCK-treated trypsin. When solidified, plates were 

incubated at 37
o
C in a humidified incubator with 5% CO2 until 72 hpi. Cells were fixed with 

10% neutral buffered formalin and stained with 1% crystal violet solution. Visible plaques 

were counted and viral titres were calculated in the form of plaque-forming units (PFU)/ml. 

 

Infection of ex-vivo explant cultures of human bronchus and lung  

Human bronchial and lung explant fragments were submerged in 1 ml virus of ~10
6
 

TCID50/ml for 1 h at 37
o
C in humidified incubators with 5% CO2. Tissue explants were 

washed 3 times with PBS to remove unbound viruses. Bronchial explant was placed onto 

surgical sponge (Simport) floating in a 24-well tissue culture plate containing 1 ml culture 

medium of F-12K nutrient mixture (Gibco), 100 U/ml penicillin, and 100 μg/ml 

streptomycin, to create an air-liquid interface (ALI). Similarly, lung explant was placed into 

culture medium but without surgical sponge. Tissues were maintained at 37
o
C in humidified 

incubators with 5% CO2. Experiments were performed with tissues from 3 or more donors. 

 

Isolation and culture of human airway organoids 

Non-tumour human lung tissues were minced and washed with 10 ml AdDF+++ containing 

Advanced Dulbecco’s modified Eagle medium/F12 with Glutamax, 10 mM HEPES, and 1% 

penicillin streptomycin solution. Minced tissues were digested with 2 mg/ml collagenase type 

II (Sigma-Aldrich) for 1 h in a 37
o
C shaker. Digestion was stopped with ≥ 2% fetal bovine 

serum (FBS) followed by the addition of 100 μg/ml DNase I (Sigma-Aldrich). Tissue 

suspension was repeatedly sheared with 10 ml and 5 ml plastic pipettes and strained with 100 



μm and 70 μm filters. Filtrate was collected in a Falcon tube with a final concentration of 2% 

FBS and centrifuged at 600 × g for 5 min at 4
o
C. Erythrocytes in the cell pellet were lysed 

with red blood cell lysis buffer (Roche) for 5 min at room temperature. The cell pellet was 

resuspended in 10 ml AdDF+++, further centrifuged at 600 × g for 5 min at 4
o
C, and finally 

resuspended in 10 mg/ml cold Cultrex growth factor reduced basement membrane extract 

type 2 Matrigel (Trevigen). 40 μl droplets of the Matrigel-cell suspension were incubated at 

37
o
C for 15-30 min to solidify on prewarmed 24-well suspension culture plates. 1 ml 

organoid medium with a defined set of niche factors as described previously [1] was added to 

each well. Plates were incubated at 37
o
C in humidified incubators with 5% CO2. Organoid 

medium was changed every 4 days and organoids were passaged every 2 weeks. To passage, 

solidified Matrigel-cell droplets were resuspended in 10 ml cold AdDF+++, mechanically 

sheared with flamed glass Pasteur pipettes, and centrifuged at 400 × g for 5 min at 4
o
C. 

Dissociated organoid fragments were re-embedded in new cold Matrigel at a ratio of ~1:6. 

Human airway organoids were ready for infection after 14 days of embedding at 37
o
C and 

5% CO₂ . 

 

Infection of human airway organoids 

Human airway organoids (~100 μm in diameter) were extracted from Matrigel and 

mechanically sheared with flamed glass Pasteur pipettes so virus can gain access to the apical 

and basolateral sides of the epithelium. Approximately 100–200 organoids were infected with 

each virus at ~10
6
 TCID50/ml for 1 h at 37

o
C. Organoids were washed 3 times with organoid 

medium, re-embedded in Matrigel, and cultured in organoid medium at 37
o
C and 5% CO2 as 

before infection. Experiments were performed with organoids isolated from 3 different 

donors. 



