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Despite great strides in understanding cancer biology, the role 
cellular differentiation and three-dimensional (3-D) structural 
organization play in metastasis and malignancy remains unclear. 
Development of 3-D cultures may ultimately provide a model 
facilitating discovery and interpretation of more relevant infor-
mation for the expression and role of antibodies in lung cellular 
pathobiology. The purpose was to develop traditional monolayer 
(ML) and 3-D cultures of a known transformed metastatic lung 
cell line and then determine similarities and differences between 
cultures in terms of differentiation, molecular marker expres-
sion and metastasis. A transformed lung cell line (BZR-T33) was 
initially transfected with green fluorescent protein (GFP) in ML 
culture. Nude mice were inoculated with BZR-T33 and observed 
for metastasis. BZR-T33 was grown as ML and 3-D cultures under 
identical conditions. Immunohistochemical comparison for degree 
of antibody expression between cultures and control tissue were 
studied. Electron microscopy (EM) for identification of ultra struc-
tures was done and compared between cultures. A 3-D co-culture 
containing GFP-transformed cells over an immortalized lung-cell 
line was developed. The GFP-transfected cell line formed tumors 
and metastasized in mice. EM identified significant mitochondrial 
and granular endoplasmic reticular pathology in ML not seen in 
3-D. Degree of differentiation shows ultra structures and antibody 
expressions were more representative of control tissue in 3-D than 
ML. The co-culture experiment in 3-D demonstrates the ability of 
transformed cells to penetrate the sub-layer of immortalized cells. 
Development of 3-D cultures will provide a new and powerful tool 
to study lung biology and pathobiology.

Introduction

Current lung-cancer models consist of cell culture, organ cultures,1,2 
transgenic mouse models3 and xenotransplants to immune compro-
mised mice.4 None of these accurately predicts events in vivo. At the 
molecular level, cultured cells grown in the traditional manner differ 
widely in their expression of differentiated markers, adhesion recep-
tors and growth factor receptors compared to cells in situ.5 Organ 
cultures, while informative and a step closer, still lack the reliability 
necessary to predict clinical correlates.6 Current animal models of 
lung cancer consist mainly of models of animal cancer or as a host 
for human cancers, again with unreliable clinical correlations. It will 
continue to be difficult to make any firm statement relating events 
in cell culture to human cancer pathobiology with a high degree of 
fidelity until a model is developed that addresses three-dimensional 
(3-D) architecture and cellular differentiation.3,7,8

Three-dimensional (3-D) tissue culture models have become 
an increasingly valuable tool in tumor biology; increasing our 
understanding of homeostasis, cellular differentiation and tissue 
organization.9 Three-dimensional cultures can be formed in one 
of two ways: as an organ culture or as an aggregate of cells. Organ 
cultures are propagated from tissue fragments,1,10 whereas aggregates 
are tissue cultures engineered in three dimensions.11-15 A technology 
developed at NASA’s Johnson Space Center16 that includes horizon-
tally rotating cylindrical tissue culture vessels, a solid matrix, and 
co-cultivation of epithelial and mesenchymal cells is being studied 
for its potential contribution to lung cancer. Goodwin and associ-
ates have reported on its application in ovarian,11 prostate17 and 
colon16 cancers.

We recently reported on the development of a 3-D model using 
an immortalized human lung cell line and show that differentiation 
expressed in the 3-D culture more closely approximates that seen 
in normal human lung explants than in traditional monolayer cell 
cultures. Additionally, we were able to document by electron micros-
copy the presence of lipid bodies, microvilli and tight junctions in 
the 3-D cultures not seen in monolayer preparations.5
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Three-dimensional tissue culture of transformed lung cells

The goal for the present research was to study 
the difference in antibody expression and ultra-
structure when a known transformed lung cell 
line was grown in both 2-D and 3-D environ-
ments. We report our achievements constructing 
these 3-D cell cultures that use primary human 
mesenchymal bronchial-tracheal cells (HBTC) as 
the foundation matrix, and a transformed adult 
human bronchial epithelial immortalized cell line 
(BZR-T33).18-20 Cells grown under these condi-
tions have demonstrated aspects of differentiation 
and metastasis more closely related to cells grown 
in situ rather than those in traditional monolayers 
(MLs) or as floating suspensions.

