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Development and characterization of an immortalized nasopharyngeal epithelial cell line to explore airway physiology and pathology in yak (Bos grunniens)
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Airway epithelial cells play a crucial role in investigating the physiological and pathological mechanisms of the respiratory tract in yaks, a species whose unique respiratory system has garnered extensive interest. Despite this growing interest, there currently are no available airway epithelial cell lines from yaks, underscoring the crucial need to establish a yak respiratory epithelial cell line. Therefore, our objective was to isolate a population of primary yak nasopharyngeal epithelial cells (pYNE) and transform them into immortalized yak nasopharyngeal epithelial cells (iYNE), assessing their suitability as an in vitro model. Employing a combined method of physical elimination and differential adhesion, we successfully isolated a population of high-purity pYNE, and developed an iYNE line through pCI-neo-hTERT plasmid transfection. Karyotype and transmission electron microscopy analyses confirmed that pYNE and iYNE share identical morphologies and structures. Gel electrophoresis and real-time PCR analyses demonstrated that pYNE and iYNE expressed similar levels of KRT18 and CDH1 genes (p ≥ 0.541). Notably, iYNE expressed a significantly high level of TERT gene expression (p < 0.001). Immunofluorescence analysis demonstrated that both cell types expressed Pan-Cytokeratin, ZO-1, and E-cadherin proteins. Furthermore, immunoblotting analysis indicated significantly higher levels of hTERT and Ki67 proteins in iYNE (p < 0.001), and similar levels of Cluadin-3 and Occludin proteins (p ≥ 0.103). Proliferation curve analysis highlighted iYNE’s serum-dependency and significantly enhanced proliferation capacities (p < 0.001). Additionally, pYNE and iYNE cells demonstrated comparable susceptibilities to infectious bovine rhinotracheitis virus (IBRV). These findings collectively suggest that the developed iYNE retains the evaluated physiological characteristics of pYNE, making it an appropriate in vitro model. This advancement will facilitate further investigation into the respiratory physiological and pathological mechanisms in yaks.
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Introduction

The yak (Bos grunniens), an indigenous herbivore, thrives on the Qinghai-Tibet Plateau, playing a crucial role in the lives of local communities by providing milk, meat, leather, and fuel. Beyond its economic value, the yak is central to maintaining ecosystem stability, ensuring livelihood security, fostering socio-economic development, and preserving the rich ethnic and cultural traditions in the region (1). Adapted to the plateau’s unique and harsh conditions, characterized by such as hypoxia, coldness, and long-term pasture shortage (1–3), yaks exhibit distinctive physiological traits. Notably, compared to the plains-dwelling yellow cattle, yaks possess a respiratory system with higher density of mucosal goblet cells, submucous glands, and tracheal cartilage (4, 5). Our previous study also identified significant differences in the nasopharyngeal microflora between yaks and typical cattle (6). Serving as an exemplary model for studying adaptations to high-altitude living (3), yaks offer invaluable insights into respiratory physiological regulations and the pathogenesis of pathogen infection in animals residing at high elevations (7). However, despite a few involvement of yak alveolar macrophages (8) and alveolar epithelial cells (9), the scientific community has yet to develop primary or cell lines from the yak’s respiratory system for experimental studies, underscoring the critical need for accessible and stable cell lines from this unique respiratory system.

The nasopharynx, a key segment of the upper respiratory tract, links the auditory tubes, esophagus, and trachea. It stands at the frontline of pathogens exposure and antigen sampling, serving as a critical gateway for respiratory health (10). Blanketing the palate, the nasopharyngeal mucosa hosts a diverse microbiota, encompassing both commensal and (opportunistic) pathogenic microorganisms (11, 12). The equilibrium among these microflora is predominantly maintained by the nasopharyngeal epithelium’ functionality, underscoring its significance in safeguarding cattle’s respiratory well-being (12, 13). Therefore, investigating the physiological and pathological dynamics of the yak’s nasopharyngeal epithelium holds promise for advancing effective preventive and therapeutic approaches for respiratory ailments in this species.

Airway epithelial cells play a pivotal role in research focused on understanding the regulatory mechanisms of airway mucosa barrier functions and respiratory infections in cattle (14, 15). For instance, Bai et al. (16) isolated a population of nasopharyngeal mucosal epithelial cells from bovines and confirmed its potential as an in vitro model for studying acute foot-and-mouth disease virus infection. In Bai’s study, which is the only available study involving nasopharyngeal epithelial cells form bovine, the isolated cells were cobblestone-shaped, grew in a single adherent layer, and expressed Pan-Cytokeratin. The process of collecting airway mucosa tissue, coupled with the isolation and purification of primary epithelial cells, particularly from the yak nasopharyngeal epithelium, presents considerable challenges and incurs significant costs (16, 17). An important consideration in working with primary cells cultured in vitro is their limited proliferation capacity, known as the “Hayflick Limit” (18), which constrains their utility in experimental research that necessitates multiple cell passages. For instance, research conducted by Jonathan and colleagues (19) demonstrated that primary bronchial epithelial cells could undergo only 3–4 passages in vitro. To overcome this obstacle, scientists have achieved success in immortalizing primary yak ruminal epithelial cells and bovine intestinal epithelial cells. This was accomplished by introducing the exogenous human telomerase reverse transcriptase (hTERT) gene through methods such as lentivirus-mediated gene transfer and the use of a pCI-neo-hTERT recombinant plasmid (20, 21). As a result, the overexpression of the hTERT gene has emerged as a dependable approach for generating immortalized cell lines.

Hence, this study is dedicated to establishing a nasopharyngeal epithelial cell line, after conducting thorough identification procedures, to serve as an in vitro model for exploring both the physiological functions and pathogenic interactions within the yak’s nasopharyngeal mucosa. Our study will create a reliable cell-based tool that could advance our understanding of how to prevent and treat respiratory diseases in yaks. Meanwhile, this research can provide valuable insights and methodologies for isolating, culturing, and immortalizing primary cells from various sections of the yak respiratory system.



Materials and methods


Nasopharyngeal mucosa tissue collection

At Huirun Livestock Slaughter Co., Ltd., located in Dujiangyan City, Sichuan, China, we acquired the head of a freshly slaughtered 3-year-old male Jiulong yak. The head was bisected, and approximately 10 cm of nasopharyngeal mucosa tissue was harvested from the upper palate (Figure 1A). This sample underwent a rigorous cleaning process, being washed 6 times with ice-cold normal saline (Solarbio, Beijing, China) enhanced with 300 IU/mL Penicillin–Streptomycin (PS; Sigma-Aldrich, Saint Louis, MO, United States). Subsequently, the tissue was immersed in warm (37°C) phosphate-buffered saline (PBS; Solarbio, Beijing, China) containing 100 IU/mL PS. This preparation was swiftly transported to a biosafety cabinet within 30 min for the isolation of primary yak nasopharyngeal epithelial cells (pYNEs).
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FIGURE 1
 Detailed schematic of the yak’s upper respiratory tract anatomy (A) alongside the steps involved in developing an immortalized yak nasopharyngeal epithelial cell line (B). pYNE, primary yak nasopharyngeal epithelial cells; iYNE, immortalized yak nasopharyngeal cells; G418, geneticin.




