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    Chapter 7   

 Applications of Mouse Airway Epithelial Cell Culture 
for Asthma Research 

           Amjad     Horani    ,     John     D.     Dickinson    , and     Steven     L.     Brody    

    Abstract 

   Primary airway epithelial cell culture provides a valuable tool for studying cell differentiation, cell–cell 
interactions, and the role of immune system factors in asthma pathogenesis. In this chapter, we discuss the 
application of mouse tracheal epithelial cell cultures for the study of asthma biology. A major advantage of 
this system is the ability to use airway epithelial cells from mice with defi ned genetic backgrounds. The in 
vitro proliferation and differentiation of mouse airway epithelial cells uses the air–liquid interface condition 
to generate well-differentiated epithelia with characteristics of native airways. Protocols are provided for 
manipulation of differentiation, induction of mucous cell metaplasia, genetic modifi cation, and cell and 
pathogen coculture. Assays for the assessment of gene expression, responses of cells, and analysis of specifi c 
cell subpopulations within the airway epithelium are included.  
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1      Introduction 

  Asthma is characterized by remodeling and infl ammation of the 
airway epithelium. Experimental models of asthma in mice allow 
control of genetic and environmental factors. In this chapter, the 
power of mouse genetics is extended to culture of mouse tracheal 
epithelial cells (mTEC). The use of airway epithelial cells from 
defi ned genetic strains of mice facilitates testing phenotypes rele-
vant to asthma in a highly controlled environment and offers anal-
ysis of epithelial–immune interactions using syngeneic cells. Since 
its introduction, our mTEC protocol has been widely adapted for 
experimental purposes relevant to the study of asthma [ 1 – 12 ]. 

 Protocols and assays provided in this chapter are diagrammed 
in Fig.  1 . The basic mTEC culture protocol can be used to gener-
ate cell preparations with epithelial cell type constituents as found 
in vivo, including basal, ciliated, and secretory cells. The mTEC 
culture protocol results in a surface that is similar to that of the 
native mouse trachea [ 13 ]. While the method for the basic culture 

1.1  Mouse Airway 
Epithelial Cell Models 
for Asthma Research



92

system is included, the focus of this chapter is the manipulation 
and analysis of the culture system relevant to asthma. The reader is 
strongly encouraged to review detailed versions of the basic 
 protocol [ 14 ].

     The essential factors used for proliferation and differentiation of 
mTEC are similar to those used to culture airway epithelial cells 
from human and other species [ 15 – 17 ]. The culture of mTEC is 
critically dependent on the isolation of an adequate number of cells 
and subsequent proliferation of an amplifying progenitor cell pop-
ulation [ 13 ]. The mouse trachea harbors pluripotent epithelial 
basal cells within the epithelium, and the paratracheal glands 
located at the most proximal region of the trachea [ 8 ,  18 ]. 
Proliferation of these basal cells ultimately results in a confl uent 
layer of cells that can readily differentiate using air–liquid interface 
(ALI) conditions and growth factor-enriched media. These condi-
tions favor the differentiation of ciliated epithelial cells and a 
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  Fig. 1    Overview of culture and manipulation of mTEC. Each phase of the procedure is indicated, the culture 
media required is listed, and the timeline is noted. Tracheal epithelial cells are seeded onto supported mem-
branes. During proliferation, cells are submerged in mTEC/Plus medium with retinoic acid (RA) for approxi-
mately 5 days until confl uent. Differentiation uses the air–liquid interface (ALI) condition and either mTEC/NS 
or mTEC/SF medium (each with RA). Examples of manipulation of differentiation are shown. Mucous cells can 
be generated by treatment with IL-13 or cells held undifferentiated by submersion. Coculture with respiratory 
viruses or immune, fi broblast, or smooth muscle (mm) cells and assays are noted       
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smaller population of cells expressing the Clara cell marker, 
Scgb1a1 [ 10 ,  13 ]. If cells remain submerged, the undifferentiated 
basal cell population persists [ 19 ]. 

 Increased numbers of mucous secretory cells (goblet cells) is a 
cardinal feature of airway remodeling in asthma. Goblet cells are 
uncommon in the normal laboratory mouse airway, and are rarely 
found in standard mTEC preparations [ 13 ]. Goblet cell metaplasia 
can be induced in the cultured mTEC system by the addition of spe-
cifi c cytokines. Prolonged treatment with IL-13 induces the differen-
tiation and proliferation of mucin (MUC5AC)-fi lled goblet cells and 
increases mucus secretion [ 1 ,  12 ,  20 ]. Likewise, IL-6 and IL-17 
increase MUC5AC expression in cultured mouse airway cells [ 21 ]. In 
each case, the cytokine dose and treatment timing relative to the stage 
of cell differentiation impacts the extent of mucous cell metaplasia. 