Results

GFP experiments. In these experiments 
BZR-T33 cells were transfected with green fluo-
rescent protein. A positive or transfected cell will appear green 
whereas those that were not transfected display a lack of color. 
Figure 1 is included in order to demonstrate the metastatic poten-
tial of the BZR-T33 cell line was not affected by the transfection 
of GFP. Figure 1A shows a traditional monolayer cell culture that 
included both BEAS2-B and BZR-T33-GFP (←) cells. Figure 1B 
shows a mouse two weeks after a supraclavicular inoculation of 
BZR-T33-GFP cells (←). These cells formed a subcuticular tumor 
as shown in Figure 1B. Also many metastatic foci can be identified. 
Figure 1C is fluorescence photograph of a lung removed from one 
of the nude mice that received the BZR-T33-GFP (←) inocula-
tion. The green fluorescence indicates the metastatic potential of 
the BZR-T33-GFP cells which shows that these cells have invaded 
lung parenchymal tissue.

Figure 2A, BZR-T33-GFP (←) cells were grown as a traditional 
monolayer with unstained BEAS2-B cells («). The BZR-T33-GFP 
cells are detected by the green fluorescence (←). Figure 2B shows a 
mixed co-culture of BZR-T33-GFP cells over a co-culture of BEAS2-B 
cells (unstained). Note the penetration of the BZR-T33-GFP cells 
(←) into the BEAS2-B («) under layer. The microcarrier (M) is also 
visible.

Electron microscopy. In the traditional 2-D cultures, cells appear 
as individual cells with limited interactions (Fig. 3B). In 3-D 
culture, normal BZR-T33 (Fig. 3B) cells form tight junctions and 
complexing between two cell-covered microcarriers in which the cells 
are able to communicate. These cellular interactions are not visible 
in Figure 3A cells grown as monolayers, thus providing evidence that 
sustains the self ordering seen in the these cultures. Three-D cells 
show cytoplasm full of ribosomes (hence lighter in density) with a 
few cisterns of granular endoplasmic reticulum and some mitochon-
dria. This data provides evidence for the differentiation that occurs 
when transformed lung cells are grown in 3-D cultures.

Human lung immunocytochemistry. Samples were collected at 
intervals across the initial growth experiment and prepared for IHC 
as previously outlined. Graded results appear in Table 2.

Markers of cell-to-cell junctions. ZO-1 (Fig. 4), a measure of tight 
junctions found on perimeters of polarized epithelium was surveyed 
to illuminate intercellular communications and cellular polarity. The 
normal human lung sample is provided as a control and for compar-
ison between the two samples and shows a positive response at the 
apical membrane. The only positive staining for ZO-1 is seen in the 
3-D specimen (BZR-T33) as a brown color on the cell surface.

www.landesbioscience.com Cancer Biology & Therapy 357

Figure 1. Green fluorescent protein transfected cells (→). (A) Presence in traditional monolayer cell cultures. (B) Two weeks after a supraclavicular injection. 
Green fluorescence is proof of metastasis. (C) Lungs removed at necropsy, green fluorescence demonstrates the metastasis of these cells.

Figure 2. Green fluorescent protein transfected cells in culture. (A) A mixed 2-D culture of 
BEAS2-B and BZR-T33-GFP cells. The BZR-T33-GFP cells are detected by the green fluorescence 
(→) the unstained BEAS2-B cells (←). (B) Shows a culture of BZR-T33-GFP cells (→) over a co-
culture of BEAS2-B cells (←). Note the penetration of the BZR-T33-GFP cells (→) into the BEAS2-B 
(b arrow) under layer. The microcarrier is also visible on the right.
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Collagen IV (Fig. 5) labels basement membrane and extracellular 
matrix components and was found to be positive in the control tissue 
expressed on the cell surface (Fig. 5J). No positive result seen on the 
2-D samples (Fig. 5K) whereas there is a positive response in the 3-D 
samples again at the cell surface (Fig. 5L).

Markers of differentiation. Tubulin, a cytoskeletal marker is 
labeled as a cytoplasmic protein in differentiated cells as seen in 
the control sample (Fig. 6A). No positive staining seen in the 2-D  
(Fig. 6B) sample. Of particular interest was the homogeneous 
 positive staining for tubulin (Table 2) of the 3-D BZR-T33 cells  
and expressed at the surfaces of most areas of the cell/bead 
 aggregates (Fig. 6C).