Isolation, purification, and culture of pYNEs

The mucosa tissue was carefully segmented into 1 mm3 pieces and then treated with a solution of 1 mg/mL type IV collagenase (Solarbio, Beijing, China) at a volume 5 times that of the tissue at 37°C for 30 min. Afterwards, an equal volume of Dulbecco’s Modified Eagle Medium: Nutrient Mixture F12 medium (DMEM/F12; Thermo Fisher Scientific, Shanghai, China) containing 15% fetal bovine serum (FBS; Thermo Fisher Scientific, Shanghai, China) was introduced to halt the digestion process. Subsequently, the resulting cell suspension was collected and passed through a 200-mesh cell filter to remove undigested tissue.

After filtering, the cell suspension underwent centrifugation at 1,000 revolutions per minute (RPM) for 5 min at a temperature of 4°C. The collected cell sediment was then subjected to further digestion in 5 mL of 0.25% trypsin (Solarbio, Beijing, China) within an incubator enriched with 5% CO2 at 37°C for 2 min. To terminate the digestion, 10 mL of complete medium was added. This medium comprised 83% DMEM/F12, 15% FBS, 100 UI/mL PS, 1% Insulin-Transferrin-Selenium (ITS-G; Procell, Wuhan, China), and 20 ng/mL human epidermal growth factor (hEGF; Novoprotein, Suzhou, China). The cell suspension was then centrifuged at 1,000 RPM for 3 min at 4°C, discarding the supernatant. The resultant cell pellet was resuspended in the complete medium and seeded into 25 cm2 culture flasks (Nest, Wuxi, China) at a density of approximately 2 × 105 cells per flask and incubated at 37°C in an incubator with 5% CO2 for subsequent purification process.

The cell purification process was guided by methodologies outlined in previous studies (17, 21). The condition of the cells within the flask was monitored daily. Upon reaching approximately 70% confluence, the medium was removed, and the cells were gently washed 3 times with PBS to ensure cleanliness. Subsequently, under microscopic examination, the regions containing epithelial cell clusters were identified and marked on the bottom of the culture flask. Untargeted cells (fibroblasts) in the non-target areas were then carefully eliminated using a cell scraper and further cleansed with 3 PBS rinses to eliminate fibroblasts. Afterward, fresh medium was introduced into the flask to continue cultivating the remaining epithelial cells. This procedure was repeated daily until the epithelial cells constituted over 80% of the flask’s area. In the final iteration, the remaining epithelial cells in marked regions were detached using a solution of 0.25% trypsin-0.02% EDTA (Solarbio, Beijing, China), collected via centrifugation, and then reseeded into a 6-well plate (Nest, Wuxi, China) for incubation. After a 45-min incubation period, the medium was cautiously transferred to a new 6-well plate. This transfer process was repeated 5 times to achieve a collection of purified pYNEs.

For subculturing, the cells were detached using a solution of 0.25% trypsin-0.02% EDTA upon reaching 80%–90% confluence, which typically occurred after about 3 days. This was followed by centrifugation, resuspension in fresh medium, and reseeding into new flasks.



Plasmid transfection and selecting of immortalized nasopharyngeal epithelial cell

The purified pYNEs were evenly distributed into a 6-well plate, with each well containing approximately 2 × 104 cells. Once the pYNEs reached 70%–90% confluence, they underwent transfection with 4 μg of the pCI-neo-hTERT recombinant plasmid (Supplementary Figure 1; JingMingHaoRui, Chengdu, China) and 10 μL of Lipofectamine 2000 (Thermo Fisher Scientific, Shanghai, China), maintained at 37°C for a duration of 24 h. Following this, the existing medium was replaced with a fresh complete medium containing 500 μg/mL of geneticin (G418; Beyotime Biotechnology, Shanghai, China) to select positive cell clones. These selected clones were then expanded by cultivating in a 5% CO2 incubator at 37°C, thus establishing an iYNE cell line.

Upon verification that this cell line was mycoplasma-free using a Mycoplasma PCR Detection Kit (C0310S, Beyond, Shanghai, China), the iYNE cell line was cryopreserved in liquid nitrogen. Currently, this cell line has exceeded over 70 passages, qualifying it as “immortal” by contemporary scientific standards (22). Figure 1B illustrates the process involved in developing the iYNE cell line.



Karyotypic analysis

When the cells achieved 80% confluence, they were treated with 0.1 μg/mL colchicine (Solarbio, Beijing, China) and incubated at 37°C for 6 h. Subsequently, the cells were digested and collected by centrifugation at 200 g for 5 min. The resulting cell pellet was then resuspended in 75 mM KCl at room temperature and allowed to stand for 8 min. Following this, the suspension was mixed with Carnoy’s solution (methanol: glacial acetic acid, 3:1 v/v; Solarbio, Beijing, China) and maintained at 4°C before being subjected to centrifugation at 200 g. This resuspension-mixture-centrifugation procedure was repeated twice. Afterward, 100 μL of the cell suspension was dispensed onto a precooled slide and left to air-dry. The cells underwent a subsequent digestion with 0.25% trypsin-0.02% EDTA at 30°C for 10–20 min. Chromosomes were then stained with Giemsa dye (Solarbio, Beijing, China) for 10 min. The number and morphology of each chromosome in metaphase (n = 100) were thoroughly analyzed under a microscope and digitally captured.



Transmission electron microscopy analysis

Cells forming monolayer were detached using a solution of 0.25% trypsin-0.02% EDTA. Following detachment, the detached cells were collected by centrifugation at 200 g for 15 min, washed with precooled PBS, and centrifugated at 200 g for 15 min again. Then, the resulting cell pellet underwent fixation with 2.5% glutaraldehyde (pH 7.4; Lilai Biotechnology, Chengdu, China) for 1 h. After an additional wash with precooled PBS, the cells were subjected to a second fixation using 10 g/L osmium acid for 2 h. Subsequently, the samples were dehydrated in a graded series of ethanol concentrations, embedded in epoxy resin, sectioned, and stained with uranium salts. The prepared samples were examined under a transmission electron microscope (Hitachi, Tokyo, Japan), and images were captured for further analysis.