 Cultured mTEC are devoid of immune cells; however, the 
preparations can be supplemented to study the interaction of air-
way epithelial cells and immune cells such as lymphocytes, den-
dritic cells, or neutrophils [ 11 ,  22 ,  23 ]. mTEC are grown on 
supported membranes with apical and basal chambers allowing 
apical basolateral surface interaction to study cell–cell interaction 
using mouse syngeneic immune cells, smooth muscle cells, or 
fi broblasts with specifi c genetic defi ciencies. The coculture system 
may also be used in the study of host-pathogen responses to infec-
tion by respiratory viruses or bacteria [ 2 ,  3 ]. 

 mTEC may be genetically modifi ed using recombinant viruses 
for gene transfer [ 19 ,  24 ,  25 ] or treated with drugs or bioactive 
agents on the apical or basal surfaces. Finally, mTEC on supported 
membranes are amenable to analysis using multiple approaches to 
easily characterize the status of differentiation, gene expression, 
and ultrastructural features.  

  A timeline of the mTEC preparation protocol is shown Fig.  1 . 
Materials ( see  Subheading  2 ) and Methods ( see  Subheading  3 ) are 
organized to match this sequence. Media and reagents required 
should be prepared prior to harvest. Isolation of tracheal epithelial 
cells is accomplished over 2 days. Trachea are harvested and incu-
bated in pronase overnight. The following day epithelial cells are 
released from the trachea then isolated by differential adhesion of 
fi broblasts on culture plates, leaving mTEC in suspension. mTEC 
are seeded on supported, semi-permeable membranes in a media 
favoring proliferation, called mTEC plus. At this time, transduction 
with viral vectors can be used. Once a confl uent layer of cells is 
established, an ALI condition is created. Media are changed to one 
with lower concentrations of growth factors using mTEC/NS, 
containing a serum with proprietary additives (NuSerum™), or 
mTEC/SF, a serum-free, defi ned medium. At this time, cytokine 
treatment or other interventions can be used to manipulate subse-
quent differentiation that occurs within 3–14 days.   

1.3  Approach to 
Protocols for mTEC 
Cultures
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2     Materials 

       1.    Prepare stock components prior to cell isolation ( see  Table  1 , 
 Note 1 ).

                  1.    Ham’s F-12/Pen-Strep is used for the harvest of cells. Fetal 
bovine serum, 10 % is added in some cell isolation steps.   

   2.    mTEC/Basic is the core medium used to prepare proliferation 
and differentiation media.   

   3.    mTEC/Plus is used to proliferate cells.   
   4.    mTEC/NS (serum-containing; 2 % Nuserum) or mTEC/SF 

(serum-free) are used to differentiate cells at ALI.   
   5.    RA Stock B (10,000×) must be freshly added to aliquots of 

media prior to each use ( see  Table  1  and  Note 1 ).      

      1.    Mice from wild type or genetic defi ned strains (C57Bl/6, 
SV129/J, C57Bl/6-SV129/J hybrid, Balb/c, FVB, and Swiss 
Webster backgrounds) ( Note 2 ).   

   2.    Ethanol, 70 % for cleansing and wetting euthanized mice prior 
to dissection.   

   3.    Freshly prepared 0.15 % Pronase (Sigma-Aldrich), in Ham’s 
F-12/Pen-Strep at 0.15 % (w/v). Make 2–5 mL in a 15 mL 
tube, rock to mix, then fi lter sterilize.      

      1.    Plastic sterile Petri dishes, 100 mm, for resected tracheas.   
   2.    Ham’s F12/Pen-Strep, on ice.   
   3.    Fetal bovine serum (FBS, 3–5 mL), warmed to 37 °C.   
   4.    Primaria™ (BD Bioscience) tissue culture plates to enhance 

fi broblast adherence.   
   5.    DNase solution: Crude pancreatic DNase I (Sigma- Aldrich) 

0.5 mg/mL, with bovine serum albumin, 1 mg/mL, in Ham’s 
F-12/Pen-Strep. Filter, aliquot, and store in 5 mL aliquots at 
−20 °C.      

      1.    Supported semipermeable membranes (“inserts”) and culture 
plates. To get multiple samples, use 6.5 mm, 0.33 cm 2  polycar-
bonate (Transwell ® , Corning) or polyester (polyethylene 
 terephthalate, Transwell ® -Clear) membranes with 0.4 μm 
pores. These fi t into a 24-well plate. Include at least one clear 
membrane in each plate for inspection of cells by microscopy.   

   2.    Rat tail collagen (type I, BD Biosciences). Dilute at 50 μg/mL 
in 0.02 N acetic acid (in tissue culture grade water) and fi lter. 
Store at 4 °C up to 8 weeks.   

2.1  Stock 
Components for mTEC 
Media

2.2  Media 
( See  Table  2 )

2.3  Trachea Harvest 
(Day 1)

2.4  Tracheal 
Epithelial Cell Isolation 
(Day 2)

2.5  Tracheal 
Epithelial Cell Seeding 
and Proliferation
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   3.    Cell proliferation    medium mTEC/Plus ( see  Subheading  2.2 , 
 item 3  and  Note 1 ).   

