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Abstract

Influenza D virus (IDV) is a novel type of influenza virus that infects and causes respiratory illness 

in bovines. Lack of host-specific in vitro model that can recapitulate morphology and physiology 

of in vivo airway epithelial cells has impeded the study of IDV infection. Here, we established and 

characterized bovine primary respiratory epithelial cells from nasal turbinate, soft palate, and 

trachea of the same calf. All three cell types showed characteristics peculiar of epithelial cells, 

polarized into apical-basolateral membrane, and formed tight junctions. Furthermore, these cells 

expressed both α−2,3- and α−2,6-linked sialic acids with α−2,3 linkage being more abundant. 

IDV strains replicated to high titers in these cells, while influenza A and B viruses exhibited 

moderate to low titers, with influenza C virus replication not detected. These findings suggest that 

bovine primary airway epithelial cells can be utilized to model infection biology and 

pathophysiology of IDV and other respiratory pathogens.
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1. Introduction

Influenza virus is an enveloped, single stranded, negative sense, RNA virus with a 

segmented genome, belonging to the Orthomyxoviridae family. Influenza virus is a 

respiratory pathogen with a wide host range and is further classified into four types: 

Influenza A (IAV), Influenza B (IBV), Influenza C (ICV), and Influenza D (IDV) (Krammer 

et al., 2018; Liu et al., 2020a). Of all four types, IAV has a wide range of vertebrate hosts 

with the capability of cross-species transmission. While IBV and ICV primarily infect 

humans, infections of swine and cattle have been reported for both IBV and ICV on some 

occasions (Ran et al., 2015; Sederdahl and Williams, 2020; Yan et al., 2020). The novel 

influenza D virus was initially isolated from swine and later from bovine species (Hause et 

al., 2014; Hause et al., 2013).

IDV primarily infects cattle with periodic spillover to other animal species. Antibodies 

against IDV has been detected in sheep, goat, horses, and camels (Murakami et al., 2019; 

Nedland et al., 2018; Oliva et al., 2019; Quast et al., 2015; Salem et al., 2017). So far, no 

evidence of human infection has been reported for IDV although antibody against IDV has 

been found in humans (Hause et al., 2014; Hause et al., 2013; Liu et al., 2020a; White et al., 

2016; Yu et al., 2021). Emerging evidence has shown IDV as a key pathogen of the bovine 

respiratory disease. After experimental infection of ferrets, and pigs, IDV was isolated from 

nasal turbinates only (Dane et al., 2019; Flynn et al., 2018; Mitra et al., 2016; Nissly et al., 

2020). However, IDV was detected from both upper and lower respiratory tracts after 

experimental infection of guinea pigs.

Experimental infection of native host cattle with IDV revealed the presence of viral RNA in 

both upper and lower respiratory tracts, including viral RNA detected in lungs of infected 

animals at 4 day post infection. Compared to the upper respiratory tract, relatively low 

amounts of viral RNA were found in the lower respiratory tract tissues (Ferguson et al., 

2016; Hause et al., 2013; Hause et al., 2017; Salem et al., 2019; Sreenivasan et al., 2015; Su 

et al., 2017). The widespread distribution of IDV in North America, Europe, and Asia along 

with high prevalence in cattle farms has led to an emerging challenge to the livestock 

industry (Bailey et al., 2018; Dane et al., 2019). Although there has been significant 

improvement in the understanding of influenza virus biology, most of it is focused on IAV 

and IBV. The emergence of novel IDV type along with its associated disease burden in cattle 

has demanded continued efforts in IDV research including the development of in vitro 
physiologically relevant models specific to IDV.

Cell culture is a robust tool to study virus-host interactions and investigate viral protein 

functions in a controlled environment. Host-specific cell lines provide in vitro model that 

can mimic natural virus infection and spread in vitro. Currently available cell culture models 

for influenza D virus include the existing continuous cell lines that are extensively used for 

IAV, IBV, and ICV. A variety of cell lines like Madin-Darby canine kidney cell (MDCK), 

Madin-Darby bovine kidney (MDBK), and African green monkey kidney epithelial cells 

(Vero), have been used for both influenza research as well as for vaccine production (Milian 

and Kamen, 2015). These established cell lines are mostly transformed cells and were 

obtained from tissues that are not infected by the influenza virus under natural conditions. 
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Existing evidence shows that tumor transformation during the development of these 

immortalized cell lines leads to hyper sialyation (Pearce and Laubli, 2016), and these 

transformed cell lines have defective antiviral innate immune responses (Seitz et al., 2010). 