Gene expression analysis

Cells were seeded into 6-well plates at a density of 2 × 105 cells/mL, with each well receiving 2 mL of the cell suspension. Upon reaching 80%–90% confluence, the cells were collected, and total RNA was extracted using Trizol Reagent (TransGen, Beijing, China), adhering to the manufacturer’s protocol. The RNA’s concentration and purity were assessed using a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, NC, United States), while its integrity was verified via 1% agarose gel electrophoresis. Following this, total RNA samples were reverse transcribed to complementary DNA (cDNA) using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Shanghai, China), as per the manufacturer’s instructions. Subsequently, specific genes, namely TERT (coding hTERT), CDH1(coding E-cadherin), VIM (coding vimentin), KRT18 (coding CK-18), and ACTB (coding β-actin), were amplified from the cDNA template via polymerase chain reaction (PCR). The products of this amplification were then visualized using gel electrophoresis. To quantify the expression levels of TERT, CDH1, and KRT18 genes relative to ACTB real-time PCR was employed. The analysis of real-time PCR data was conducted using the 2ΔΔC method in EXCEL. Primer sequences for both PCR and real-time PCR are presented in Table 1.



TABLE 1 The sequences of primers used in the polymerase chain reaction experiments.
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Immunofluorescence and immunoblotting analyses

For immunofluorescence analysis, cells were seeded onto sterile coverslips in 24-well plates at a density of 5 × 104 cells/mL, with 1 mL of cell suspension added to each well. The cells on the coverslips were fixed with formaldehyde (Life iLab Bio, Shanghai, China) at −20°C for 10 min. Subsequently, the formaldehyde-fixed cells were permeabilized with 0.1% Triton X-100 (Solarbio, Beijing, China) for 10 min at room temperature, blocked with 10 g/L bovine serum albumin (Solarbio, Beijing, China) for another 10 min, and incubated overnight at 4°C with the primary antibodies. The primary antibodies used in this experiment included Pan-Cytokeratin (Cat No: bs-1712R; Thermo Fisher Scientific, Shanghai, China), Zonula Occludens protein 1 (ZO)-1 (Cat No: A20532; ABclone Technology, Wuhan, China), E-cadherin (Cat No: A3044; ABclone Technology, Wuhan, China), and Ki67 (Cat No: A11390; ABclone Technology, Wuhan, China). After washing 3 times with PBS, the secondary antibody (donkey anti-rabbit IgG antibody, Cat No: ab6701; Abcam, Shanghai, China) was added and incubated at room temperature for 4 h. The cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; Solarbio, Beijing, China) for 5 min at room temperature. Cells were then observed and digitally imaged using a fluorescence microscope (Olympus, Tokyo, Japan).

For immunoblotting analysis, cellular proteins were extracted from cells in each well and denatured using RIPA lysis buffer at 100°C for 10 min. An equal amount of protein was then separated using sodium dodecyl sulfate-polyacrylamide gels and transferred to a polyvinylidene fluoride (PVDF) membrane. After incubation with primary antibodies, the membranes were hybridized with a secondary antibody (donkey anti-rabbit IgG antibody, Cat No: ab6701, Abcam, Shanghai, China) and subsequently incubated with enhanced chemiluminescent reagents to visualize the protein bands. The primary antibodies used in this experiment included GAPDH (Cat No: 200306; ZEN-BIOSCIENCE, Chengdu, China), Ki67 (Cat No: 16667; Abcam, Shanghai, China), hTERT (Cat No: 32020; Abcam, Shanghai, China), Occludin (Cat No: 502601; ZEN-BIOSCIENCE, Chengdu, China), and Claudin-3 (Cat No: 14487; Abcam, Shanghai, China). The band intensity of the images was measured using the ImageJ software.



Cell growth dynamics analysis

Cells with different treatments were seeded into 96-well plates at a concentration of 1.5 × 104 cells/mL with 100 μL of cell suspension added to each well. Six replicates were established per timepoint for each treatment group, and viable cell counts were measured daily using a cell counting kit-8 (CCK-8; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacturer’s instructions. In brief, the complete medium in the wells was replaced with 100 μL of a mixture containing 90% complete medium and 10% CCK-8 reagent. The mixture was then incubated for 2 h at an incubator set at 5% CO2 and 37°C. After incubation, the absorbance at 450 nm for each well was measured using a microplate reader (Thermo Fisher Scientific, Waltham, MA, United States). Cell growth curves were plotted with time on the X-axis and mean optical density (OD)450nm on the Y-axis.



Infectious bovine rhinotracheitis virus susceptibility analysis

IBRV-positive viral fluid, sourced form a virulent strain of IBRV clinically isolated from the nasopharynx of a diseased yak diagnosed with respiratory infection and previously identified as IBRV by PCR, was utilized in our study. Initially, approximately 3 × 105 pYNE and iYNE cells were seeded into 2 T25 flasks, respectively. Upon reaching approximately 70% confluence, the medium was discarded. Concurrently, 1 mL of the IBRV-positive viral fluid was evenly divided and introduced into each flask, where it remained for a 2-h incubation period. Following this, the viral fluid was removed, and each flask was replenished with 5 mL of complete medium to continue the culture. Observations and documentations of the morphological changes in pYNE and iYNE cells were conducted at 24 and 48 h post-infection. Additionally, the 50% tissue culture infective doses (TCID50) of IBRV for both pYNE and iYNE cells were calculated using the Reed-Muench method, as outlined in a previous study (23).



Statistical analysis

Data are presented as the mean ± standard error (SE). Statistical analyses were performed using SPSS 26 (IBM Corporation, Armonk, NY, United States). Graphs were generated using Origin 2024 Pro (Originlab, Northampton, MA, United States), Adobe Photoshop 2022, and Adobe Illustrator 2022 (Adobe Systems Incorporated, San Jose, CA, United States), unless stated otherwise. Statistical differences were determined using the Student t-test (all data satisfy both normal distribution and variance alignment), unless specified otherwise. A p-value of less than 0.05 was considered statistically significant.




Results


Isolation and culture of pYNE and subculture of iYNE cell line

On the 5th day after seeding into the flask, a cluster of epithelial cells was first observed, displaying a cobblestone-like appearance and forming a tightly connected, epithelioid monolayer (Figures 2A–C). By the 6th day, these cells had reached to approximately 70% confluence (Figures 2D,E). Throughout the purification process, fibroblasts were progressively eliminated, leading to a gradual increase in the number of epithelial cells (Figures 2F,I). By the 10th day, almost all fibroblasts had been removed, leaving behind a pure population of epithelial cells in the flask (Figure 2J). After undergoing 5 additional rounds of purification through the differential adhesion method, purified pYNE at the 2nd passage were obtained (Figure 2K). Following 11 passages of subculture, these cells began to exhibit obvious signs of senescence, such as altered morphology, increased intercellular gaps, and accumulation of cellular debris (Figure 2L). After transfection with pCI-neo-hTERT recombinant plasmid and selection with G418, a G418-resistant cell clone was obtained from the 4th passage of pYNE. This clone retained the same cobblestone-like appearance, tight connections, and epithelioid monolayer morphology (Figure 2L), which remained consistent through subsequent subcultures at the 12th and 35th passages (Figures 2N,O).
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FIGURE 2
 Representative images showcasing the morphologies of isolated and immortalized nasopharyngeal cells. (A–J) Representative images presenting the morphologies of the first passage of cells, highlighting both epithelial cells (white arrows) and fibroblasts (blue arrows) observed over days 1–10 after seeded into flask; (K,L) Representative images presenting the morphologies of purified epithelial cells from the 2nd (K) and 12th (L) passages of primary yak nasopharyngeal epithelial cells (pYNE) observed on the 4th day after seeded into flask; (M–O) Representative images presenting the morphologies of cells from the 4th (M), 12th (N), and 35th (O) passages of immortalized yak nasopharyngeal epithelial cells (iYNE) observed on the 4th day after seeded into flask.