 

Isolation and culture of differentiated primary human bronchial epithelial cells 

Non-tumour human bronchus tissues were rinsed with wash buffer containing Hank's 

balanced salt solution (HBSS) (Gibco), 0.3525 mg/ml sodium bicarbonate (Gibco), 2.5 μg/ml 

amphotericin B (Gibco), 0.05 mg/ml gentamicin (Gibco), 0.002 M HEPES, 200 U/ml 

penicillin, and 200 μg/ml streptomycin. Bronchus was cut into smaller pieces and transferred 

into a Falcon tube containing cold isolation medium with RPMI 1640 (Gibco), 2.5 μg/ml 

amphotericin B (Gibco), 0.05 mg/ml gentamicin (Gibco), 0.002 M HEPES, 200 U/ml 

penicillin, 200 μg/ml streptomycin. 100 μl protease solution made of 0.1 g/ml protease from 

Streptomyces griseus type XIV (Sigma-Aldrich), 0.8 mg/ml calcium acetate, and 0.8 mg/ml 

sodium acetate, was added to every 5 ml isolation medium for digestion at 4
o
C. After ~20 h, 

all tissues were removed. The remaining supernatant was centrifuged at 230 × g for 10 min at 

4
o
C. The cell pellet was resuspended in a cold mixture of isolation medium and 10% FBS to 

stop enzyme digestion, centrifuged, and further washed with cold isolation medium twice 

before being seeded into tissue culture flasks (Corning) containing bronchial epithelial cell 

growth medium (BEGM) (Lonza). Isolated cells were kept in humidified incubators at 37
o
C 

and 5% CO2.  Growth medium was changed every 48 h until 70% confluence. To achieve 

differentiation, cells were trypsinized and seeded onto 0.2 mg/ml human collagen IV 

(Corning) coated apical compartment of 24-well transwell inserts (Corning) at 1 x 10
5
 

cells/insert. The apical and basolateral compartments were filled with 200 μl and 800 μl 

BEGM respectively. Cells were further incubated and cultured as before. Once confluent, 600 

μl differentiation medium containing 50% BEGM, 50% DMEM high glucose (Gibco), 100 

U/ml penicillin, 100 μg/ml streptomycin, and 10
-7

 M retinoic acid (Sigma-Aldrich), was 

added to the basolateral compartment while the apical compartment was left exposed to air to 

create an ALI. Cells were incubated at 37
o
C and 5% CO2 with differentiation medium 



changed every 48 h for 21 days at which point the cells became differentiated and ready for 

infection. Only cells of passage 1-3 were used in this study. 

 

Infection of differentiated primary human bronchial epithelial cells 

dHBECs were washed 5 times with PBS in both compartments and infected on the apical side 

at a multiplicity of infection (MOI) of 0.01 or 2 for 1 h at 37
o
C and 5% CO2. Infected cells 

were washed 3 times with PBS and replenished with 600 μl differentiation medium in the 

basolateral compartment. They were further incubated in a humidified incubator at 37
o
C and 

5% CO2. Supernatant for virus titration was collected by incubating 200 μl of differentiation 

medium in the apical compartment for 20 min at room temperature. At the same time, the 

basolateral compartment was replenished with new differentiation medium. Cell lysates were 

collected by adding 350 μl Buffer RLT (Qiagen) with 3.5 μl β-mercaptoethanol to each well. 

Experiments were performed with cells from 3 or more donors. 

 

Isolation and culture of primary human type-I-like alveolar epithelial cells 

Non-tumour human lung tissues were minced and washed 3 times with HBSS (Gibco) added 

with 0.7 mM sodium bicarbonate (Gibco) at pH7.4. Tissues were digested with 0.5% trypsin 

(Gibco) and 4 U/ml elastase (Worthington Biochemical Corporation) for 40 min in a 37
o
C 

water bath. The digestion was stopped with DMEM/F12 medium (Gibco) containing 40% 

FBS and 350 U/ml DNase I (Sigma-Aldrich). Tissue suspension was pipetted for 10 min with 

10 ml plastic pipettes and strained with 50 μm filters. Filtrate was centrifuged at 1500 rpm for 

5 min. The pellet was resuspended in a mixture of 50% DMEM/F12 medium, 50% small 

airway growth medium (SAGM) (Lonza), 5% FBS, and 350 U/ml DNase I. The cell 

suspension was seeded into tissue culture flasks (Corning) and allowed for adhesion at 37
o
C 



and 5% CO2 in a humidified incubator for 90 min. Cells not adhered were centrifuged at 1500 

rpm for 5 min. The pellet was resuspended in culture medium of SAGM, 100 U/ml penicillin, 

and 100 μg/ml streptomycin, and seeded into new tissue culture flasks. Cells were maintained 

at 37
o
C in a humidified incubator with 5% CO2. After 60 h, culture medium was changed 

every day until 75% confluence. Cells were trypsinized and seeded for infection. 