   4.    Hemocytometer and trypan blue (0.4 % w/v), to assess cell 
viability.      

    Table 1  
  Stock components for mTEC media   

 Stock  Components  Concentration 
 Aliquot size 
for 250 mL  Comments 

 Retinoic 
acid (RA) 

 Stock A 

 Retinoic acid (50 mg) in 
100 % ethanol, 
33.3 mL 

 5 × 10 −3  M  500 μL  Sigma-Aldrich 
 Protect from light, 

use glass pipettes 
 Filter sterilize, Store 

−80 °C up to 
12 months 

 Retinoic 
acid 

 Stock B 
 (10,000×) 

 RA stock A, 0.5 mL in 
100 % ethanol, 4.5 mL 

 5 × 10 −4  M  500 μL  Filter sterilize 
 Protect from light, 

avoid freeze-thaw 
 Store −80 °C up to 

6 months 

 I  Insulin, 50 mg in HCl 
(4 mM), 25 mL 

 2 mg/mL  1,250 μL for mTEC/
Plus; 625 μL for 
mTEC/SF 

 Sigma-Aldrich 
 Filter sterilize 
 Store −20 °C 

 T  Transferrin (human), 
100 mg plus 200 μL 
BSA (100 mg/mL) in 
HBSS, 19.8 mL 

 5 mg/mL  250 μL for mTEC/
Plus; 250 μL for 
mTEC/SF 

 Sigma-Aldrich 
 Filter sterilize 
 Store −20 °C 

 EGF  Epidermal growth factor 
(mouse), 100 μg plus 
200 μL BSA (100 mg/
mL) in HBSS, 19.8 mL 

 5 μg/mL  1,250 μL for mTEC/
Plus; 250 μL for 
mTEC/SF 

 BD Biosciences 
 Filter sterilize 
 Store −20 °C 

 CT  Cholera toxin, 1 mg plus 
200 μL BSA (100 mg/
mL) in HBSS, 19.8 mL 

 100 μg/mL  250 μL for mTEC/
plus; 62.5 μL for 
mTEC/SF 

 Sigma-Aldrich 
 Filter sterilize 
 Store −20 °C 

 BPE  Bovine pituitary extract, 
7.5 mg total protein in 
HEPES buffered saline 

 Varies with 
preparation 

 Volume of 7.5 mg 
protein, for 
250 mL of 
mTEC/Plus or 
mTEC/SF 

 Frozen bovine 
pituitaries 
(Pel- Freeze) [ 15 ], 
or use Pel-Freeze 
BPE 57136 

 Store −80 °C 

 BSA  BSA (Fraction V), 5 g in 
HBSS, 50 mL 

 100 mg/mL  2.5 mL for mTEC/
SF 

 Fisher, Filter sterilize 
 Store −20 °C 

 Nu-Serum  NuSerum (contains 25 % 
serum), 5 mL 

 NA  5 mL for mTEC/NS  BD Biosciences 
 Store −20 °C 

Mouse Airway Epithelial Cell Culture
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      1.    Cell differentiation media, either serum-containing mTEC/
NS or serum-free mTEC/SF with defi ned components 
( see  Subheadings  2.1  and  2.2 ,  item 4 ).      

      1.    Recombinant mouse IL-13 (Peprotech), IL-6 (R&D Systems), 
and IL-17 (R&D Systems).      

      1.    Use recombinant adenovirus or lentivirus, each with a titer of 
at least 10 7  infectious units/mL. Generate virus using standard 
protocols. Handle according to biosafety guidelines at the 
user’s institution ( see   Note 3 ).      

      1.    Isolate lymphocytes, neutrophils or other immune cells, fi bro-
blasts or smooth muscle cells, or others using specialized 
protocols.      

      1.    Infectious agents (e.g., infl uenza virus, respiratory syncytial 
virus, and bacteria) used in a coculture system should be 
 handled using standard protocols and biosafety guidelines 
( see   Note 3 ).      

      1.    Fixative 4 % paraformaldehyde ( see   Note 3 ) in PBS. Prepared 
fresh or freshly defrosted. Use PBS to wash cells on the inserts.   

   2.    Scalpel (#22) to cut the membrane from the plastic supports 
and forceps to hold membranes.   

   3.    A blocking solution of 5 % donkey serum (Sigma-Aldrich), 3 % 
BSA and Add detergent Tween 0.2 %. (Sigma-Aldrich) in PBS.   

   4.    Antibodies: Mucous cell marker, mouse anti-Muc5AC 
(Abcam), cilia marker, mouse anti-acetylated α-tubulin (clone 
6-11B-1, Sigma-Aldrich) and anti-mouse, fl uorescent-labeled 
secondary antibodies.   