These alterations, despite rendering the cell lines more permissive for influenza virus 

replication, may affect the physiological relevance of these cell lines in influenza research 

and the derived conclusions may require further validation in vivo. Bovine respiratory 

epithelium serves as the first line of defense against IDV infection and successful 

permissibility and replication of IDV depend on its unique ability in overcoming the 

physical and immunological barriers of the respiratory tract. Thus, host tissue specific 

primary cell culture from bovine is essential to model infection biology and pathogenesis of 

IDV. So far, only few respiratory cell lines of bovine origin are available, and these cell lines 

are either from fully undifferentiated respiratory tissue (Sobotta et al., 2017), or require 

sophisticated culture technique with cell differentiation that is heavily influenced by culture 

conditions (Cozens et al., 2018; Cozens et al., 2019; Lee and Chambers, 2019). More 

importantly, there are no cell lines derived from the upper and lower respiratory tract of 

same calf. Such bovine respiratory cell lines from both upper and lower airways share the 

same genetic background, which would be very useful in studying IDV tissue tropism, 

receptor utilization, and host-pathogen interaction.

Here we developed and characterized bovine primary respiratory cell lines from the upper 

and lower respiratory tracts of the same animal. Although IDV is primarily considered as an 

upper respiratory tract pathogen, experimental inoculation of cattle and mice demonstrated 

viral replication in the lower respiratory tract as well (Ferguson et al., 2016; Oliva et al., 

2020; Salem et al., 2019). Bovine primary nasal turbinate and soft palate epithelial cells 

represent the upper respiratory tract, while bovine primary tracheal epithelial cells are from 

the lower respiratory tract. All three cell lines were characterized for epithelial cell-specific 

phenotypes including polarization potential and formation of tight junctions. The 

distribution pattern of glycans with terminal α- 2,3, and α−2,6 sialic acids on the cell 

surface were also studied for these cell types. Finally, the replication potential of all four 

types of influenza viruses was examined and compared in these cell lines with a hypothesis 

that IDV replicates more efficiently than other influenza types in bovine primary respiratory 

epithelial cells developed from this work.

2. Material and Methods

2.1. Establishment of primary epithelial cell cultures from the bovine respiratory tract

Nasal turbinate, soft palate and tracheal tissues were collected from one-year-old cattle 

slaughtered at South Dakota State University (SDSU) meat science laboratory. Tissues were 

collected immediately after slaughter in plain Dulbecco’s Modified Eagle’s Medium-F12 

(DMEM/F-12; Invitrogen, Garland, NY) media containing 2X antibiotic/antimycotic 

(Gibco, catalogue number: 15240–062, Garland, NY). Blood was collected for obtaining 

serum for influenza D virus-specific antibodies testing. Haemagglutinin Inhibition (HI) 

assay showed the absence of antibodies against influenza D virus in this animal. We 

followed previously established protocol for isolation of cells from tissues (Katwal et al., 

2019; Kaushik et al., 2008). Briefly, tissues were washed 3 times with 1X PBS and 
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incubated for 2 h at 37°C in Collagenase II (200U/ml; Worthington Biochemical, Lakewood, 

NJ, catalogue number: LS004176). Cells were then strained with strainer (70 μm cell 

strainer), centrifuged at 500 x g for 5 minutes. The pellet was washed three times with 

DMEM/F-12 plain media containing antibiotic/antimycotic. Cells were then incubated at 

37°C and 5% CO2 in a collagen coated flask. The DMEM/F-12 medium was used to culture 

these cells, which was supplemented with 5% Fetal Bovine Serum (Hyclone, catalogue 

number: SH30396–03, Logan, Utah), 1X antibiotic/antimycotic, 1% insulin transferrin 

selenium (ITS; Corning, Catalogue number: 354351), and 5 ng/ml of mouse epidermal 

growth factor (EGF; Corning, catalogue number: 4069007). The medium was changed every 

other day during cell culture. Once the flask was confluent, cells were detached using 0.25% 

Trypsin EDTA (Gibco; Garland, NY, Catalogue number: 25200–056) and split into two 

flasks for further passaging.

2.2. Enrichment and phenotypic characterization of cells

To remove fibroblasts from the culture, cell monolayers were treated with 0.05% trypsin 

EDTA every other day for 3 minutes followed by washing with 1X PBS. 

Immunocytochemistry was used to identify phenotypic characteristics of cells using the 

previously described protocol (Uprety et al., 2019). Approximately 0.5–1 × 105 cells were 

used to prepare cytospins. Acetone fixed cytospins were blocked for non-specific protein 

binding and endogenous peroxidase. Cytospins were then stained with one of the following 

four monoclonal antibodies (mAb); anti-cytokeratin mAb (C6909), anti-α-smooth muscle 

actin (α-SMA) mAb (A2547), anti-vimentin mAb (V5255), and anti-desmin mAb (D1033). 