VWR/Factor VIII present in the cytoplasm of endothelial  
cells seen in the control tissue (Fig. 6D). Negative in the 2-D  
(Fig. 6E) sample and present in the 3-D samples, again as a cyto-
plasmic brown color.

Hu Mucin is positive as a red color and this antigen labeled the 
cytoplasm as brown in the normal tissue (Fig. 6G). The 2-D culture 
(Fig. 6H) does display a red mucin positive response in the extracel-
lular space whereas the 3-D cultures are exhibiting staining for Mucin 
similar to that of the human tissue is indicative of the degree of the 
differentiation of the TLA’s.

As shown in each of the figures and Table 1, each of the  
cell specific stains compared more favorably with the 3-D human 
tissues controls.

Discussion

The goal for this study was to compare the cellular morphology 
between cells grown in traditional culture systems to that of the same 
cells grown in a 3-D system. We were able to determine that these 
transformed lung cells grown under 3-D conditions have demon-
strated marker expression more closely related to cells grown in situ 
rather than those in traditional culture conditions, that cellular ultra-
structure is more suggestive of normalcy; and that the 3-D model 
allowed for identification of these cells migrating through a culture 
of immortalized lung cells.

This manuscript is the second in a series of manuscripts that is 
studying the relevance of the 3-D model of culturing cells (normal, 
immortalized, transfected and primary) in lung cancer. Ideally, cell-
based lung models should reproduce the structural organization, 
multicellular complexity, differentiation state, and function of the 
human respiratory epithelium. Immortalized human epithelial cell 
lines, such as BEAS-2B,18 transformed human epithelial cell lines 
resulting in a malignant phenotype (BZR-T33),52 primary normal 
human bronchial epithelial (NHBE) cells,53 and primary human 
carcinomas are used to study pathobiology and therapeutic inter-
ventions in lung cancer. Traditional monolayer cultures (2-D) of 
immortalized human broncho-epithelial (HBE) cells and transformed 
cells represent homogenous lineages, is convenient with high prolifera-
tion rates. Such models, however, lack the morphology (cellular and 
mass) and the cell-cell and cell-matrix interactions characteristic of 
human respiratory epithelia in vivo. Their state of differentiation and 
intracellular signaling pathways differ from epithelial cells because of 
their non-human growth environment. Primary cell lines of human 
broncho-epithelial cells and human lung cancers provide a more differ-
entiated model similar to the structure and function of epithelial cells 
in vivo; however, these models are short-lived in vitro.53,54

ICAM-1 (Fig. 4D) strongly labels endothelial cells. The normal 
human lung sample is provided as a control and for comparison 
where the brown stain is located on the basal membrane. Figure 4E 
(2-D) has no positive response. Figure 4F (3-D) displays positive 
staining for ICAM-1 (a brown color on the cell surface) on cells 
even though the cells are not ordered as in Figure 4D.

Markers of cell (epithelial polarity). EMA (MUC1) labels 
normal secretory epithelium thus determining polarity in normal 
human lung (Fig. 5A). Figure 5B (2-D) has no positive result, 
whereas 5C (3-D) displays a strongly positive result located on the 
cell surface.

Cytokeratin 7 (Fig. 5D) reacts with cytokeratin of epithelial cells 
and is seen as a brown cytoplasmic staining in the normal lung 
tissue. Figure 5E (2-D) has a small amount of brown isolated to the 
cell membrane whereas in Figure 5F once again the brown stain is 
cytoplasmic (→).

Villin (Fig. 5) labels microvilli, cytoskeletal markers found only 
in epithelial cells. Of particular interest was the homogeneous posi-
tive staining for villin (Table 2) of the 3-D sample and expressed at 
the surfaces of most areas of the cell/bead aggregates.