   5.    Mounting medium containing nuclear DNA stain Hoechst or 
4′, 6 diamidino-2-phenylindole (DAPI) such as Vectashield ®  
(Vector, Burlingame, CA). DNA binding chemicals are poten-
tially carcinogenic ( see   Note 3 ).   

   6.    Glass microscope slides and large cover slips (24 × 50 mm) to 
cover several pieces of mTEC membranes on a single slide.      

        1.    mTEC fl ow cytometry; use 0.1 % EDTA or 0.25 % trypsin with 
0.1 % EDTA in Cell Dissociation Solution (Sigma) for releas-
ing cells from membrane ( see  Subheading  3.11 ,  step 1 ). Use 
2 % FCS in PBS (2 % FCS/PBS) for re-suspending the cells 
and staining with antibodies. Use standard protocols for fl ow 
cytometry.   

   2.    Mini Cell Scrapers (Biotium) or 200 μL pipette tips for  scraping 
cells off membranes.   

2.6  Tracheal 
Epithelial Ciliated Cell 
Differentiation Using 
the ALI Condition

2.7  Induction 
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   3.    RNA isolation from mTEC: Qiagan RNA Easy ®  Microkit and 
Kontes Pellet Pestle ® .   

   4.    DMEM to collect mucus and ATPγS (Sigma) 100 μM to 
induce mucus secretion.      

      1.    Transepithelial electrical resistance (Rt) using a Voltohmmeter 
with electrode “chopstick” pair (EVOM, World Precision 
Instruments).   

   2.    Cilia beat frequency (CBF) measurement using specialized 
automated software (e.g., Sisson-Ammons Video Analysis, 
Ammons Engineering) [ 26 ], and an inverted microscope with 
phase contrast fi lters and objectives (20×), and high-speed 
video camera.       

3     Methods 

      1.    Prepare all stock components for media as described in sub-
heading 2.1.   

   2.    Prepare media (see Table  2 ).     

          1.    Coat the apical surface of the Transwell ®  insert membrane with 
rat tail type I collagen solution in the hood. Incubate plates at 
room temperature for 18–24 h or for a minimum of 4 h at 
37 °C. Rinse apical and basal surfaces with sterile PBS three 
times then dry for 5 min. Prepare three inserts per trachea 
harvested.   

   2.    Cells may be cultured on standard tissue culture plastic when 
coated with rat tail collagen, but will not differentiate to cili-
ated types.      

      1.    In the tissue culture hood, prepare two 100 mm dishes (non-
tissue culture) with 10 mL cold sterile Ham’s F-12/Pen- Strep 
on ice, to hold resected tracheas.   

   2.    Immerse the euthanized mouse in 70 % ethanol.   
   3.    Expose the trachea. Incise the abdominal skin circumferen-

tially, and then invert the entire layer of skin toward the head 
to reveal the neck. Separate the neck muscles and open the 
thoracic cavity to expose the trachea and mainstem bronchi.   

   4.    Resect the trachea. Bluntly dissect the trachea from the poste-
rior surface of the esophagus. Cut the trachea just distal to the 
larynx, leaving the larynx intact. Place the trachea in the dish 
of Ham’s F-12/Pen-Strep on ice.   

   5.    In the hood, strip off adherent tissues from trachea with a small 
forceps. Place each cleaned trachea in a dish of cold sterile 
Ham’s F-12/Pen-Strep on ice.   

2.13  Assessment 
of Cell Physiology

3.1  Media 
preparation

3.2  Preparation 
of Materials for mTEC 
Isolation and Initiation 
of Culture

3.3  Trachea Harvest 
(Day 1)
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    Table 2  
  mTEC media      

 Media name  Components and amount (fi nal concentration)  Comments 

 Ham’s F-12/
Pen-Strep 

 Pen/Strep (1,000×)  500 μL (100 U Penicillin 
100 μg Streptomycin) 

 Store at 4 °C 

 Ham’s F-12  Add to 500 mL fi nal volume 

 mTEC/basic  1 M HEPES  7.5 mL (15 mM)  Filter sterilize 
 Store at 4 °C 
 Stable up to 6 

weeks 

 Glutamine 200 mM  10 mL (4 mM) 
 NaHCO 3  7.5 %  2.0 mL (3.6 mM) 
 Ampho B (250 μg/mL) a   500 μL (0.25 μg/mL) 
 Pen/Strep (1,000×)  500 μL (100 U Pen/100 μg 

Strep) 
 DMEM/F-12  Add to 500 mL fi nal volume 

 mTEC/Plus b  
 (High concentration 

growth factors) 

 I  1,250 μL (10 μg/mL)  Filter sterilize 
 Store at 4 °C 
 Stable up to 6 

weeks 

 T  250 μL (5 μg/mL) 
 CT  250 μL (0.1 μg/mL) 
 EGF  1,250 μL (25 ng/mL) 
 BPE c   TBD μL (7.5 mg 

protein/250 mL) 
 FBS  12.5 mL (5 % v/v) 
 mTEC Basic medium  Add to 250 mL fi nal volume 

 mTEC/NS b  
( N u S erum) 