Organelle morphological characterization

In addition to the overall morphological observation of the obtained cells, we also assessed the structure and morphology of the organelles of pYNE and iYNE by karyotype and TEM analyses. Karyotype analysis results showed that both the pYNE and iYNE contained 29 pairs of autosomes and 1 pair of XY chromosomes (Figures 3A–D). Furthermore, pYNEs and iYNEs exhibited similar sizes and shapes of mitochondria, nucleus, endoplasmic reticulum, and Golgi apparatus, and both expressed lysosomes and cytoskeleton (Figures 3E,F).

[image: Figure 3]

FIGURE 3
 Morphological characterization of organelles in primary yak nasopharyngeal epithelial cells (pYNE) and immortalized yak nasopharyngeal epithelial cells (iYNE). (A,B) Images presenting the karyotyped chromosomes (A) and rearranged chromosomes (B) in the pYNE; (C,D) Images presenting the karyotyped chromosomes (C) and rearranged chromosomes (D) in the iYNE; (E,F) Images presenting the intracellular structures of pYNE (E) and iYNE (F) captured by transmission electron microscopy.




Expression assessment of marker genes

After confirming the structure and morphology of both pYNE and iYNE, we proceeded to evaluate the expression of certain marker genes. These included the immortalization marker gene TERT, the fibroblast marker gene VIM, and epithelial cell marker genes KRT18 and CDH1. The PCR results revealed that both pYNE and iYNE expressed KRT18 and CDH1, but neither expressed VIM. The TERT expression was detected in iYNE but not in pYNE (Figures 4A,B). Moreover, real-time PCR analysis indicated that the level of TERT expression in iYNE was significantly higher than that in pYNE (p < 0.001), while the expression levels of KRT18 and CDH1 genes were similar between the two (p ≥ 0.541; Figure 4C).
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FIGURE 4
 Expression files of key marker genes in pYNE and iYNE. (A,B) Gel images presenting the expression patterns of the marker genes TERT, VIM, KRT18, and CDH1 in pYNE (A) and iYNE (B), respectively; (C) Bar chart with dot presenting the relative expression levels of TERT, KRT18, and CDH1 against ACTB in both pYNE and iYNE. In panel (C), data are presented as mean ± standard error, and student’s t-test method was employed for statistical analysis. pYNE, primary yak nasopharyngeal epithelial cells; iYNE, immortalized yak nasopharyngeal epithelial cells.




Expression assessment of marker proteins

We also evaluated the expression levels of various marker proteins, including epithelial cell marker proteins Pan-Cytokeratin, ZO-1, and E-cadherin, alongside the cell proliferation marker Ki67 and hTERT, in both pYNE and iYNE. As shown in Figure 5A, similar levels of Pan-Cytokeratin, ZO-1, and E-cadherin fluorescence were observed on the surface of both pYNEs and iYNEs. However, an obviously high intensity of Ki67 fluorescence was observed in iYNEs compared to pYNEs. Furthermore, immunoblotting analyses confirmed that the relative expression levels of hTERT and Ki67 were significantly higher in iYNE than in pYNE (p < 0.001; Figures 5B,C), whereas the relative expression levels of Claudin-3 and Occludin did not significantly differ between pYNE and iYNE (p ≥ 0.103; Figure 5D).
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FIGURE 5
 Expression files of key marker proteins in pYNE and iYNE. (A) Images presenting the results of immunofluorescence analysis; (B–D) Gel images alongside bar charts with dots presenting the immunoblotting analysis results for hTERT (B), Ki67 (C), Cluadin-3 and Occludin (D) in pYNE and iYNE. In panel (B–D), data are expressed as mean ± standard error, and student’s t-test method was employed for statistical analysis. pYNE, primary yak nasopharyngeal epithelial cells; iYNE, immortalized yak nasopharyngeal epithelial cells.




Proliferative property assessment

To further investigate the proliferation characteristics of pYNE and iYNE, we monitored their proliferation dynamics over a 15-day period post-seeding. Our observations revealed that pYNE in its 4th passage demonstrated significantly higher proliferation rates compared to its 9th passage (1.770 ± 0.022 vs. 1.153 ± 0.014; p < 0.001). Interestingly, the 9th passage of iYNE exhibited a markedly higher proliferation activity than the 4th passage of pYNE (2.382 ± 0.018 vs. 1.770 ± 0.022; p < 0.001; Figures 6A,B). Additionally, we explored the serum-dependency of iYNE’s proliferative capacities to determine its oncogenic potential. Our results revealed an enhanced proliferative activity of iYNE with increasing FBS concentrations within the 48-h period post-seeding (Figures 6C,D).
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FIGURE 6
 Proliferation characteristics of pYNE and iYNEs. (A,B) Dot-line chart and bar chart presenting the proliferation curves of pYNE and iYNE over a 15-day period (A) and their estimated OD values of each group (B); (C,D) Dot-line chart and bar chart presenting the proliferation curves of iYNE treated with varying concentrations of FBS over a 48-h period (C) and the estimated OD values of each group (D). Data are expressed as mean ± standard error, and Repeated Measures Analysis of Variance was employed to analyze the differences among groups. In panels (B,D), different superscripts above the bars indicate significant differences between the corresponding groups. pYNE, primary yak nasopharyngeal epithelial cells; iYNE, immortalized yak nasopharyngeal epithelial cells; FBS, fetal bovine serum.


The pYNE cells and iYNE cells were both subjected to infection by the IBRV virus. At the 24th hour post-infection, both pYNEs and iYNEs began to round up and separate from each other. Their intercellular spacing increased, and some cells started to cluster together, indicating early signs of infection. By the 48th hour, the morphologies of both cell types further deteriorated, with more cells becoming rounded and forming tight clusters. The cell clusters were more compact, with few individual cells remaining, showing pronounced signs of infection (Figure 7). Furthermore, the TCID50 for both pYNE and iYNE cells were calculated to be −5.29.
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FIGURE 7
 Representative images showcasing the morphologies of pYNE and iYNE pre-, 24 h post-, and 48 h post-IBRV infection. pYNE, primary yak nasopharyngeal epithelial cell; iYNE, immortalized yak nasopharyngeal epithelial cell; IBRV, infectious bovine rhinotracheitis virus.