 

Infection of primary human type-I-like alveolar epithelial cells 

Cells were seeded at a density of 1 x 10
5
 cells/well in 24-well tissue culture plates a day 

before. They were washed 3 times with PBS and infected at an MOI of 0.01 or 2 for 1 h at 

37
o
C and 5% CO2. Infected cells were washed 3 times with PBS and replenished with 1 ml 

SAGM culture medium, 100 U/ml penicillin, 100 μg/ml streptomycin, and 0.25 μg/ml TPCK-

treated trypsin. Cells were maintained in a humidified incubator at 37
o
C and 5% CO2. 

Supernatant for virus titration was directly collected from cultured medium. Cell lysates were 

collected by adding 350 μl Buffer RLT (Qiagen) with 3.5 μl β-mercaptoethanol to each well. 

Experiments were performed with cells from 3 different donors. 

 

Immunohistochemical staining 

Human bronchial and lung tissues  

Tissue sections were deparaffinized and incubated with 0.05% Pronase (Roche) at 37
o
C in 

0.1 M Tris pH 7.5 for 10 min. They were treated with 3% H2O2 in tris-buffered saline (TBS) 

for 10 min and blocked with normal goat serum for 10 min at room temperature. The sections 

were incubated at room temperature with 1/200 influenza B virus nucleoprotein-specific 

mouse monoclonal antibody [8.F.183] (Abcam) for 1 h, 1/500 biotinylated goat anti-mouse 



IgG (Jackson ImmunoResearch) for 30 min, and Vectastain Elite ABC reagent (Vector 

Laboratories) for 30 min. The sections were developed with NovaRED peroxidase (HRP) 

substrate kit (Vector Laboratories) for 10 min at room temperature. After the nuclei were 

counterstained with Mayer's Haematoxylin for 1 min, the sections were blued with Scott’s tap 

water, air dried, and mounted with Permount (Fisher Scientific). 

 

Human airway organoids 

Organoids were washed with cold AdDF+++ and removed from Matrigel before being fixed 

in 4% paraformaldehyde and embedded in paraffin. They were sectioned, deparaffinized, and 

incubated with 0.05% Pronase (Roche) in 0.1% CaCl2 pH 7.8 at 37
o
C for 2 min. The sections 

were treated with 3% H2O2 in TBS for 10 min and blocked with an avidin/biotin blocking kit 

(Vector Laboratories) followed by 10% normal rabbit serum for 10 min at room temperature. 

The sections were incubated at room temperature with 1/200 influenza B virus-specific 

mouse monoclonal antibody [WHO, FR-1218, Lot 61791380] (Influenza Reagent Resource, 

CDC) or 1/25 influenza A virus nucleoprotein-specific mouse monoclonal antibody HB65 

(European Veterinary Laboratory) for 1 h and horseradish peroxidase conjugated anti-mouse 

antibody (Vector Laboratories) for 1 h. The sections were developed using 0.5 mg/ml DAB 

(Vector Laboratories) in 0.02% H2O2 for 3 min. They were microwaved for 15 min in 10 mM 

citrate buffer pH 6.0 to expose the second antigen and blocked with 10% normal rabbit serum 

for 10 min at room temperature. They were incubated with anti-MUC5AC (ThermoFisher) or 

anti-acetylated α tubulin (Santa Cruz) for 1 h and alkaline phosphatase conjugated anti-mouse 

antibody (Vector Laboratories) for 1 h at room temperature. The sections were developed 

using VectorRed (Vector Laboratories) for 10 min. After the nuclei were counterstained with 