These antibodies detect cell-specific marker proteins such as cytokeratin for epithelial cells, 

α-SMA for fibroblasts, vimentin for mesenchymal cells, and desmin for muscle cells, 

respectively. Monoclonal antibodies M5170, M9269, and M9144 were used as isotype 

controls for IgM, IgG1, and IgG2a, respectively. Primary and isotype control antibodies 

were purchased from Sigma-Aldrich. After 1 h incubation with primary antibody (0.1 μg), 

cytospins were stained with biotinylated goat anti mouse IgG2a or IgM or IgG1 antisera 

(1:2000 dilution, Caltag Laboratories) for 30 minutes. After incubation for 30 minutes with 

HRP-streptavidin, ready to use (RTU) diaminobenzene (DAB) substrate (Vector 

Laboratories) was used for chromogenic visualization of markers. Hematoxylin was used for 

counterstaining and images were taken using Olympus BX53 upright microscope.

2.3. Trans-electric epithelial resistance (TEER) and indirect immunofluorescence assay 
(IFA)

To identify the polarization potential of bovine respiratory epithelial cells, we seeded 0.5 × 

106 cells (passages 4–6) in 6-well transwell membrane cell culture inserts (Corning; 

catalogue number: CLS3450). Two ml of medium was added on top and bottom of the 

insert. After 48 h of seeding, TEER was measured using Evom voltmeter (World Precision 

Instruments, Sarasota, FL). Indirect immunofluorescence assay (IFA) was used for detection 

of the tight junction proteins. For IFA, at day 10, the membrane was fixed in 4% 

paraformaldehyde. Triton X-100 (0.2%) was used for membrane permeabilization and 5% 

goat serum for blocking nonspecific binding. The membrane was incubated for 1 h with 5 

μg/ml of rabbit anti-Claudin 3 (Invitrogen, catalogue number: 34–1700), rabbit anti-

Occludin (Invitrogen, catalogue number: 71–1500), and normal rabbit serum (isotype 
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control, 5 μg/ml). Membrane was incubated for 30 minutes with 1:200 dilution of goat anti-

rabbit IgG Alexa-Fluor 488 antibody (Invitrogen, catalogue number: A11034). Propidium 

iodide was used for cell nuclear staining. Images were visualized using Olympus BX53 

upright microscope.

2.4. Lectin binding assay

The expression of sialic acids in bovine respiratory cells was studied by staining with 

biotinylated lectins that bind to different sialic acid linkage. Approximately 5 × 105 cells 

(passages 5–7) were incubated for 1 h with biotinylated lectins MAL-I, MAL-II and SNA at 

10 μg/ml final concentration. MAL-I binds to Siaα2–3Galβ1–4GlcNAc, MAL-II binds to 

Siaα2–3Galβ1–3GalNAc, and SNA binds to Siaα2–6Gal/GalNAc (Geisler and Jarvis, 2011; 

Shibuya et al., 1987). For MAL-II, inhibitor N-acetylneuramininc acid (NANA) was used, 

while lactose was used as an inhibitor for MAL-I and SNA. The specific inhibitor was added 

to cells at a final concentration of 200 μM, incubated for 10 minutes followed by the 

addition of lectin. Lectin and inhibitors were purchased from Vector Laboratories, 

Burlingame, CA. Cells were then incubated with Streptavidin-FITC (5 μg/ml) for 30 

minutes. Cells were analyzed using FACS Calibur Cytometer (Becton Dickson, San Jose, 

CA) and the percentage of stained cells was calculated.

2.5. Viral replication kinetics and indirect fluorescence assay

Approximately 0.5 × 105 cells (passages 4–8) were seeded in 24-well plates and incubated 

for 72 h. After 72 h, cells were infected with 1 MOI of A/California/04/2009/H1N1 

(CA04pdm09), B/Hongkong/286/2017, C/Johannesburg/1/66, D/bovine/

Oklahoma/660/2013 (D/660), and D/swine/Oklahoma/1334/2011 (D/OK) viruses, and 

incubated at 37°C and 33°C, representing the core body temperature and relatively lower 

temperature in naso-pharyngeal cavity. All these viruses were propagated and titrated on 

MDCK cells. Initial titers of the virus inoculum (TCID50/ml) were 6.5 logs for CA04pdm09, 

D/OK, and B/Hongkong. Viral titers for D/660 was 6.6 logs, while viral titer for C/

Johannesburg was 5.5 logs. The virus growth medium is DMEM/High Glucose media 

supplemented with 1μg/ml of TPCK trypsin (Thermo Fisher Scientific, Waltham, MA) and 

1X antibiotic/antimycotic. Supernatants (100 μl) were collected every 24 h from infected 

cells and controls for virus titration. For virus titration, 1.5 ×104 MDCK cells were cultured 

overnight in 96-well plates. Plates were washed with 1 x PBS. Ten-fold serial dilutions of 

the virus infected cell culture supernatants were prepared in virus growth medium, which 

was followed by inoculation into pre-seeded 96-well plates with MDCK cells. Inoculated 

plates were incubated at 37°C or 33°C for 5 days. Hemagglutinin assay (HA) with 0.5% 

Turkey RBC (Lampire Biological Laboratories, Pipersville, PA) was used for determining 

virus infectivity. Reed and Muench method was used for calculation of virus titers (Reed and 

Muench, 1938).