Discussion

The yak, a species uniquely adapted to high-altitude environments, exhibits distinct morphological and physiological characteristics compared to normal cattle (5, 24, 25). Recently, the molecular mechanisms under the functions of yak alveolar cells have garnered increasing attention (8, 9). However, despite their role as the primary defense against pathogenic microorganisms in yaks (12), nasopharyngeal epithelial cells from yaks or other cattle have seldom been utilized in research except for Bai’s study (17). This oversights is likely due to the challenges associated with their isolation and limitations of their subcultural passages (17). In this study, we successfully isolated and immortalized a line of nasopharyngeal epithelial cell from a yak. We then conducted a comprehensive analysis of their physiological characteristics.


Combined method of elimination and differential adhesion effectively purified pYNE

Bovine airway epithelial cells have become a key focus in understanding the pathogenic mechanisms behind bovine respiratory diseases (26). For instance, primary respiratory cells from both the upper and lower respiratory tracts of cattle have been isolated. These cells serve as models for investigating viral and bacterial infections (14, 27), as well as for studying the expression patterns of genes encoding antimicrobial peptides (28, 29). The isolation and purification of these primary epithelial cells were achieved through enzymatic digestion and differential adhesion methods (30). However, the use of differential adhesion for purification often necessitates multiple passages (31), and the resulting cell purity may not always be sufficient, thus significantly hindering further experiments. Given the constraints associated with the limited subcultural passages of primary airway epithelial cells, our approach involved using a cell scraper over 4 consecutive days to remove fibroblasts visible to the naked eye before proceeding with differential adhesion process. As shown in Figure 2J, by the 10th day of primary culture, the majority of cells remaining in the flask were epithelial cells. Following the differential adhesion process, no fibroblasts were observed in the flask at the 2nd passage (Figure 2K), and this purity was maintained even up to the 35th passage of iYNE (Figures 2M–O). Vimentin is a type III intermediate filament protein expressing in mesenchymal cells (32). In our study, we observed no expression of Vimentin gene in pYNE or iYNE, indicating that iYNE contained no fibroblasts. These findings suggest that our combined method of elimination and differential adhesion can effectively purify the cell mixture, thus facilitating the swift progression to subsequent experiments.



iYNE exhibited significantly enhanced proliferation property

Despite the widespread use of primary airway epithelial cells in research, one of their major limitation is the restricted proliferative lifespan in culture (33). Typically, primary human airway epithelial cells slowdown in division and progressively lose the capacities to form cilia, produce mucus, or express tight junction proteins after 3–4 passages of subculture (19, 34, 35). In our study, we observed no noticeable reduction in the proliferation rate or morphological changes in the pYNE until the 9th passage. The proliferative curves indicated that the 9th passage of pYNE had a significantly lower proliferative activity compared to the 4th passage (Figures 6A,B), with noticeable morphological alterations appearing by the 12th passage (Figure 2L). These observations suggest that pYNE might maintain stability through the first 8 population doublings. This duration appears to be longer than that for airway epithelial cells from humans and may also indicated a plateau-specific respiratory function in yaks. However, comparisons with primary nasopharyngeal epithelial cells from normal cattle are needed for confirmation.

To address this limitation, numerous immortalized airway epithelial cell lines have been developed (36–38). However, immortalized airway epithelial cell lines from cattle are scarcely mentioned in the literature, with the exception of Diane Lee’s study on two lines: bovine alveolar type II and bovine 2 airway epithelia, immortalized via lentivirus-mediated gene transfection (39). Since Epstein–Barr virus, effective in immortalizing human nasopharyngeal epithelial cells (40), cannot infect bovine nasopharyngeal epithelial cells, we opted for the pCI-neo-hTERT plasmid transfection method to immortalize our pYNE (Figure 1B). Subsequent real-time PCR and immunoblotting analyses showed significantly higher relative expression levels of hTERT gene and protein (Figures 4, 5B), conforming successful transfection and expression of TERT gene in pYNE.

Immortalized airway epithelial cells have the potential to surpass the “Hayflick Limit” allowing for extensive subculturing. For instance, Kimberly et al. reported that their immortalized primary human airway epithelial cells, transfected with the hTERT gene, could be cultured for over 20 passages while remaining physiological characteristic (41). In our study, iYNE was cultured for more than 35 passages without significant morphological changes (Figures 2M–O). Despite pYNE and iYNE presented similar “S” shape growth curves, iYNE demonstrated a significantly higher proliferation activity than pYNE at an early passage (Figure 6A) and higher expression levels of Ki67 protein (Figures 5A,C), a well-known marker of cell proliferation (42). These results indicate that our pYNE has overcome the “Hayflick Limit” and exhibits enhanced proliferative properties.



iYNE maintains the physiological characteristics and susceptibility to IBRV

Besides their proliferative properties, immortalized cells must also retain essential physiological functions from their primary counterparts to serve as effective in vitro models. Like the isolated nasopharyngeal mucosal epithelial from bovine in Bai’s study (17), our pYNEs and iYNEs were also cobblestone-shaped, grew in a single adherent layer (Figure 2), and expressed Pan-Cytokeratin (Figure 5A). Additionally, we also evaluated some other characteristics of respiratory epithelial cells. For example, Diane et al. established a reliable in vitro model that mimics the bovine lung to explore the interactions between hosts and pathogens. They verified the expression of gene and protein markers, proliferative properties, and the capacities to form films via an air-liquid interface culture system in their immortalized airway epithelial cells (39). In our research, both pYNE and iYNE exhibited a 60-chromosome diploid karyotype with no significant differences in the position and number of G-banding of autosomes or the XY chromosomes, as well as identical cellular organelles (Figure 3). CK-18, a type I keratin and crucial protein marker for identifying epithelial cells (43), along with ZO-1, occludin, and E-cadherin, key molecular markers and essential components of epithelium (30), were similarly expressed in pYNE and iYNE (Figures 4, 5). These findings suggest that iYNE successfully inherited the characteristic epithelial cell features of pYNE.

Cancerous cells often lose their serum dependence and can grow in multiple layers during unlimited passages in vitro (44, 45). In our study, iYNE demonstrated serum-dependence, showing low proliferative capacity under serum-free or low-serum conditions (Figures 6C,D). This observation suggests that our iYNE did not exhibit overt tumor cell characteristics after immortalization.