Mayer's Haematoxylin for 10 seconds, the sections were blued with Scott’s tap water, air 



dried, and mounted with Permount (Fisher Scientific). Double staining of SCGB1A1/CC10 

(Protein-tech) or p63-alpha (Cell Signaling Technology) with FR-1218 or HB65 was similar, 

except a few modifications. For double staining with SCGB1A1/CC10, the sections were 

blocked with 10% normal goat serum and biotinylated goat anti-rabbit antibody bound to 

alkaline phosphatase conjugated strep-avidin (Vector Laboratories) was used after microwave 

treatment. For double staining with p63-alpha, alkaline phosphatase conjugated anti-mouse 

antibody (Vector Laboratories) was used after incubation with FR-1218 or HB65 followed by 

development with VectorRed, and after microwave treatment the sections were blocked with 

10% normal goat serum and horseradish peroxidase conjugated anti-rabbit antibody (Vector 

Laboratories) followed by development with DAB were used.   

 

RNA extraction, reverse transcription and real-time PCR assays 

RNA was extracted from cell lysates using RNeasy minikit (Qiagen) with DNase treatment 

and reverse transcribed using PrimerScript RT reagent Kit (Takara). mRNA expression was 

measured by real-time PCR amplification with SYBR Premix Ex Taq II (Tli RNase H Plus) 

(Takara) and an ABI ViiA™ 7 real-time PCR system (Applied Biosystems). All procedures 

were carried out according to the manufacturers’ instruction. Absolute mRNA copy numbers 

of β-actin, influenza B virus haemagglutinin (IBV HA), influenza A virus matrix (IAV M), 

interferon-β (IFNβ), interleukin-(IL)29, C-C motif chemokine ligand 5 (CCL5), and C-X-C 

motif chemokine 10 (CXCL10) were determined using standard curve method. mRNA 

expression of all genes was normalized to that of β-actin. The primers are listed in table S1 

and were previously reported [2-6]. 

Table S1. List of primers  



Genes Forward (F) / 

Reverse (R)  

Primer sequences (5’ → 3’) 

IBV HA F GCTTTCCTATAATGCACGACAGAAC 

R CCAAGCCATTGTTGCRAARAATCCG 

IAV M F GGCATTTTGGACAAAKCGTCTA 

R CTTCTAACCGAGGTCGAAACG 

β-actin F TGGATCAGCAAGCAGGAGTATG 

R GCATTTGCGGTGGACGAT 

IFNβ F CAACTTGCTTGGATTCCTACAAAG 

R TGCCACAGGAGCTTCTGACA 

IL29 F GCCCCCAAAAAGGAGTCCG 

R AGGTTCCCATCGGCCACATA 

CCL5 F CTTTGCCAGGGCTCTGTGA 

R GCAGTGTTCCTCCCCTCCTT 

CXCL10 F ATTATTCCTGCAAGCCAATTTTG 

R TCACCCTTCTTTTTCATTGTAGCA 

 

Desialylation–haemagglutination assay 

Turkey red blood cells (TRBCs) (Lampire) in Alsevers were diluted and used at 0.5% in 

phosphate buffered saline (PBS), pH 7.4. TRBCs were treated with 100 U/ml sialidase 

DAS181 (DAS 181) (NexBio) or 20 mU/ml Glyko® Sialidase S™ (Prozyme) for 2 h at 

37
o
C. Treated TRBCs were washed with PBS, centrifuged at 2000 rpm for 5 min, and 

resuspended in PBS to 0.5%. Two-fold serial dilution of viruses in PBS was carried out using 

Greiner CELLSTAR® 96-well plates with V-bottom wells (Sigma-Aldrich) in triplicates. 

Equal volumes of treated or untreated 0.5% TRBCs were added to the diluted viruses or PBS 

as negative control. Plates were incubated for 20 min at room temperature. HA titres were 

calculated as the reciprocal of the highest dilution which gave haemagglutination. 



 

Area under curve analysis 

Total virus released was calculated by Area Under Curve (AUC) analysis according to the 

trapezoid rule in GraphPad Prism version 5. The area was calculated from viral loads across 

time points above the TCID50 assay detection limit. 