Figure 3. Electron microscopy comparisons between 2-D and 3-D cultures. 
(A) (2-D) demonstrates cells with swollen mitochondria (many with destroyed 
cristae), short dilated cisterns of granular endoplasmic reticulum and reduced 
number of ribosome’s (reason for lighter color) and normal appearing 
nucleus. (B) (3-D) cells have normal appearing mitochondria, normal granu-
lar endoplasmic reticulum, a cytoplasm dense with ribosomes and a normal 
nucleus.
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The role of basement membranes and extracellular matrix and 
their relationship to epithelial-mesenchymal development and 
differentiation are the subjects of considerable research. Studies 
indicate that the stromal component exerts a strong and driving 
influence over developing intestinal mucosa.63-65 Stallmach et al.66 
have shown that only organ-specific mesenchyme will produce 
differentiation in epithelium from a given organ site and that 
embryonic mesenchyme of the same age, but from different organs, 
are ineffective. Additional information shows that a single fetal 
epithelial cell type in the last 2–3 days of gestation may express the 
function of more than one cell, thereby giving rise to DNA synthesis 
and proliferation.67,68

The literature reviewed and the data obtained here would 
suggest that this model of an oncogenically transformed human 
lung cell embodies many aspects of differentiation observed in 
other in vitro and in vivo cell and organ models. Primary distinc-
tions for this model are: (i) the overall scale of the model, (ii) 
the ability to culture epithelium for long periods without loss  
of functional cell markers, (iii) to maintain viral production and 
cellular repair while maintaining the model and (iv) the ability 
of the system to respond to extensive analyses and manipulations 
without the termination of a given experiment. Future experi-
ments will study the expression of these markers in malignant 
lung tissue harvested from patients and when cultured as both 
2-D 3-D TLAs and in nude mice. An additional experiment will 
use the 3-D environment to isolate and characterize lung cancer-
initiating stem cells. Another contemplated experiment will use 
molecular probes and proteomics that will clarify and characterize 

True cellular differentiation involves complex cellular inter-
actions,55-57 in which cell membrane junctions, extracellular 
matrices (e.g., basement membrane and ground substances) and 
soluble signals (endocrine, autocrine and paracrine) play important 
roles.58-61 This process is also influenced by the spatial relation-
ships (niche) of cells to each other. The responsiveness to exogenous 
mediators such as cytokines requires more than simply the presence 
of receptors. Cell communication and signal exchanges through 
intercellular junctions, paracrine factors and cell adhesion molecules 
are important to cell morphology and function.62 Cell-based models 
are needed that reproduce both the structural organization and 
multicellular complexity of the human lung while enabling study 
of therapeutic interventions. Ideally, the differentiation state and 
function of a human organ should also be simulated for the model 
to be authentic.

The data presented suggest that the differentiation seen in the 
3-D model of a lung cancer from a transformed lung cell line more 
closely resembles the differentiation seen in a lung cancer tissue than 
that found in the 2-D model. The presence of large 3-D tissue-like 
masses of lung cancer cells that express differentiated epithelial and 
mesenchymal cell markers offers a multitude of possibilities for 
cell biological investigations. The data are confirmed in Figures 3 
(EMs) and 4–6 (IHC), and represent concomitant cellular differen-
tiation marker expression and architectural ordering as compared to 
normal human tissue. Functional epithelial cell brush borders (Fig. 
4) with extracellular matrix and basal lamina components (Fig. 5) 
represent ordering of tissue and cellular polarity resulting from the 
molecular and physical conditions of the culture system.

Figure 4. Markers of cell-to-cell junctions. (A) is normal human lung tissue and displays a brown (positive) color at the luminal (apical) border (←). (B) (2-D) 
has no positive result present, whereas (C) (3-D) shows a strong positive response on cell surfaces. (D) displays a positive response in the normal human lung 
directed to the basal membrane (→). The 2-D sample (E) has no positive response. In contrast the 3-D sample (F) shows a strong positive reaction to the cell 
membrane despite the lack to a tissue-like organization. The 3-D aggregates (C and F) show a distinct localization to the cell-cell interface.
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Materials and Methods
Experimental overview. BZR-T33 cells (H-ras transfected 

BEAS-2B) were stably transfected with green fluorescent protein 
(BZR-T33-GFP). These cells were injected into mice to assay for 
metastasis. Then BZR-T33 cells (without GFP) were grown in both 

the potential of this new model system. Of particular interest will 
be regulation of unique cytoskeletal proteins such as villin, func-
tional markers such as tubulin, ZO-1, EMA, ICAM-1, a myriad 
of inflammatory response modifiers, and other markers that may 
be represented more accurately by large-scale 3-D modeling. 