IBRV, a prevalent infectious disease in cattle causing persistent infection, immunosuppression, and subsequent economic losses in livestock industry (46), served as a focus for testing our iYNE’s suitability for viral infection studies. We compared the susceptibilities of pYNE and iYNE to IBRV infection and observed similar cell morphological alterations and infection processes with 48 h post-infection (Figure 7) and TCID50 values, indicating comparable IBRV susceptibilities. These findings support the use of iYNE as an in vitro model for IBRV infection investigations. However, the applicability of these cells in other nasopharyngeal virus infection-related studies or in understanding metabolic and physiological functions remains to be determined, necessitating further validation.




Conclusion

In our study, we successfully isolated a high-purity population of primary nasopharyngeal epithelial cells from freshly slaughtered yaks using a combination of elimination and differential adhesion methods. Subsequently, we developed an immortalized line of yak nasopharyngeal epithelial cell to serve as a robust in vitro model. These immortalized cells not only retain the physiological characteristics observed in pYNE but also demonstrate significantly enhanced proliferative capacities and maintain similar susceptibility to IBRV. Our work has provided a reference for the efficient isolation of respiratory epithelial cells form cattle and resulted in the establishment of a yak nasopharyngeal epithelial cell model that is suitable for long-term culture and for studies of nasopharyngeal viral infections, thereby facilitating investigation about the respiratory physiological and pathological mechanisms in yaks.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was approved by Ethical and Welfare Committee for Animal Experiments of Sichuan Agricultural University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

JQ: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. JZ: Conceptualization, Data curation, Investigation, Methodology, Validation, Writing – original draft, Writing – review & editing. FH: Conceptualization, Data curation, Formal analysis, Investigation, Project administration, Supervision, Writing – original draft, Writing – review & editing. YX: Investigation, Methodology, Writing – original draft, Writing – review & editing. HG: Writing – original draft, Writing – review & editing. LG: Writing – original draft, Writing – review & editing. ZZ: Conceptualization, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Writing – original draft, Writing – review & editing. JF: Project administration, Resources, Validation, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This investigation was funded by the National Key Research and Development Program of China (2021YFD1600200), the China Agriculture Research System, a joint venture of the Ministry of Finance and the Ministry of Agriculture and Rural Affairs (Beef Cattle/Yak, CARS-37), and the National Key Research and Development Program of China (2022YFD1601600).



Acknowledgments

The authors would thank Jingming Haorui Biotech Co., Ltd (Chengdu, China) for its technological guidance in pYNE isolation and iYNE development.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2024.1432536/full#supplementary-material


SUPPLEMENTARY FIGURE 1 | Profile of the pCI-neo-hTERT plasmid used in the immortalization experiment.




References

 1. Xiaoping, J, Luming, D, Jianwei, Z, Xiaodan, H, Allan, D, and Ruijun, L. The adaptive strategies of yaks to live in the Asian highlands. Anim Nutr. (2022) 9:249–58. doi: 10.1016/j.aninu.2022.02.002


 2. Mujtaba, SA, Iqra, B, Hyder, QI, Maharach, M, and Metha, W. "the yak"-a remarkable animal living in a harsh environment: an overview of its feeding, growth, production performance, and contribution to food security. Front Vet Sci. (2023) 10:1086985. doi: 10.3389/fvets.2023.1086985


 3. Wondossen, A, Min, C, Liang Chunnian, W, and Xiaoyun, YP. Adaptation mechanisms of yak (Bos grunniens) to high-altitude environmental stress. Animals. (2021) 11:2344. doi: 10.3390/ani11082344


 4. Wei Qing, Y, Hongxian, ZQ, Haixia, J, Qian, X, Lin, L, and Liang, N. Histological structural characteristics of trachea in plateau yaks. Heilongjiang Anim Sci Vet Med. (2013) 8:153–4. doi: 10.13881/j.cnki.hljxmsy.2013.15.033


 5. Yang Bo, Y, Sijiu, CY, Junfeng, H, Xinhua, J, and Wang, R. Histochemical and ultrastructural observations of respiratory epithelium and gland in yak (Bos grunniens). Anat Rec. (2010) 293:1259–69. doi: 10.1002/ar.21056 

 6. Jiancheng, Q, Dongjie, C, Yaocheng, C, Tianyu, T, Huawei, Z, Wei, G , et al. Metagenomics reveals that intravenous injection of Beta-Hydroxybutyric acid (BHBA) disturbs the nasopharynx microflora and increases the risk of respiratory diseases. Front Microbiol. (2020) 11:630280. doi: 10.3389/fmicb.2020.630280


 7. Xue, G, Sheng, W, Yan-Fen, W, Li Shuang, W, Shi-Xin, YR-G, Yi-Wen, Z , et al. Long read genome assemblies complemented by single cell RNA-sequencing reveal genetic and cellular mechanisms underlying the adaptive evolution of yak. Nat Commun. (2022) 13:4887. doi: 10.1038/s41467-022-32164-9


 8. Jiancheng, Q, Qiyuan, Y, Qing, X, Fangyuan, H, Hongrui, G, Hengmin, C , et al. Low glucose plus β-Hydroxybutyrate induces an enhanced inflammatory response in yak alveolar macrophages via activating the GPR109A/NF-κB signaling pathway. Int J Mol Sci. (2023) 24:11331. doi: 10.3390/ijms241411331


 9. Biao, W, Junfeng, H, Cui Yan, Y, Sijiu, ZH, Pengqiang, W, and Qian, Z. The HIF-1α/EGF/EGFR signaling pathway facilitates the proliferation of yak alveolar type II epithelial cells in hypoxic conditions. Int J Mol Sci. (2024) 25:1142. doi: 10.3390/ijms25031442


 10. Christophe, C, Sofie, B, Paul, S, and den Broeck, V. The tonsils revisited: review of the anatomical localization and histological characteristics of the tonsils of domestic and laboratory animals. Clin Dev Immunol. (2011) 2011:472460:1–14. doi: 10.1155/2011/472460


 11. McMullen, C, Alexander, TW, Leguillette, R, Workentine, M, and Timsit, E. Topography of the respiratory tract bacterial microbiota in cattle. Microbiome. (2020) 8:91. doi: 10.1186/s40168-020-00869-y 

 12. Zeineldin, M, Lowe, J, and Aldridge, B. Contribution of the mucosal microbiota to bovine respiratory health. Trends Microbiol. (2019) 27:753–70. doi: 10.1016/j.tim.2019.04.005 

 13. Jiancheng, Q, Linli, G, Fangyuan, H, Yue, X, Hongrui, G, Hengmin, C , et al. Multi-omics reveals that alkaline mineral water improves the respiratory health and growth performance of transported calves. Microbiome. (2024) 12:48. doi: 10.1186/s40168-023-01742-4


 14. Tirth, U, Sreenivasan, CC, Shaurav, B, Dan, W, Kaushik, RS, and Feng, L. Isolation and development of bovine primary respiratory cells as model to study influenza D virus infection. Virology. (2021) 559:89–99. doi: 10.1016/j.virol.2021.04.003


 15. Daniel, C, Erin, S, Miquel, L, Geraldine, T, Berry, CC, and Davies, RL. Pathogenic Mannheimia haemolytica invades differentiated bovine airway epithelial cells. Infect Immun. (2019) 87:e00078–19. doi: 10.1128/IAI.00078-19


 16. Lei, S, Wang, G, Ma, L, Shao, F, Zhang, H, and Zhao, J. Isolation, culture and identification of yak bronchial epithelial cells. Chin J Vet Med. (2017) 53:5.