 NuSerum  5.0 mL  Store at 4 °C 
 Stable up to 6 

weeks 
 mTEC Basic medium  Add to 250 mL fi nal volume 

 mTEC/SF b  ( S erum-
 F ree media) 

 I  625 μL (5 μg/mL)  Filter sterilize 
 Store at 4 °C 
 Stable up to 6 

weeks 

 T  250 μL (5 μg/mL) 
 CT  62.5 μL (0.025 μg/mL) 
 EGF  250 μL (5 ng/mL) 
 BPE c   TBD μL (7.5 mg 

protein/250 mL) 
 BSA stock  2.5 mL (1 mg/mL) 
 mTEC Basic medium  Add to 250 mL fi nal volume 

   a Amphotericin B: do not fi lter 
  b RA, stock B 10,000×: add 1 μL to each 10 mL of mTEC/Plus, mTEC/NS, mTEC/SF immediately prior to adding 
media to cells 
  c BPE: TBD, to be determined, concentration varies with preparation. Use an amount to provide 7.5 mg protein/250 mL 
of medium  

   6.    Cut each trachea lengthwise to open and submerge in freshly 
made pronase.   

   7.    Incubate at 4 °C overnight (18–24 h).      

      1.    Thaw the DNase solution on ice. Thaw and warm FBS to 
37 °C in a water bath.   

   2.    Gently invert the tube containing the tracheas in pronase about 
fi ve times. Warm the tube to room temperature for 10 min and 
mix gently.   

3.4  Tracheal 
Epithelial Cell Isolation 
(Day 2)
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   3.    Add warmed FBS to a fi nal concentration of 10 % and invert 
again gently 15–20 times (down and up is a single cycle) to 
dislodge epithelial cells.   

   4.    Remove each trachea from the tube with a Pasteur pipette and 
place it in a new 15 mL tube with 3 mL of Ham’s F-12/10 % 
FBS. Invert the tube 15 times.   

   5.    Remove tracheas from the tube and place in a third 15 mL 
tube containing 3 mL of Ham’s F-12/10 % FBS. Invert the 
tube 15 times.   

   6.    Using a Pasteur pipette, remove and discard the tracheas.   
   7.    Combine the contents of all three tubes containing the 

enzyme-released cells. Centrifuge at 500 ×  g , 4 °C, for 10 min.   
   8.    Carefully aspirate the supernatant, and re-suspend the cells in 

DNase solution (~200 μL per trachea).   
   9.    Put the tube on ice for 5 min, then collect the cells by centrifu-

gation at 500 ×  g , 4 °C, for 5 min.   
   10.    Resuspend the cells in mTEC/Basic medium containing 10 % 

FBS, using 2–3 mL per 10 tracheas. Plate the cells in a 
Primaria™ tissue culture dish. Incubate at 37 °C, 5 % CO 2  for 
3–4 h. During this incubation, allow the fi broblasts to attach, 
while the epithelial cells remain nonadherent and suspended in 
the medium.   

   11.    Gently swirl the medium in the culture dish. Carefully collect 
the supernatant containing the nonattached epithelial cells and 
place in a sterile tube.   

   12.    Gently rinse the dish one or two times with warm mTEC Basic 
medium/10 % FBS to recover additional airway epithelial cells, 
collect the wash and add to a sterile cell collection tube (from 
 step 11 ). Avoid excessive force that detaches fi broblasts.   

   13.    Centrifuge at 500 ×  g , 4 °C, for 5 min.   
   14.    Aspirate the supernatant and re-suspend the cell pellet in a 

small, measured volume (e.g., 100–200 μL/trachea) of 
mTEC/Plus medium with fresh RA. Do not try to pipette the 
cell clumps vigorously to form a single cell suspension.   

   15.    Calculate the number of viable cells with a hemocytometer. 
Cells viability by trypan blue exclusion should be greater than 
90 %. Single cells and clumps will be present. Do not over- 
estimate cell numbers within clumps, or include red blood 
cells. Yields are 1–2 × 10 5  cells per trachea.      

      1.    Seed cells at 1.0 × 10 5  cells/cm 2 . Density is critical for 
 proliferation and differentiation. Higher seeding density may 
be required if cultures are manipulated by cytokine treatment 
or gene transfer.   

3.5  Tracheal 
Epithelial Cell Seeding 
and Proliferation
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   2.    Add the cell suspension to the apical chamber and gently move 
the plate to distribute the cells on the membrane. Add mTEC/
Plus with RA to the basal compartment. This is culture day 0.   

   3.    On Day 3, change the medium in apical and basal compart-
ments. Adherent cells should appear elongated and in islands.   

   4.    On Day 5, the cells are typically confl uent, but may require 
7 days. Transepithelial cell resistance is typically greater than 
1,000 Ω cm 2  ( see   Note 4 ).      