Figure 5. Markers of epithelial cell polarity. EMA (MUC1) labels normal secretory epithelium and is strongly positive in (A) (normal human lung tissue). The 
positive result (brown) is not present in monolayer cultures (B) whereas it is again strongly positive in the 3-D aggregate culture located to the cell membrane 
(C). Cytokeratin 7 (D–F) reacts with cytokeratin. Cytokeratin is strongly positive in the cytoplasma of the control tissue (D), minimally present as a stain on the 
cell surface of the 2-D cells (E) and absent in monolayer cultures (F). Villin labels cytoskeleton markers found only in epithelial cells and is strongly positive in 
the control normal human lung tissue (G), is nonexistent in the monolayer cultures (H) and diffusely present in the 3-D aggregates (I) being expressed at the 
surfaces of most areas of cell-bead interfaces. Collagen IV (J–L) labels a major constituent of the basement membrane and is strongly positive in the control 
(J-normal human lung tissue), is absent in the monolayer section (K) and positive again in (L) the 3-D aggregate section.
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Figure 6. Markers of differentiation. Tubulin (A–C) specific for differentiation is strongly positive in the cytoplasm of control tissue (A-normal human lung 
tissue), completely absent in the monolayer (B) and again is strongly positive in the cytoplasm of the cells in the 3-D aggregate section (C). VWF (von 
Willebrand factor) labels a protein present in the cytoplasm of endothelial cells and is strongly positive in the normal human lung sample (D). This antibody 
expression is totally absent in the 2-D section (E) whereas it is present in the cytoplasm of cells in the 3-D aggregate section (F). Mucin, a normal product of 
lung cells and is a characteristic of differentiation and is seen as strongly positive in the control sample (G) as a brown color. Section (H) is of the monolayer 
and is a negative result. Section (I) is from the 3-D aggregates and once again is strongly positive for mucin (brown).

Table 1 Developmental and differential human immunohistochemistry antibodies

Antibody Manufacturer Dilution
Guinea pig polyclonal anti-ZO-1 abcam, #59724 1:50
Rabbit monoclonal anti-ICAM1 mouse anti-human epithelial Abcam, #ab53013 1:100
Membrane antigen (EMA also MUC1) Abcam, #ab49919 1:20
Mouse monoclonal cytokeratin 7 Abcam, #9021 1: 1000
Rabbit polyclonal anti-human villin Abcam, ab52102 1:50
Collagen IV Dako #N1536 clone CIV 22 predilute
Tubulin AbCAm, #ab15246 1:200
Rabbit anti-human Von Willebrand factor Abcam, #ab6994 1:1000
Mouse monoclonal pan mucin abcam, #ab736 1:100
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with 0.8 ml serum free medium to which DNA-Plus-LipofectAMINE 
reagent complex was added to the well. The complexes were mixed 
into the medium, incubated at 37°C with 5% CO2 for three hours 
then 1 ml medium with 10% FBS was added to the cells. The 
medium was replaced with normal growth medium five hours after 
the start of transfection. Forty-eight hours after transfection, an addi-
tional 800 μg/ml G418 was added into culture medium to select for 
expression of the transfected G-418 resistance gene.

Animal experiment. Animal experiments were approved by 
the Animal Care and Use Committee of the University of Texas 
Medical Branch, Galveston. All animals received humane care in 
compliance with university guidelines, state and federal regula-
tions, and the standards of the “Guide for the Care and Use of 
Laboratory Animals,” published by the National Institutes of 
Health (Publication No. 86-23, revised 1985). Eight congenitally 
athymic nude mice (BALB-C) purchased from Harlan-Sprague 
Dawley (Indianapolis, IN, USA) were used for this experiment. 
The mice were matched by sex and were acclimatized for at least 
two weeks prior to use in a limited-access facility that housed them 
in laminar-flow racks. At the time of the experiments, animals were 
approximately six weeks of age.