 



 

 

a)
Reference viruses

24 hpi
B/Lee/

1940

B/Harbin/

7/1994

B/Yamanashi

/166/1998

B/Taiwan/N

1902/2004

B/HongKong/

84329/2005

B/Florida

/4/2006

B/HongKong/

412407/2008

B/HongKong/

448799/2012

B/Victoria

/2/1987

B/Shandong/

7/1997

B/Taiwan/N

1706/2002

B/Tehran/

80/2002

B/Malaysia/

2506/2004

B/HongKong/

38551/2005

B/HongKong/

204133/2006

B/HongKong/

407373/2011

A/Oklahoma/

447/2008 

(H1N1)

A/Oklahoma/

370/2005 

(H3N2)

B/Lee/1940

B/Harbin/7/1994 ns

B/Yamanashi/166/1998 ns ns

B/Taiwan/N1902/2004 <(*) <(**) ns

B/HongKong/84329/2005 ns ns ns ns

B/Florida/4/2006 ns ns ns ns ns

B/HongKong/412407/2008 <(*) <(*) ns ns ns ns

B/HongKong/448799/2012 <(*) <(**) ns ns ns ns ns

B/Victoria/2/1987 ns ns ns >(**) ns ns >(*) >(**)

B/Shandong/7/1997 ns ns ns ns ns ns ns ns ns

B/Taiwan/N1706/2002 ns ns ns ns ns ns ns >(*) ns ns

B/Tehran/80/2002 ns ns ns ns ns ns ns ns ns ns ns

B/Malaysia/2506/2004 <(**) <(**) ns ns ns ns ns ns <(***) ns <(*) <(*)

B/HongKong/38551/2005 <(**) <(**) ns ns ns ns ns ns <(***) ns <(*) ns ns

B/HongKong/204133/2006 ns ns ns >(***) ns >(*) >(**) >(***) ns >(**) ns ns >(***) >(***)

B/HongKong/407373/2011 <(**) <(**) ns ns ns ns ns ns <(***) ns <(*) <(*) ns ns <(***)

A/Oklahoma/447/2008 (H1N1) <(**) <(***) ns ns <(*) ns ns ns <(***) ns <(**) <(*) ns ns <(***) ns

A/Oklahoma/370/2005 (H3N2) <(**) <(**) ns ns <(*) ns ns ns <(***) ns <(**) <(*) ns ns <(***) ns ns
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b)
Reference viruses

48 hpi
B/Lee/

1940

B/Harbin/

7/1994

B/Yamanashi

/166/1998

B/Taiwan/N

1902/2004

B/HongKong/

84329/2005

B/Florida

/4/2006

B/HongKong/

412407/2008

B/HongKong/

448799/2012

B/Victoria

/2/1987

B/Shandong/

7/1997

B/Taiwan/N

1706/2002

B/Tehran/

80/2002

B/Malaysia/

2506/2004

B/HongKong/

38551/2005

B/HongKong/

204133/2006

B/HongKong/

407373/2011

A/Oklahoma/

447/2008 

(H1N1)

A/Oklahoma/

370/2005 

(H3N2)

B/Lee/1940

B/Harbin/7/1994 ns

B/Yamanashi/166/1998 <(*) ns

B/Taiwan/N1902/2004 <(***) <(**) ns

B/HongKong/84329/2005 ns ns ns ns

B/Florida/4/2006 <(**) <(*) ns ns ns

B/HongKong/412407/2008 ns ns ns ns ns ns

B/HongKong/448799/2012 <(**) ns ns ns ns ns ns

B/Victoria/2/1987 ns ns ns >(**) ns >(**) ns ns

B/Shandong/7/1997 <(**) <(*) ns ns ns ns ns ns <(*)