        1.    Confl uent cells can be differentiated to induce ciliated cells 
using ALI conditions and either mTEC/NS or mTEC/SF. 
This time point is ALI day 0. Aspirate media from the apical 
chamber and supply fresh medium only to the basal chamber. 
The apical surface should remain dry ( see   Note 4 ).   

   2.    Change the medium every other day, including freshly added 
RA.   

   3.    Follow cells by inspection and microscopy. The apical surface 
should remain dry or have a small ring of mucus that can be 
washed with warm media or PBS. Cells develop a cobblestone 
appearance. Beating cilia may be seen by microscope as early as 
ALI day 5. Ciliated cells gradually increase in number, to over 
30 % of the surface by ALI day 14.   

   4.    The cells can be maintained at ALI for over 2 months without 
loss of differentiation.   

   5.    Inhibition of differentiation. To maintain basal cells in a polar-
ized state, block ciliogenesis and minimize proliferation, cul-
ture the cells with mTEC/Plus until confl uent, then change 
the media to mTEC/NS or mTEC/SF with RA and keep cells 
submerged by applying media to the apical compartment. 
Reversion to the air–liquid interface condition can induce 
differentiation.   

   6.    Absence of retinoic acid in the media prevents normal airway 
differentiation in both submerged and ALI conditions.      

      1.    Seed the cells at 1 × 10 5 /cm 2  or higher. The extent of mucous 
cell metaplasia will increase when seeding cells at 1.5 × 10 5 /
cm 2 .   

   2.    Add 10 ng/mL of mouse IL-13 to mTEC/Plus media at seed-
ing day 3, which is 2 days prior to establishing ALI. Titrate the 
dose of IL-13 for the desired degree of mucus cell metaplasia, 
using a range of 1–100 ng/mL.   

   3.    Upon creation of ALI, add fresh IL-13 to the mTEC/NS or 
mTEC/SF media in the basal compartment and provide fresh 
IL-13 with each media change. Wash the cell surface to remove 
mucus.   

3.6  Induction 
or Inhibition 
of Ciliogenesis

3.7  Induction 
of Mucous Cell 
Metaplasia
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   4.    Harvest cells after 3–21 days to assay for mucous cell markers, 
such as MUC5AC, using quantitative real time PCR, immu-
nostaining, or ELISA ( see  Subheadings  3.11  and  3.12  and 
Fig.  2 ).

       5.    Treatment of well-differentiated mTEC at ALI with 10 ng/
mL of IL-13 for 3–14 days will result in mucous cell metapla-
sia. This metaplasia will be less abundant than levels observed 
following earlier treatments with the cytokine.   

   6.    10 ng/mL of IL-6 or IL-17 (the dose can range from 1 to 
200 ng/mL) may also be used to induce mucous cell metapla-
sia using a protocol that is similar to the IL-13 treatment.      

        1.    Generate viral particles using the desired recombinant adeno-
virus or lentivirus vectors for over expression or gene silencing 
using established methods.   

   2.    Lentivirus generated by the producer cell line in culture should 
be collected in mTEC/Plus medium. Dilute adenovirus into 
mTEC/Plus medium.   

   3.    Resuspend freshly isolated mTEC cells in virus media using a 
multiplicity of infection of 25–200. Adenovirus should be 
titered in the mTEC medium.   

   4.    To achieve a high percentage of adenovirus transfected cells at 
the time of establishing ALI, seed cells at 1.5–2.0 × 10 5 /cm 2 . 
This speeds the time of reaching ALI. Alternatively, mTEC can 
be transfected with adenovirus 2 days prior to establishing ALI.   

3.8  Genetic 
Modifi cation of mTEC 
with Viral Vectors

  Fig. 2    Induction of mucous cells in mTEC models the asthmatic airway. mTEC were treat with IL-13 (10 ng/mL, 
in mTEC/NS medium) at ALI day 0 and immunostained at indicated times for the mucous marker MUC5AC ( red ) 
and cilia marker acetylated α-tubulin (α-tubulin,  green ). DNA is stained with DAPI ( blue ). Photomicrographs, en 
face of fi xed membranes mounted on glass slides. Bar = 10 µm       
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   5.    Add the cells in the virus-containing media to the apical cham-
bers. The basalateral chamber should be fi lled with the same 
infection media.   

   6.    Change the basolateral media 16–18 h after transduction.   
   7.    If the lentivirus also codes for an antibiotic resistance gene (i.e., 

puromycin), the antibiotic can be added to the culture media 
approximately 48 h after infection. When using a selection 
strategy, it is important to use a g high viral titer (approximately 
1 × 10 7  infectious particles/mL) and a high seeding density. An 
infection of at least 50 % of the cells will allow recovery of a 
confl uent layer so that an ALI condition can be created.      

       1.    Proliferate or differentiate mTEC to desired status, 
 see  Protocols  3.6 – 3.8 . Transwell membrane pore density varies 
depending on composition and manufacturer and may affect 
immune cell migration. mTEC culture is less successful on 
membranes with pores greater than 0.4 μm. However, this 
pore size will accommodate neutrophil migration [ 22 ].   