BZR-T33-GFP cells were grown to 100% confluence in a T-75 
flask, harvested in trypsin and collected in 10 ml of media (RPMI 
1640). Cell count was determined in Coulter counter in tripli-
cate. Cells were then centrifuged at 5°C x 1,000 rpm x 5 minutes. 
Approximately 8.5–9 ml media was removed. Concentrated cells 
were re-suspended and divided to achieve 106 cells/100 μL that were 
then injected subcutaneously in the supraclavicular area. Animals 
were visualized weekly using a (Charles Beseler Company-Photo 
Division. CS-21 Stage, Vineland, NJ, Lightools Research, Illumatool-
lightsource, SN 2003-709, Encinitas CA, Optronics. Camera System, 
SN CG602223-PS110, Goleta, CA). Upon completion of the 
experiment, the animals were euthanized and a complete necropsy 
performed. Individual organs were inspected for GFP+ expression 
by visualization with Beseler Company-Photo Division. CS-21 
Stage. Vineland, NJ. Lightools Research. Illumatool-lightsource. 
SN 2003-709. Encinitas, CA, Optronics. Camera System. SN 
CG602223-PS110. Goleta, CA). BZR-T33 cells were stably trans-
fected with green fluorescent protein. Visualization of GFP+ cells by 
both flow cytometry and photomicroscopy was at 488/515 nm.

Propagation of 3-D cultures. The rotating walled vessel (RWV) 
is a horizontally rotated transparent culture vessel (Synthecon, 
Houston, TX USA) with zero head space and center oxygenation. 
Cells to be cultured in the RWV were initially grown in T-flasks, as 
described above, in preparation for seeding into the vessels. Normal 
mesenchymal cells were removed from T-75 (Corning, Corning, NY 
USA) flasks by enzymatic digestion, washed once with calcium- and 
magnesium-free phosphate-buffered saline (CMF-PBS), and assayed 
for viability by trypan blue dye exclusion (Gibco-Invitrogen, Carlsbad, 
CA USA). Cells were held on ice in fresh growth medium until inoc-
ulation. The primary inoculum for each coculture experiment was 
2 x 105 mesenchymal (HBTC cells) cells/ml in a 55 ml RWV with 
5 mg/ml of Cytodex-3 micro carrier beads (Pharmacia, Piscataway, 
NJ, USA). Cytodex-3 micro carriers were Type I, collagen-coated 
cyclodextrin beads, 120 microns in diameter. Cultures were allowed 
to grow for a minimum of 24 to 48 hours before the medium was 
changed and 2 x 105 epithelial cells/ml (BZR-T33-GFP) were added. 

the traditional 2-D and the newer 3-D culture environments. Cells 
were subjected to transmission electron microscopy, and aliquots 
from both preparations were harvested and stained by IHC for 
various antibodies. Additionally a co-culture (BZR-T33-GFP 
cells over a BEAS-2B/HBTC foundation) was developed and 
assayed by fluorescence microscopy for migration/metastasis of 
BZR-T33-GFP in vitro.

Cells and cell cultures. Cells were harvested and banked at 
NASA Johnson Space Center’s Laboratory of Cellular Environmental 
Toxicology and Neurophysiology. Cells were initiated in 2-D mono-
layer cultures and propagated in GTSF-2 (HyClone Laboratories 
Inc, Thermo Fisher Scientific, 925 West 1800 South Logan, UT 
84321) media supplemented with 10% fetal bovine serum (FBS). 
All cell cultures were grown in a Forma humidified CO2 incubator 
with 95% air and 5% CO2, and constant atmosphere at a tempera-
ture of 37°C. These cell lines are normal mesenchymal cells (human 
bronchial tracheal cells [HBTC])—obtained from the normal organs 
of patients, predominantly surgical tissue donors at The University 
of Texas Medical Branch, Galveston, TX with IRB approval, 
BEAS-2B—immortalized human bronchial epithelial cell line,18 
and BZR-T33—an H-ras transfectant of BEAS-2B.18-20 Human 
lung cells were passaged as required by enzymatic dissociation with 
a solution of 0.1% trypsin and 0.1% EDTA for five minutes at 
37°C. After incubation with the appropriate enzymes, the cells were 
centrifuged at 1,000 rpm for five minutes in Corning conical 50 ml 
centrifuge tubes. The cells were then suspended in fresh medium and 
diluted into T-flasks with 30 ml of fresh growth medium. BEAS-2B 
epithelial cells were passed as required by dilution at a 1:4 ratio into 
GTSF-2 medium in T-flasks.21