On day 5, the wells were washed with 1 x PBS, fixed in acetone, blocked with 1% bovine 

serum albumin in 1 x PBS. Cells were then stained for the presence of viral protein. For 

CA04pdm09 infected cells, we used purified human IgG anti-influenza A/B antibody (1:400 

dilutions, SAB biotherapeutics Inc) as primary antibody and mouse anti human FITC (1:500 

dilutions, BETHYL) as the secondary antibody. For B/HK/286/2017, we used anti-IBV 
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mouse monoclonal antibody pooled sera (1:400 dilutions, BEI, ATCC) as a primary 

antibody and goat anti-mouse FITC (1:400 dilutions, Thermo Fisher Scientific) as a 

secondary antibody. For C/Johannesburg/1/66 and the two strains of the influenza D virus, 

we used rabbit sera specific for each virus (1:100 dilution) as primary antibody and goat 

anti-rabbit Alexa Fluor 488 (1:400 dilutions, Invitrogen, catalogue number: A11034) as 

secondary antibody. Rabbit sera were generated for in-house purpose by commercial vendor. 

Virus infected cells were incubated with specific primary antibody for 1 h at 37°C and for 30 

minutes with secondary antibody. Cells were counterstained with DAPI. Images were taken 

at 20X using Olympus BX53 upright microscope.

3. Results

3.1. Isolation and characterization of bovine primary respiratory cells.

After 48 h of initial culture, cells began to form visible clusters. By day 5, all three cell types 

started to show clusters of epithelial cells (Fig. 1a-c). After 1st passage, most of the cells 

showed cobblestone morphology, typical of epithelial cells (Fig. 1d-f). Cells took 5–7 days 

for reaching confluency and were continued to be cultured on collagen-coated flasks. We 

were able to maintain these cells till passage 14 after which they started to undergo 

replicative senescence. After the first passage, cytospins were stained for anti-cytokeratin 

antibody only. The cytospins were positively stained for cytokeratin, indicative of the 

epithelial cell phenotype. Following trypsin treatment, cytospins were prepared on 3rd 

passage and stained for cell specific markers; cytokeratin, vimentin, α-SMA, and desmin. 

For all three cell types, cytokeratin staining was positive, indicating epithelial cell phenotype 

(Fig. 2 a, e, and i). All three cell types were mostly negative for α-SMA (Fig. 2 b, f, j), 

vimentin (Fig. 2 c, g, k), and desmin (Fig 2 d, h, l), which were indicative of the absence of 

fibroblast, and smooth muscle cell populations. Isotype specific antibodies stained negative 

for all three cell types, indicating the absence of non-specific binding of the primary 

antibodies used.

3.2. Presence of high TEER values and tight junctions in Bovine primary respiratory 
cells.

Bovine nasal turbinate, soft palate, and tracheal epithelial cells grown on transwell 

membranes polarized and formed tight junctions. Early passage cells (passages 4–7) were 

used for this experiment. By day 10, all three cell types polarized as indicated by high TEER 

values. Out of three cell types, bovine tracheal cells showed the highest TEER followed by 

nasal turbinate and soft palate epithelial cells, respectively (Fig. 3). To demonstrate the 

presence of tight junction proteins, we stained the transwell membrane with anti-occludin, 

and anti-claudin-3 antibodies. Bovine nasal turbinate, soft palate, and tracheal epithelial 

cells stained positive for claudin-3 (Fig. 4 a, d, g, respectively), and occludin (Fig. 4 b, e, h, 

respectively). Isotype controls stained negative for all three cell types (Fig. 4 c, f, i), 

indicating the lack of non-specific primary antibody binding.

3.3. Expression of α2–3 and α2–6 linked sialic acids in bovine primary respiratory cells.

Biotinylated lectins MAL-I, MAL-II, and SNA were used to study sialic acid expression 

pattern in these bovine respiratory cells. The percentages of cells expressing Sia α2–
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3Galβ1–4GlcNAc based on MAL-I staining were 69.2%, 65.04%, and 66.7% for nasal 

turbinate, soft palate, and tracheal epithelial cells, respectively. The percentages of cells 

expressing Sia α2–3Gal-β13GalNAc based on MAL-II staining were 23.2%, 19.2%, 27.8%, 

respectively, for nasal turbinate, soft palate, and tracheal epithelial cells (Fig. 5). The 

percentages of cells expressing Siaα2–6Gal/GalNAc as demonstrated by positive SNA 

binding were 17.9%, 18.3%, and 9% for nasal turbinate, soft palate, and tracheal epithelial 

cells, respectively. Lactose was used as inhibitor for MAL-I and SNA, while N-

acetylneuraminic acid (NANA) was used as inhibitor for MAL-II. Inhibitor Lactose reduced 

the percentage of positive cells for MAL-I to 23.7% for nasal turbinate (cf. 69.2% without 

the inhibitor), 13.5% for soft palate (cf. 65.04% without the inhibitor), and 19.4% for 

tracheal epithelial cells (cf. 66.7% without the inhibitor). NANA reduced the percentage 

positive cells for MAL-II to 5.9% for nasal turbinate (cf. 23.2% without the inhibitor), 3.6% 

for soft palate (cf. 19.2% without the inhibitor), and 1.8% for tracheal epithelial cells (cf. 