 17. Wan-Fu, B, Li, L, Zhang Ting, S, Xiao-Hu, WY-W, Bing-Wu, Z, Tao, Z , et al. Isolation and identification of bovine nasopharyngeal mucosal epithelial cells and establishment of cell models of acute infection by foot-and-mouth disease virus. In Vitro Cell Dev Biol Anim. (2018) 54:287–94. doi: 10.1007/s11626-018-0235-9


 18. Hayflick, L
. Mortality and immortality at the cellular level. A review. Biochemistry. (1997) 62:1180–90.

 19. Jonathan, O'L, Hall, RJ, Sangita, B, Portelli, MA, Amanda, H, Vincent, P , et al. Extended lifespan of bronchial epithelial cells maintains normal cellular phenotype and transcriptome integrity. ERJ Open Res. (2021) 7:00254–2020. doi: 10.1183/23120541.00254-2020


 20. Wang, J, Hu, R, Wang, Z, Guo, Y, Wang, S, Zou, H , et al. Establishment of immortalized yak ruminal epithelial cell lines by lentivirus-mediated SV40T and hTERT gene transduction. Oxidative Med Cell Longev. (2022) 2022:1–17. doi: 10.1155/2022/8128028


 21. Sudan, M, Uexin, WY, Shuai, W, Weifeng, Q, Qi, S, Mengying, D , et al. Establishment and characterization of an immortalized bovine intestinal epithelial cell line. J Anim Sci. (2023) 101:skad215. doi: 10.1093/jas/skad215


 22. Sauriol, SA, Simeone, K, Portelance, L, Meunier, L, Leclerc-Desaulniers, K, de Ladurantaye, M , et al. Modeling the diversity of epithelial ovarian Cancer through ten novel well characterized cell lines covering multiple subtypes of the disease. Cancers. (2020) 12:2222. doi: 10.3390/cancers12082222


 23. Chen, W, Yingyu, C, Chen Xi, H, Changmin, CJ, and Aizhen, G. Evaluation of antiviral activity of Ivermectin against infectious bovine Rhinotracheitis virus in rabbit model. Animals. (2023) 13:3164. doi: 10.3390/ani13203164


 24. Anand, IS, Harris, E, Ferrari, R, Pearce, P, and Harris, P. Pulmonary haemodynamics of the yak, cattle, and cross breeds at high altitude. Thorax. (1986) 41:696–700. doi: 10.1136/thx.41.9.696 

 25. Durmowicz, AG, Hofmeister, S, Kadyraliev, TK, Aldashev, AA, and Stenmark, KR. Functional and structural adaptation of the yak pulmonary circulation to residence at high altitude. J Appl Physiol. (1993) 74:2276–85. doi: 10.1152/jappl.1993.74.5.2276 

 26. Gandhi, NN, Inzana, TJ, and Padmavathy, R. Bovine airway models: approaches for investigating bovine respiratory disease. ACS Infect Dis. (2023) 9:1168–79. doi: 10.1021/acsinfecdis.2c00618 

 27. Eka, SP, Hirohisa, M, Meiko, K, Mawar, S, Yoshitaka, G, and Tamaki, O. Co-infection of epithelial cells established from the upper and lower bovine respiratory tract with bovine respiratory syncytial virus and bacteria. Vet Microbiol. (2019) 235:80–5. doi: 10.1016/j.vetmic.2019.06.010


 28. Khaled, T-A, Leanna, W, Lesley, B, Bassel, LL, Ellen, CM, and Caswell, JL. Regulation of tracheal antimicrobial peptide gene expression in airway epithelial cells of cattle. Vet Res. (2016) 47:44. doi: 10.1186/s13567-016-0329-x


 29. Lesley, B, Taha, AK, Jodi, B, Leanna, W, Gabriella, J, Karrow, NA , et al. Comparison of innate immune agonists for induction of tracheal antimicrobial peptide gene expression in tracheal epithelial cells of cattle. Vet Res. (2014) 45:105. doi: 10.1186/s13567-014-0105-8


 30. Yanmei, W, Wang Zhaoli, H, and Ge, ZT. Isolation and culture of rat intestinal mucosal microvascular endothelial cells using immunomagnetic beads. J Immunol Methods. (2022) 507:113296. doi: 10.1016/j.jim.2022.113296


 31. Pratik, K, Milton, T, Tirth, U, Hildreth, MB, and Kaushik, RS. Development and biochemical and immunological characterization of early passage and immortalized bovine intestinal epithelial cell lines from the ileum of a young calf. Cytotechnology. (2019) 71:127–48. doi: 10.1007/s10616-018-0272-y


 32. Subodh, K, Ranjan, V, Nishant, T, Gurudutta, G, and Kumar, VY. Therapeutics effect of mesenchymal stromal cells in reactive oxygen species-induced damages. Hum Cell. (2022) 35:37–50. doi: 10.1007/s13577-021-00646-5


 33. Zuzanna, B-B
. Long-term differentiating primary human airway epithelial cell cultures: how far are we? Cell Commun Signal. (2021) 19:63. doi: 10.1186/s12964-021-00740-z


 34. Gray, TE, Guzman, K, Davis, CW, Abdullah, LH, and Nettesheim, P. Mucociliary differentiation of serially passaged normal human tracheobronchial epithelial cells. Am J Respir Cell Mol Biol. (1996) 14:104–12. doi: 10.1165/ajrcmb.14.1.8534481 

 35. Stewart, CE, Torr, EE, Mohd Jamili Nur, H, Cynthia, B, and Ian, S. Evaluation of differentiated human bronchial epithelial cell culture Systems for Asthma Research. J Allergy. (2012) 2012:943982:1–11. doi: 10.1155/2012/943982


 36. Mitsuo, S, Shay, JW, and Minna, JD. Immortalized normal human lung epithelial cell models for studying lung cancer biology. Respir Investig. (2020) 58:344–54. doi: 10.1016/j.resinv.2020.04.005


 37. Kohtaro, F, Tao, Z, Eita, T, Fernanda, RT, Sudeb, S, Binghui, Z , et al. Establishment of a porcine bronchial epithelial cell line and its application to study innate immunity in the respiratory epithelium. Front Immunol. (2023) 14:1117102. doi: 10.3389/fimmu.2023.1117102