Co-culture experiments. In these experiments BZR-T33 cells were 
transfected using Lipofectamine PlusTM reagent (cat no. 10964-013, 
InvitrogenTM, Carlsbad, CA, USA?). The vector for GFP expression 
used was pEGFP-N1 vector (Clontech Laboratories Inc., Mountain 
View, CA, USA). Cells were plated into 6-well plates the day before 
transfection. For each well of cells to be transfected, 1 μg DNA was 
diluted into 100 μl medium without serum and then 4 μl plus reagent 
was added, mixed and incubated at room temperature for 15 minutes. 
Four μl of diluted LipofectAMINE reagent was added into 100 μl 
medium without serum in a second tube. DNA-Plus reagent mixture 
was diluted with LipofectAMINE reagent, mixed and incubated for 
15 minutes at room temperature. Medium was replaced on the cells 

Table 2 Tissue characterization

Tissue characterization Normal BZR-T33 2-D BZR-T33 3-D 
stains human lung
ZO-1 3+ 1+ 4+
EMA 4+ 0 2+
ICAM-1 3+ 0 4+
Cytokeratin 7 3+ 1+ 3+
Villin 2+ 1+ 3+
Collagen IV 4+ 2+ 4+
Tublin 3+ 1+ 4+
VWR/Factor VIII 4+ 1+ 3+
Hu Mucin 4+ 1+ 4+
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Envision System, Dako, Carpinteria, CA, USA) applied using 
an automated immunohistochemical stainer (Dako, Carpinteria, 
CA, USA). Slides were examined by a Zeiss Axioskop (Hamburg, 
Germany) microscope and images captured with a Kodak DC 290 
Zoom (Rochester, NY, USA) digital camera. Two-dimensional IHC 
controls were prepared as outlined in Tables 1 and 2.13,22 Briefly, 
glass microscope slides (Rite-On, Clay Adams cat. no. 3050) placed 
in 150 mm Petri dishes (Fisher cat. no. 25030-150) were plated at 1 
x 10e3 cells per ml and allowed to incubate at 35.5°C for 48 hours. 
Slides were harvested, washed twice with calcium- and magnesium-
free PBS (Celox Laboratories Inc., St. Paul, MN, USA), and post 
fixed with 10% buffered formalin (Electron Microscopy Sciences, 
Ft. Washington, PA, USA). Slides were stained with the antibodies 
outlined and visualization was achieved as stated above and scored 
as per Table 3. For all IHC samples, positive antibody staining, and 
mucin are visualized as brown (immunoperoxidase), blue (hema-
toxylin) and pink/yellow (mucicarmine), respectively.

The antibodies used to detect cell-type-specific markers are 
grouped and shown in Table 1 and described below.

Markers of cell-to-cell junctions. Zonula occludentes (ZO-1) is 
a peripheral membrane protein located at the cytoplasmic surface of 
epithelial and endothelial cells. The presence of ZO-1 is a measure of 
tight junctions, and was surveyed to illuminate intercellular commu-
nications.23,24 The presence of ZO-1 is seen in the upper living cell 
layers of stratified epithelia and is used by us to demonstrate the pres-
ence of these structures and to determine cellular polarity.25

ICAM-1 is a 85–110 kDa integral membrane glycoprotein. 
ICAM1 plays an important role in cell adhesion and signaling and is 
highly expressed on the surface of endothelial cells. It is valuable for 
the demonstration of capillaries and neoplasm arising from endothe-
lial cells.26-28 We use the marker to demonstrate the presence of an 
important mediator of vascular barrier and regulator of endothelial 
cell adhesion and migration.