B/Taiwan/N1706/2002 ns ns ns >(**) ns >(*) ns ns ns ns

B/Tehran/80/2002 <(*) ns ns ns ns ns ns ns ns ns ns

B/Malaysia/2506/2004 <(**) <(*) ns ns ns ns ns ns <(*) ns ns ns

B/HongKong/38551/2005 <(**) <(*) ns ns ns ns ns ns <(*) ns <(*) ns ns

B/HongKong/204133/2006 ns ns ns >(***) ns >(**) ns >(*) ns >(*) ns >(*) >(*) >(**)

B/HongKong/407373/2011 <(*) ns ns ns ns ns ns ns ns ns ns ns ns ns ns

A/Oklahoma/447/2008 (H1N1) <(***) <(**) ns ns ns ns ns ns <(**) ns <(**) ns ns ns <(***) ns

A/Oklahoma/370/2005 (H3N2) <(***) <(**) ns ns ns ns ns ns <(**) ns <(*) ns ns ns <(***) ns ns
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Figure S1. Statistical significance between viral titres of human seasonal influenza A and B viruses in explant cultures of human bronchus at 

24hpi (a) and 48hpi (b) calculated by two-way ANOVA with Bonferroni post-tests according to the data shown in figure 1a. *: p <0.05; **: p 

<0.01; ***: p <0.001; >: reference virus titre significantly higher than comparator virus titre; <: reference virus titre significantly lower than 

comparator virus titre; ns: non-significant.  



 

 

a)
Reference viruses

24 hpi
B/Lee/

1940

B/Harbin/

7/1994

B/Yamanashi

/166/1998

B/Taiwan/N

1902/2004

B/HongKong/

84329/2005

B/Florida

/4/2006

B/HongKong/

412407/2008

B/HongKong/

448799/2012

B/Victoria

/2/1987

B/Shandong/

7/1997

B/Taiwan/N

1706/2002

B/Tehran/

80/2002

B/Malaysia/

2506/2004

B/HongKong/

38551/2005

B/HongKong/

204133/2006

B/HongKong/

407373/2011

A/Oklahoma/

447/2008 

(H1N1)

A/Oklahoma/

370/2005 

(H3N2)

B/Lee/1940

B/Harbin/7/1994 ns

B/Yamanashi/166/1998 ns ns

B/Taiwan/N1902/2004 ns ns ns

B/HongKong/84329/2005 ns ns ns ns

B/Florida/4/2006 ns ns ns ns ns

B/HongKong/412407/2008 ns ns ns ns ns ns

B/HongKong/448799/2012 ns ns ns ns ns ns ns

B/Victoria/2/1987 ns ns ns ns ns ns ns ns

B/Shandong/7/1997 ns ns ns ns ns ns ns ns ns

B/Taiwan/N1706/2002 ns ns ns ns ns ns ns ns ns ns

B/Tehran/80/2002 ns ns ns ns ns ns ns ns ns ns ns

B/Malaysia/2506/2004 ns <(*) ns ns <(**) ns ns ns ns ns ns ns

B/HongKong/38551/2005 ns ns ns ns ns ns ns ns ns ns ns ns >(**)

B/HongKong/204133/2006 ns ns ns ns ns >(*) ns >(**) ns >(*) >(*) ns >(***) ns

B/HongKong/407373/2011 ns ns ns ns ns ns ns ns ns ns ns ns ns ns <(**)

A/Oklahoma/447/2008 (H1N1) ns ns ns ns ns ns ns ns ns ns ns ns ns ns <(*) ns

A/Oklahoma/370/2005 (H3N2) ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
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b)
Reference viruses

48 hpi
B/Lee/

1940

B/Harbin/

7/1994

B/Yamanashi

/166/1998

B/Taiwan/N

1902/2004

B/HongKong/

84329/2005

B/Florida

/4/2006

B/HongKong/

412407/2008

B/HongKong/

448799/2012

B/Victoria

/2/1987

B/Shandong/

7/1997

B/Taiwan/N

1706/2002

B/Tehran/

80/2002

B/Malaysia/

2506/2004

B/HongKong/

38551/2005

B/HongKong/

204133/2006

B/HongKong/

407373/2011

A/Oklahoma/

447/2008 

(H1N1)

A/Oklahoma/

370/2005 

(H3N2)