27.8% without the inhibitor). Similarly, lactose inhibition reduced the percentage of cells 

positive for SNA binding to 11.5% for nasal turbinate (cf. 17.9% without the inhibitor), 

10.9% for soft palate (cf. 18.3% without the inhibitor), and 3 % for tracheal epithelial cells 

(cf. 9.0% without the inhibitor). Reduction in the percentage of nasal turbinate, soft palate, 

and tracheal epithelial cells positive for MAL-I, MAL-II, and SNA binding indicated 

binding specificities of lectins (Fig. 5).

3.4. Susceptibility of bovine primary respiratory cells to IDV infection.

We infected bovine nasal turbinate, soft palate, and tracheal epithelial cells with 1.0 MOI for 

all four types of influenza viruses at two different temperatures, 33°C and 37°C. Of four 

types, influenza D viruses replicated more robustly in all three cell types at both 

temperatures than influenza A, influenza B, and influenza C viruses (Fig. 6). A/CA04/

pdm09 virus replicated moderately in these cells reaching the peak titers of 5 logs, at least 3 

logs lower than that of IDVs. Similarly, B/Hongkong/286/2017 virus showed its peak titers 

around 4 logs, one log lower than IAV. Interestingly, IDV-related C/Johannesburg/1/66 failed 

to replicate beyond the inoculum level in all three cell types over the course of 5-day 

experiments. However, the same inoculum of C/Johannesburg/1/66 replicated efficiently in 

MDCK cells especially at 33°C (data not shown). This indicated that ICV failed to replicate 

in bovine primary nasal turbinate, soft palate, and tracheal epithelial cells which was in 

marked contrast with other viruses that showed increased replication over time, regardless of 

high or low titers.

Of the two lineage-representative strains of influenza D virus, D/bovine/Oklahoma/660/2013 

(D/660 lineage) with bovine origin replicated to the highest titer with the peak titer of 8 logs 

than D/swine/Oklahoma/1334/2011 (D/OK lineage) with swine-origin with the peak titer of 

6.5 logs. At 33°C, D/bovine/Oklahoma/660/2013 (D/660 lineage) replicated better in nasal 

turbinate followed by tracheal and soft palate epithelial cells. At 37°C, D/bovine/

Oklahoma/660/2013 (D/660 lineage) replicated to higher titers in tracheal cells followed by 

soft palate and nasal turbinate epithelial cells (Fig 6). D/swine/Oklahoma/1334/2011 (D/OK 

lineage) replicated to similar titers in all three cell types.
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Immunofluorescence imaging analysis of virus-infected cells showed the presence of viral 

proteins. C/Johannesburg/1/66 infected bovine nasal turbinate, soft palate, and tracheal 

epithelial cells did not show any evident staining at both 33°C (Fig 7 c, h, m) and 37°C (Fig 

8 c, h, m), indicating its replication incompetence, which was in good agreement with virus 

titration experiment above. All cell types that were infected with two influenza D strains i.e., 

D/bovine/Oklahoma/660/2013 (Fig 7 and 8 e, j, o), D/swine/Oklahoma/1334/2011 (Fig 7 

and 8 d, i, n), showed intense staining at both temperatures in all three cell types. Further 

analysis of cells infected with IAV and IBV showed that cells infected with A/

California/04/2009/H1N1 (CA04pdm09) exhibited the fluorescence intensity comparable to 

those infected with B/Hongkong/286/2017 at both temperatures. Cells infected with both 

viruses seemed to have more fluorescence signals at 37°C (Fig 8 a, f, k) than at 33°C (Fig 7 

a, f, k).

4. Discussion

Cell culture system provides a reliable in vitro model to study host-pathogen interactions 

and immune responses (Powell and Waters, 2017). There are various immortalized and well-

established cell lines like MDCK, MDBK, Vero, and A549 cells that are routinely used to 

replicate influenza viruses. Primary human respiratory airway cell cultures have already 

been used for studying influenza A, and influenza B viruses. Recently identified influenza D 

virus primarily infects cattle and so far, a host-specific primary respiratory epithelial cell 

culture model is not available for this new virus (Hause et al., 2013). Lack of bovine primary 

respiratory epithelial cells also represents a hurdle for study of other respiratory pathogens 

that infect and cause diseases in this agricultural animal. In this study, we developed primary 

respiratory epithelial cell lines from both upper (Nasal turbinate and soft palate) and lower 

(trachea) respiratory tracts where IDV and other viral pathogens replicate and cause 

pathological effects. Recently soft palate was identified as the site of influenza virus 

adaptation (Lakdawala et al., 2015) and thus were included in the present study. We 

characterized these cell lines for epithelial cell phenotype and investigated the replication 

potential of influenza D as well as other influenza types.