 38. Neasham, PJ, Pliasas, VC, Fletcher, NJ, Celeste, J, Mark, TS, and Kyriakis, CS. Development and characterization of an immortalized swine respiratory cell line for influenza a virus research. Front Vet Sci. (2023) 10:1258269. doi: 10.3389/fvets.2023.1258269


 39. Diane, L, and Mark, C. A co-culture model of the bovine alveolus. F1000Res. (2019) 8:357. doi: 10.12688/f1000research.18696.2


 40. Jun-Ping, L, Lucy, C, Alex, P, and He, L. Mechanisms of cell immortalization mediated by EB viral activation of telomerase in nasopharyngeal carcinoma. Cell Res. (2006) 16:809–17. doi: 10.1038/sj.cr.7310098


 41. Lundberg, AS, Randell, SH, Stewart, SA, Brian, E, Hartwell, KA, Brooks, MW , et al. Immortalization and transformation of primary human airway epithelial cells by gene transfer. Oncogene. (2002) 21:4577–86. doi: 10.1038/sj.onc.1205550 

 42. Sigrid, U, Paola, C-B, Robin, K, Konstanze, S, Müller, GA, and Kurt, E. Ki-67 gene expression. Cell Death Differ. (2021) 28:3357–70. doi: 10.1038/s41418-021-00823-x


 43. Minori, Y, Akiko, E, Koji, O, Koji, S, and Tetsuji, Y. Development of a highly sensitive chemiluminescent enzyme immunoassay for fragmented cytokeratin 18 using new antibodies. Sci Rep. (2021) 11:18187. doi: 10.1038/s41598-021-97439-5


 44. Long, G, Zhihao, W, Jun, L, Jianji, L, Luying, C, Junsheng, D , et al. Immortalization effect of SV40T lentiviral vectors on canine corneal epithelial cells. BMC Vet Res. (2022) 18:181. doi: 10.1186/s12917-022-03288-3


 45. Sakthivel, R, Devasier, B, and Sanghyo, K. Drug and bioactive molecule screening based on a bioelectrical impedance cell culture platform. Int J Nanomedicine. (2014) 9:5789–809. doi: 10.2147/IJN.S71128


 46. Yan, W, Jinyuan, S, Zhijie, L, Ao, Z, and Yuening, C. Establishment and application of a rapid diagnostic method for BVDV and IBRV using recombinase polymerase amplification-lateral flow device. Front Vet Sci. (2024) 11:1360504. doi: 10.3389/fvets.2024.1360504



Copyright
 © 2024 Qi, Zhang, Huang, Xie, Guo, Gou, Zuo and Fang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Development and characterization of an immortalized nasopharyngeal epithelial cell line to explore airway physiology and pathology in yak (Bos grunniens)



		Introduction



		Materials and methods



		Nasopharyngeal mucosa tissue collection



		Isolation, purification, and culture of pYNEs



		Plasmid transfection and selecting of immortalized nasopharyngeal epithelial cell



		Karyotypic analysis



		Transmission electron microscopy analysis



		Gene expression analysis



		Immunofluorescence and immunoblotting analyses



		Cell growth dynamics analysis



		Infectious bovine rhinotracheitis virus susceptibility analysis



		Statistical analysis









		Results



		Isolation and culture of pYNE and subculture of iYNE cell line



		Organelle morphological characterization



		Expression assessment of marker genes



		Expression assessment of marker proteins



		Proliferative property assessment









		Discussion



		Combined method of elimination and differential adhesion effectively purified pYNE



		iYNE exhibited significantly enhanced proliferation property



		iYNE maintains the physiological characteristics and susceptibility to IBRV









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Development and
characterization of an
immortalized nasopharyngeal
epithelial cell line to explore
airway physiology and pathology
in yak (Bos grunniens)












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






OPS/images/fvets-11-1432536-g005.jpg
'. o
L 4 I

PYNE iYNE

DAPI

Antibody

Merge

B Cc D

e S == = = Jeomon
GADPH GADPH o UGS 2300
W e i Y

04 04

g

g PYNE [JIYNE B PYNE [JiYNE 2 PYNE [JIYNE
< 3
H p<000t 3 =008t 3 oz
S o3 - o3 S
c 5 = p=0103
St Sz §xox = S
a aa
g 902 8802 8 Qoss S
< g <
g0 - 5 © s go
i o uo i goto
@ 2o 2% 0 °
5 5 oo
o)
00 € oo & ow

hTERT Kie7 Claudin-3 Occludin





OPS/images/fvets-11-1432536-g006.jpg
0D, Values >

B D,
T RE R SRR o5 R ¢ .
z H Rihe e g -
. g s Fos
g S20 p(FBS) <0001 s b b
/ s e <acor il -
3 Prsrme oo 4 | Bosl
& a'® el =
. iy | 8 . Sos
p g & 3
. g ] B
# F.+ p(CellTypes) <0001 2 E5 . o2
o) Eos . £
(Cell Types*Time) < 0.001 S @
sy PCelTpesTine g, Boo
S s e e W e o s ooz

Time (days)

Time (hours)

FBS Concentrations (9%)






OPS/images/fvets-11-1432536-g003.jpg
PYNE pd. PYNE p4.






OPS/images/fvets-11-1432536-g004.jpg
Marker ACTB.

TERT VIM

KRT18 CDH1

Matker ACTB TERT

vm

KRT18

COH1

Levels to ACTB (244°)

Relative mRNA Expression

TERT KRT18

CDH1





OPS/images/fvets-11-1432536-g007.jpg
3NAd






OPS/images/fvets-11-1432536-t001.jpg
Gene Primer sequences (5 to 3) Product
name length (bp)

F: AACCTTCCTCAGCTATGCCC
TERT 219
R: GCACACATGCGTGAAACCTG

F: ATCCAGAAACGGGTGCCATT
CDHI 121
R: GTGGCAGGTGGAGAACCATT

F: GCGGCTCAAAGGGACTAACGA
VM 624
R: GCACAAGGCGTCTTCGGTAA

F: GGAAGTGGAGGCCCGATACG
KRT18 21
R: GCGTCGCCAAGACTGAAATC

RTCACGGAGCGTGGCTACAG
ACTB. 61
F: TTGATGTCACGGACGATTTCC





OPS/images/fvets-11-1432536-g001.jpg
F Sample Location

Fragmentaion Dgeston E Firaton

Nasopharyngeal
Mucosa Tissue

PCLeo-NTERT Vector

D) DD
‘M\‘al‘ oS | DD D)
iYNE

Transtecton

DD
DD

Purification

DD
DD

PYNE






OPS/images/fvets-11-1432536-g002.jpg
EpineialColls

Epanelal Colls

T EptheliaiCels- )