B/Lee/1940

B/Harbin/7/1994 ns

B/Yamanashi/166/1998 ns ns

B/Taiwan/N1902/2004 ns ns ns

B/HongKong/84329/2005 ns ns ns ns

B/Florida/4/2006 ns ns ns ns ns

B/HongKong/412407/2008 ns ns ns ns ns ns

B/HongKong/448799/2012 ns ns ns ns ns ns ns

B/Victoria/2/1987 ns ns ns ns ns ns ns ns

B/Shandong/7/1997 <(**) <(*) ns ns ns ns <(*) <(*) <(*)

B/Taiwan/N1706/2002 ns ns ns ns ns ns ns ns ns >(*)

B/Tehran/80/2002 ns ns ns ns ns ns ns ns ns ns ns

B/Malaysia/2506/2004 ns ns ns ns ns ns ns ns ns ns ns ns

B/HongKong/38551/2005 ns ns ns ns ns ns ns ns ns >(**) ns ns ns

B/HongKong/204133/2006 ns ns ns ns ns ns ns ns ns >(***) ns >(*) ns ns

B/HongKong/407373/2011 ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns

A/Oklahoma/447/2008 (H1N1) ns ns ns ns ns ns ns ns ns ns ns ns ns ns <(*) ns

A/Oklahoma/370/2005 (H3N2) ns ns ns ns ns ns ns ns ns >(*) ns ns ns ns ns ns ns

C
o

m
p

a
ra

to
r 

v
ir

u
s
e
s



Figure S2. Statistical significance between viral titres of human seasonal influenza A and B viruses in explant cultures of human lung at 24hpi 

(a) and 48hpi (b) calculated by two-way ANOVA with Bonferroni post-tests according to the data shown in figure 3a. *: p <0.05; **: p <0.01; 

***: p <0.001; >: reference virus titre significantly higher than comparator virus titre; <: reference virus titre significantly lower than comparator 

virus titre; ns: non-significant.  



 

Figure S3. Replication kinetics of human seasonal A/H1N1 (A/HongKong/54/1998) and 

A/H3N2 (A/HongKong/1174/1999) in explant cultures of human bronchus (a) and lung (b) 

and human airway organoids (c) infected with ~10
6
 TCID50/ml at 37

o
C. Viral titres in culture 



medium (mean ± SEM, n = 3) were determined by TCID50 assay with a detection limit of 

10
1.5

 TCID50/ml which was denoted by the baseline. The total virus released from 1-48hpi in 

human airway organoids was calculated as area under curve (AUC) (mean ± SEM, n = 3) (c). 

Representative images of immunohistochemical double staining of virus-infected human 

airway organoids at 24 or 48hpi (n = 3) (d) for IAV nucleoprotein (brown) and acetyl-α-

tubulin (α-tub) (pink) for ciliated cells, SCGB1A1/CC10 (CC10) (pink) for club cells, or 

MUC5AC (pink) for goblet cells. Basal cells were stained with p63-alpha (p63a) (brown) and 

IAV nucleoprotein (pink). The double positive staining of all four cell types indicated both 

seasonal IAVs could infect acetyl-α-tubulin+ ciliated cells, SCGB1A1+/CC10+ secretory 

club cells, MUC5AC+ secretory goblet cells and p63-alpha+ basal cells. Scale bar: 500μm.



 

        

 

Figure S4. Representative images of immunohistochemical staining for IBV nucleoprotein 

(brown) in mock-infected explant cultures of human bronchus (a) and lung (b) at 48hpi (n = 

3). Representative images of immunohistochemical double staining of mock-infected human 

airway organoids at 24 or 48hpi (n = 3) (c) for IBV antigen or IAV nucleoprotein (brown) 

and acetyl-α-tubulin (α-tub) (pink) for ciliated cells, SCGB1A1/CC10 (CC10) (pink) for club 

cells, or MUC5AC (pink) for goblet cells. Basal cells were stained with p63-alpha (p63a) 

(brown) and IBV antigen or IAV nucleoprotein (pink). Note the absence of IBV and IAV 

positive staining. Scale bar: 500μm. 

a) b) 
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