Immunocytochemistry analysis demonstrated the presence of cytokeratin but the absence of 

vimentin, α-SMA, and desmin in all three types. Cytokeratin is an epithelial cell marker 

while vimentin is a marker for mesenchymal cells. Alpha-SMA and desmin respectively 

have been used as markers for myofibroblast and muscle cells. These markers were 

frequently used to differentiate one cell population from another (Council and Hameed, 

2009; van der Velden et al., 1997). Here, we generated epithelial cell cultures devoid of 

fibroblast cells as demonstrated by an entirely cytokeratin positive population of cells. The 

primary respiratory epithelial cell cultures have a finite life span and often undergo 

replicative senescence as early as 4 passages (Rayner et al., 2019). We were able to culture 

them up to 14 passages without evident change in phenotypes after which cells started to 

show senescence.

To further investigate the polarization potential of these primary cells, we measured TEER 

and also stained the transwell membrane for demonstrating the presence of tight junction 

proteins. One of the characteristics of well-differentiated epithelium is cell polarity. The 
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tight junction proteins help to maintain the polarity by keeping apical and basolateral 

domains intact and inhibiting intermixture (Cao et al., 2012; Riga et al., 2020). Maintenance 

of apical-basolateral polarity is essential for virus infection (Bergelson, 2009; Ruan et al., 

2020) as viruses may have predilection to initiate infection from either apical or basolateral 

surface (Excoffon et al., 2008; Kotha et al., 2015; Tamhankar and Patterson, 2019). The 

TEER measurement has been used for the demonstration of the polarization potential of 

epithelial cells (Srinivasan et al., 2015). Here all three bovine primary respiratory cells 

showed moderate to high TEER values, thus indicating their ability to differentiate their 

surface membranes into apical-basolateral domains. Further, we demonstrated the presence 

of tight junction proteins, occludin, and claudin-3 in all three cell types. Thus, these cell 

lines have the differentiation ability and are mature respiratory epithelial cells with barrier 

integrity.

Influenza viruses use sialo-glycans with α−2,3 or α−2,6 linkage present in epithelial cells 

(Garcia-Sastre, 2010). Airway epithelial cells expressing the above receptors are the primary 

target of influenza virus although the distribution pattern of these receptors is unknown in 

many species (Ibricevic et al., 2006). Bovine primary respiratory cells established in this 

study showed higher expression of α−2,3 linked sialic acid than α−2,6 linked sialic acid. 

The distribution pattern, when compared for particular sialic acid (α−2,3 or α−2,6 linked), 

among nasal turbinate, soft palate, and tracheal epithelial cells was similar. Although all four 

influenza subtypes use glycans with terminal sialic acids as receptors, there are type-specific 

preferences towards engagement of different forms of sialic acids for entry and infection. 

The N and O substitution or modification of parent neuraminic acid leads to observed 

structural diversity of sialic acids in different mammalian species (Li and Chen, 2012). The 

9-O- acetylation of Neu5Ac (prominent in humans) and Neu5Gc (prominent in animals) 

leads to the generation of Neu5,9Ac2 and Neu5Gc9Ac respectively (Baumann et al., 2015).

Although some reports have shown IAV infecting cattle, migratory birds or waterfowls are 

thought to be the primary reservoirs of IAV, and humans are primary hosts for IBV 

(Sreenivasan et al., 2019b). In this study, bovine primary respiratory cells supported the 

replication of IAV and IBV to moderate titers with IAV titer higher than IBV by 1 log. This 

observation appears to be in good agreement with previous studies showing that IBV has a 

narrow tropism, while IAV possesses a broad tropism (Long et al., 2019; Wang et al., 2007). 

The moderate to low titers of IAV and IBV could be due to differences in receptor binding 

between IAV and IBV. Influenza A, and B viruses demonstrate a binding preference to 

Neu5Ac over Neu5Gc. Sialic acid modifications like O-acetylation of Neu5Ac and Neu5Gc 

may alter the infectivity of IAV, and IBV either by reducing HA binding or by affecting the 

enzymatic ability of NA to cleave such modified sialic acids (Corfield et al., 1986; Wasik et 

al., 2017; Wasik et al., 2016). Interesingly, unlike IAV and IBV, ICV and IDV use 9-O-

acetylated sialic acid especially 9-O-acetylated form of Neu5Ac and Neu5Gc (Liu et al., 

2020b; Rogers et al., 1986; Song et al., 2016). The distribution pattern and diversity of sialic 

acids in different compartments along the respiratory tract, and more specifically in the lung, 

in humans is slowly unraveling (Jia et al., 2020). So far, no such comprehensive study on the 

distribution pattern of various sialic acids on the bovine respiratory tract is conducted, and 

thus it is a potential area for further study.