   2.    Tissue culture plates containing wells with cultured smooth 
muscle cells, fi broblasts, or other types may be prepared to 
receive inserts with mTEC.   

   3.    If mTEC are well differentiated (older than ALI day 7) or 
undifferentiated and submerged, then the immune cell culture 
media can be used without concern for signifi cant loss of 
mTEC differentiation over a 5–7 day period.   

   4.    Apply immune cells, such as lymphocytes or neutrophils, or 
other cell types directly on the apical surface of mTEC or add 
to the lower chamber.   

   5.    If immune cell contact with the basolateral aspect of the mTEC 
is desired, then the Transwell insert with confl uent mTEC is 
inverted and set into the well of a tissue culture plate. Immune 
cells are then applied to the basal surface of the membrane, 
held in place by surface tension or if necessary a collar of etha-
nol rinsed Parafi lm ® . The plate must be covered to avoid evap-
oration of media on the basal surface.   

   6.    Immune cells can be recovered from either compartment by 
gentle aspiration and the immune cells can be collected with 
the mTEC by scraping the surface to release cells. The immune 
cells can then be assayed as desired by experimental method 
such as fl ow cytometry.      

      1.    Proliferate or differentiate mTEC to desired status,  see  
Protocols  3.6 – 3.8 . Antibiotics may be removed from mTEC 
media as needed.   

   2.    Apply viruses or bacteria directly on the apical surface of 
mTEC. Initial multiplicity of infection is 0.01–10 infectious 
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particles/cell for respiratory viruses. Titrate exposure time and 
multiplicity of infection to the desired effect. mTEC can sup-
port some viruses over many weeks.   

   3.    If contact of pathogen interaction with the basolateral aspect 
of mTECs are desired, assemble inserts as described in Protocol 
 3.9 ,  step 5 .   

   4.    Collect cells on whole membranes for immunostaining, as cell 
suspensions, lysates or as required for assay,  see  Protocols  3.11  
and  3.12 .      

         1.    Fix the cells. Wash the cells gently with PBS, aspirate the PBS, 
and then fi ll the chambers with 4 % paraformaldehyde to cover 
the membranes (this chemical is toxic,  see   Note 3 ). Incubate at 
room temperature for 10 min without rocking. Remove and 
properly discard the paraformaldehyde. Wash the cells on the 
membrane three times for 5 min each, by adding PBS to both 
chambers and slowly rocking the plate.   

   2.    Cut the membrane from the plastic support. Do not allow the 
membrane to dry. Invert the insert and with a scalpel, cut the 
membrane from the plastic ring support. Prepare a wet surface 
for delivery of the membrane by adding 1 mL of PBS to a tis-
sue culture dish. Position the insert, with the basal surface on 
the plate, and use fi ne forceps to release the membrane. To 
produce multiple samples from one membrane, cut into quar-
ters by rocking the scalpel blade across the membrane. Notch 
the outer bottom corner of each quarter to orient to the cell 
surface. Handle the membrane at the edge with fi ne forceps. 
Fixed cells on membranes can be stored in sterile PBS at 4 °C 
in a Parafi lm ®  sealed plate for several months.   

   3.    Block nonspecifi c antibody binding on the cells ( see  
Subheading  2.12 ,  item 3 ). Transfer the membrane pieces to a 
24- or 96-well plate. Cover the membrane with blocking solu-
tion and slowly rock at room temperature for 30–60 min.   

   4.    Immunostain cells with an anti-cilia (acetylated α-tubulin) or 
anti-mucous (MUC5AC) antibody ( see  Fig.  2 ). Simultaneous 
use of two mouse primary antibodies can be achieved using 
Fab labeling of one antibody (e.g., Zenon, Life Technologies). 
Dilute primary antibody in the blocking solution ( see  
Subheading  2.12 ,  item 3 ). Use an isotype-matched antibody 
as a control. Incubate with cells on a piece of membrane for 
1 h at room temperature or overnight at 4 °C. Wash mem-
brane with PBS three times for 5 min each. Add a fl uorescent-
labeled secondary antibody for 30 min, and wash three times.   

   5.    Mount immunostained membranes on slides. Transfer the 
membrane to a glass microscope slide and apply 10–20 μL of 
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mounting medium containing DAPI. Inspect the membrane 
under the fl uorescence microscope if the membrane orienta-
tion is not certain. Apply the coverslip and seal the edges with 
nail polish. Examine by fl uorescent microscopy.      