Uprety et al. Page 9

Virology. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The infection of the bovine primary nasal turbinate, soft palate, and tracheal epithelial cells 

with four types of influenza viruses demonstrated that these cell lines are permissive to IDV 

as well as to influenza A and B virus infections. All three cell types supported IDV 

replication to high titers. Influenza D viruses diverged into five phylogenetic lineages, the D/

660, D/OK, D/Yama2016, D/Yama/2019, and D/CA2019 (Huang et al., 2021; Murakami et 

al., 2020). Of the two strains, D/660 lineage virus propagated to a slightly higher titer than 

D/OK lineage. D/660 lineage virus strain used in the study is of bovine origin, which might 

be the reason for the higher replication fitness observed in these bovine respiratory cells 

compared to the D/OK lineage strain from swine. Congruent to this finding, swine D/OK 

had better replication fitness, than bovine D/660, in swine primary nasal turbinate cell 

(Sreenivasan et al., 2019a). A recent study agreed with our current finding where D/660 

propagated better than D/OK in ovine respiratory tract explants. Additionally, they observed 

better replication in ciliated epithelial cells of the respiratory tract (trachea, nasal turbinate) 

(Holwerda et al., 2019; Mazzetto et al., 2020). We found higher replication titers for D/660 

in nasal turbinate, and tracheal epithelial cells as well. It has been suggested that IDV 

replicates better at the upper respiratory tract than at the lower respiratory tract. 

Recombinant HEF from D660 lineage virus, however, showed increased staining in bovine 

lung tissues compared to those observed in nasal epithelium and pharyngeal tissues 

(Chiapponi et al., 2020). Future study is needed to determine whether receptor binding 

affinity relates to the level of viral staining in these tissues. Overall, in this study, the 

replication titers were slightly higher at 33°C than at 37°C for D/660 strain but had similar 

titers at both temperatures for D/OK strain. IDV replication in cell culture has shown no 

temperature-dependent restriction in vitro at above two temperatures and that IDV-HEF 

protein has been thought to be the basis for this thermal stability (Liu et al., 2020a; Yu et al., 

2017).

At the amino acid level, ICV and IDV share 50% identity, with both viruses having single 

HEF in substitution of HA and NA proteins seen in IAV and IBV (Hause et al., 2013). 

Intriguingly, we found that human ICV failed to replicate in bovine primary epithelial cells, 

which was further confirmed by IFA. Bovine influenza C virus, detected in cattle with 

respiratory symptoms, shared 95% sequence identity to human ICV strains (Nissly et al., 

2020; Zhang et al., 2018). Although ICV has been detected in cattle, and swine, it is mostly 

considered as a human pathogen (Sederdahl and Williams, 2020). Similar results were 

obtained when human airway epithelial cells were used to study replication of ICV and IDV 

(Holwerda et al., 2019). Although HEF protein of both ICV and IDV uses 9-O-acetylated 

sialic acid, IDV HEF uses both Neu5,9Ac2 and Neu5Gc9Ac while ICV prefers Neu5,9Ac2 

for host cell entry (Liu et al., 2020b). The receptor-binding cavity of IDV-HEF is open and 

thus may account for its broad cell tropism when compared to ICV (Song et al., 2016). 

Using bovine primary cells developed from this work should enable further interrogation of 

viral determinants residing in the HEF protein that restricts human ICV infection in these 

bovine cells.

Current culture model systems for studying IDV utilizes transformed cell lines that are 

largely limited to translate the in vivo conditions of the bovine respiratory epithelium where 

IDV infection and spread occur. The bovine primary respiratory epithelial cell culture 

system described here represents a step forward in modeling IDV infection, some 
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limitations, however, exist that can be further improved. For example, bovine immune cells 

are absent in these primary cells so the immune activation of infected epithelial cells and the 

impact of the communication involving epithelial and immune cells on infection outcome 

and pathogenesis of IDV cannot be measured. Thus, these bovine primary respiratory cells 

can be further improved by including immune cells, which can better model IDV infection 

biology and pathophysiology.

Conclusion

In this study, we have established and characterized bovine primary respiratory epithelial 

cell lines from nasal turbinate, soft palate, and trachea. Since all three cell lines were 

established from the same animal, these cell lines provide isogenous cell culture models to 

study novel influenza D virus as well as other microbial pathogens primarily infecting cattle 

through the respiratory tract. All three cell lines demonstrated a phenotype that was 

characteristic of well-differentiated epithelial cells, which can be readily preserved up to 14 

passages (5–7 days each passage) in vitro. Moreover, these cells supported the efficient 

replication of IDV with variable susceptibility to other types of influenza viruses. Taken 

together, the results of our experiments collectively demonstrate that bovine primary 

respiratory epithelial cells can serve as a physiologically relevant in vitro system to model 

IDV replication and pathogenesis.
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Research Highlights

• Established and characterized primary respiratory epithelial cells from nasal 

turbinate, soft palate, and trachea of same cattle.