        1.    Flow cytometry of mTEC. To obtain a cell suspension use 
0.1 % EDTA in Cell Dissociation Solution. To detect an intra-
cellular protein, use 0.25 % trypsin with 0.1 % EDTA in Cell 
Dissociation Solution. Put the appropriate solution in both 
chambers, place in the tissue culture incubator for 5–20 min. 
Aspirate the basal compartment. Release the cells from the api-
cal compartment by mixing with a mini cell scraper or a pipette 
tip. Transfer the cells to a tube. Add 2 % FCS/PBS, 200 μL 
(0.33 cm 2  membrane) to the apical chamber, pipette to recover 
additional cells. Repeat this twice more and pool all washes. 
Pass the cell suspension through a 70 μM cell strainer to obtain 
a single cell suspension. Centrifuge the cells at 500 ×  g , 4 °C, 
for 5 min. Resuspend the cell pellet in 2 % FCS/PBS. The typi-
cal yield is 2 × 10 5  cells per 0.33 cm 2  insert. Proceed using rel-
evant fl ow cytometry protocols.   

   2.    Protein blot analysis of mTEC. Put the plate with the inserts 
on ice, wash the cells twice with ice cold PBS. Add 25–30 μL 
of the appropriate lysis buffer on the apical surface of a 0.33 cm 2  
of membrane. Incubate at 4 °C, rocking slowly. After 20 min, 
pipette and gently scrape the surface to release cells. Transfer 
the lysate solution to a microcentrifuge tube on ice and process 
using standard protocols. Typical yield of protein is 25–40 μg 
per 0.33 cm 2  membrane.   

   3.    RNA isolation. Collect cells in the Qiagan RNA Easy ®  Microkit. 
Freeze at −80 °C then break cells with the Kontes Pellet Pestle ®  
for 90 s. Continue according to the manufactures’ instruc-
tions. The typical RNA yield is 6–10 μg per cm 2  membrane. 
Analyze expression by real time PCR.   

   4.    Collection of mucus secretions [ 27 ]. Gently wash the apical 
insert surface with 100 μL of warm DMEM, incubate 10 min 
and repeat three more times. Determine the period of baseline 
secretion to be sampled (e.g., 1–24 h). Then add 100 μL of 
warm DMEM, incubate at 37 °C for 10 min, repeat three 
times and pool washings as baseline readings. Then stimulate 
with 100 μM ATPγS, and repeat collection after 30–60 min. 
A conventional ELISA assay with a monoclonal antibody for 
MUC5AC can then be used to measure the amount of a 
secreted mucin.   

   5.    Electron microscopy for SEM or TEM. Wash cells with cold 
PBS. Fix the cells in 2.5 % glutaraldehyde in sodium cacodylate 
buffer at 4 °C overnight on the membrane. Consultation with 
the EM facility should guide sample preparation.      
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      1.    Transepithelial Electrical Resistance (Rt). Use a voltohmmeter 
to assess junction integrity and maturation. A typical Rt for a 
confl uent membrane is greater than 1,000 Ω cm 2 . It is highest 
early in ALI and decreases with differentiation.   

   2.    Immerse the probe in 70 % ethanol, air dry, and rinse with 
sterile water or PBS.   

   3.    Add medium to both chambers for the measurement of Rt. 
A coated membrane without cells is used to a obtain baseline 
Rt. The baseline value is subtracted from the observed Rt from 
the membrane with cells to obtain the Rt.   

   4.    Cilia beat frequency. Wash the apical surface with warm PBS at 
least 1 h prior to measuring cilia beat    frequency measurement. 
Image at least fi ve fi elds ( see  Subheading 2.13,  item 2 ).       

4    Notes 

        1.    Media preparation 
 Reagents and components for cell isolation should be fi lter 
sterilized using a 0.22 μM syringe fi lter with low protein bind-
ing (e.g., Pall PN 4602). Aliquot stock components in vol-
umes appropriate for preparing 250 mL of media. Retinoic 
acid (RA, stock B 10,000×) should be freshly added to media 
at a fi nal concentration of 5 × 10 −8  M. RA supplemented media 
should be used within 48 h. If prior fungal contamination has 
occurred, 0.25 μg/mL of Amphotericin B should be added to 
media without fi ltering and should be used until the cells are 
changed to ALI conditions. Sustained use of Amphotericin B 
over several weeks should be avoided due to toxicity.   

   2.    Mice 
 The growth and differentiation of mTEC from mice ages 4 
weeks to over 18 months is similar. Isolation of cells from 
younger and smaller mice is more technically challenging and 
the total cell number recovered is diminished. Some strain- 
dependent differences (e.g., SV129, FVB) in proliferative pop-
ulations can be overcome by increasing the seeding density.   

   3.    Cautions regarding potentially toxic materials 
 The fi xatives paraformaldehyde and glutaraldehyde are 
toxic. The DNA binding compounds Hoechst, DAPI, and 
sodium cacodylate are potentially carcinogenic. These 
reagents and viruses used for gene transfer or pathogen 
studies should be handled according to biosafety guidelines 
at the user’s institution.   

   4.    Troubleshooting mTEC preparations 
 Failure of cells to proliferate to confl uence or differentiate may 
have several causes including the following: (1) not resecting 
the entire trachea, especially that containing the  paratracheal 
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