• All three cells showed epithelial cell phenotype, polarized into apicobasal 

surface, and formed tight junctions.

• All three cell types supported replication of influenza D virus to high titers.

• Isogenous bovine respiratory epithelial cell culture will be useful tool to study 

pathogenesis of influenza D virus as well as other respiratory virus of bovine 

respiratory disease complex.
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Fig. 1. Morphology of bovine nasal turbinate, soft palate, and tracheal cells.
Cell pellets obtained after collagenase digestion of tissues were seeded in collagen coated 

flasks. After 4–5 days cell clusters were visible with heterogenous cell populations (a-c). 

After the first passage and successive trypsin treatment, more homogenous cells with 

cobblestone morphology were observed (d-f). Images were taken on a phase contrast 

microscope at 20X. Scale bar represents 50 μM.
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Fig. 2. Immunocytochemical staining of the primary bovine nasal turbinate, soft palate, and 
tracheal cells.
Cytospins from all three cell types were stained with monoclonal antibodies against marker 

proteins: cytokeratin (a, e, i), α-SMA (b, f, j), vimentin (c, g, k), and desmin (d, h, l). Brown 

staining indicates the presence of marker proteins. Bovine nasal turbinate, soft palate, and 

tracheal cells showed intense staining for cytokeratin but almost no staining for other marker 

proteins indicating epithelial phenotype of cells. Isotype control antibodies showed negative 

staining. Images were taken at 20X.
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Fig. 3. TEER measurements of the bovine nasal turbinate, soft palate, and tracheal epithelial 
cells.
Three different bovine respiratory epithelial cells were cultured on trans-well membranes 

and electric resistance was measured for 10 days using probe and volt-ohmmeter. A high 

TEER value indicates the polarization of epithelial cells. All three cell types showed 

medium to high TEER values indicating the polarization capacity of these cells. Data 

represents mean ± SEM of three independent experiments with the bars indicating standard 

error of mean.
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Fig. 4. Tight junction proteins in bovine nasal turbinate, soft palate, and tracheal epithelial cells.
Cells grown on transwell membranes for TEER measurement were stained for the tight 

junction proteins claudin-3 (a, d, g), occludin (b, e, h), and isotype controls (c, f, i) in 

immunofluorescence assay. All three cell types showed the presence of tight junction 

proteins claudin-3 and occludin (stained as green). The cell nucleus is stained in red with 

DAPI. The data shown are representative of three independent experiments. Images were 

merged using Image J. Images were taken at 20X. Scale bar represents 50 μM.
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Fig. 5. Expression of glycans with α 2,3, or α 2,6 linked sialic acids in bovine primary respiratory 
epithelial cells.
Biotinylated lectins binding to sialic acids-containing glycans were used for staining of cells 

and the percentage of cells staining for each lectin was calculated by using flow cytometry. 

Lectin MAL-I and MAL-II bind to sialic acid linked to galactose by α 2,3 linkage, while 

SNA binds to sialic acid linked to galactose by α 2,6 linkage. The data represents the mean 

of three independent experiments. Error bar shows the standard error of the mean.
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Fig. 6. Influenza virus replication kinetics at 33°C and 37°C.
All three cell types were infected with 1 MOI of the indicated viruses and were incubated at 

33°C and 37°C. The supernatant was collected 1-hour post-infection and then every 24 hours 

during the course of five-day experiment. Ten-fold serial dilutions of supernatants were 

inoculated in 96-well culture plates. Viral infectivity endpoints were determined by the 

haemagglutinin assay with virus titers expressed in log10TCID50/ml were calculated using 

Reed and Muench method.
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Fig. 7. Immunofluorescence images of cells infected with different strains of four types of 
influenza viruses at 33°C.
At the end of the viral replication kinetics study (day 5 post-infection), cells were fixed in 

acetone and stained with rabbit polyclonal antibodies for ICV and IDV, mouse monoclonal 

antibody for IBV, or humanized cattle antibody for IAV. Alexa Fluor 488 conjugated (for 

ICV and IDV) or FITC conjugated (for IAV and IBV) secondary antibodies were used for 

visualization. High expression of the viral protein was detected in all three cell types for 

IDV strains, and moderate to low expression for IAV and IBV, respectively. We failed to 

detect the expression of ICV specific viral proteins. Images were taken at 20X 

magnification.
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Fig. 8. Immunofluorescence images of cells infected with different strains of four types of 
influenza viruses at 37°C.
Indirect immunofluorescence assay as described in Fig. 7 was used to stain cells infected 

with different strains representative of four types of Influenza viruses. Consistent with 

findings in Fig 7, high expression of the viral protein was detected in all three cell types for 

IDV strains, and moderate to low expression was found for IAV and IBV, respectively. ICV 

specific viral protein could not be detected which is consistent with the results of viral 

replication kinetics assay. Images were taken at 20X magnification.
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