Markers of epithelial cell polarity. Epithelial membrane antigen 
(EMA) also known as MUC1 is an antibody to a human milk fat 
globule type I transmembrane protein immunogen present in breast 
epithelial lesions and a variety of simple and glandular epithelium, 
including the respiratory tract, pancreas, intestine and endometrial 
tissue. This antibody can be used to detect presence of epithelial 
tumors especially prominent in squamous cell carcinomas. EMA is 
specific for markers for epithelial membrane antigen (Anti-EMA) and 
is used by us to label normal secretory epithelium.29-31

Brush cells are specialized epithelial cells scattered throughout the 
simple epithelia of the respiratory and alimentary tracts and are iden-
tified by the presence of proteins villin and fimbrin that not only stain 
the apical tuft of microvilli but also label projections emanating from 
the basolateral surface of these cells. We use the presence of villin to 
discriminate between brush cells and simple epithelium (which will 
be labeled with cytokeratin 7, below).32-35

Cytokeratin 7, a 54 kD member of the intermediate filament 
family of proteins and is found primarily in epithelial tissues and 
especially in brush cells within the respiratory tract.36-38 Presence 
of this cytokeratin is used to determine the degree of maturation or 
differentiation within the epithelium.

Villin is an actin regulatory epithelial cell-specific anti-apoptotic 
protein. It is associated with the microvillar actin core bundle of 

Thereafter, fresh medium was replenished by 65% of the total vessel 
volume each 20 to 24 hours. As metabolic requirements increased, 
fresh medium was supplemented with an additional 100 mg/dl of 
glucose. The parameters of glucose utilization and pH were surveyed 
via iStatTM (I-stat, East Windsor, NJ, USA) clinical blood gas analyzer 
to determine the relative progress and health of the cultures and the 
rate of cellular growth and viability. Cells were visualized and photo-
graphed using fluorescence microscopy.

Electron microscopy. Samples from the RWV cultures were taken 
for transmission electron microscopy (TEM) at the same times as 
those taken for growth kinetics and immunohistochemistry.

Transmission electron microscopy (TEM). EM samples were 
washed three times 0.1 M sodium cacodylate buffer pH 7.4 (#11652, 
Electron Microscopy Science, Port Washington, PA, USA) then 
fixed in a solution of 2.5% glutaraldehyde-formaldehyde in 0.1 M 
sodium cacodylate buffer (#15949, Electron Microscopy Science, 
Fort Washington, PA USA)—0.3 M sucrose (Sigma, St. Louis, MO, 
USA)—1% DMSO (Sigma, St. Louis, MO USA) pH 7.4 (Electron 
Microscopy Science, Fort Washington, PA, USA) overnight at 4°C. 
The fixed tissue was washed three times in 0.1 M sodium cacody-
late buffer, pH 7.4 buffer, post-fixed stained in 0.1 M tannic acid  
(# 21700, Electron Microscopy Science, Port Washington, PA, USA) 
in 0.1 M sodium cacodylate pH 7.4 for three hours at room tempera-
ture. The tissue samples were washed three times in buffer, and then 
fixed again in 1.0 M osmium tetroxide (#19152, Electron Microscopy 
Science, Port Washington, PA, USA) in cacodylate buffer pH 7.4 for 
1.5 hours at room temperature. Samples were dehydrated in a series 
of graded ethanol, and then embedded in EMbed-812 resin (#14120, 
Electron Microscopy Science, Port Washington, PA, USA). Samples 
were sectioned at yellow-silver (700 A), mounted on Ni grids and 
examined under a JEOL-JEM 1010 transmission electron microscope 
(JEOL, USA) at 80 kV.

Human lung immunohistochemistry (IHC). Three-D aggre-
gates designated for histological and immunohistological staining 
were washed three times with gentle agitation in 1x PBS (Gibco-
Invitrogen, Carlsbad, CA USA) without magnesium and calcium 
for five minutes. The gentle washing removed foreign protein resi-
dues contributed by the use of the 10% FBS GTSF-2 growth media. 
The 3-D aggregates were then transferred to 50 ml polystyrene 
tubes and covered with 10% buffered formalin in PBS (Electron 
Microscopy Service, Ft. Washington, PA, USA) overnight at 4°C 
and washed three times in PBS. The assemblies were centrifuged 
less than 1,000 xg to concentrate the bead-cell assembly after which 
1 mL of warm noble agar was added for additional stabilization. 
Assemblies were paraffin-block embedded by standard methods, 
light sections cut at 3–5 mm on a microtome (Micron HM315, 
Walldorf, Germany). All unstained sections were stored at 22°C 
until stained with haematoxylin and eosin (H&E) or with the panel 
of differential and developmental membrane receptor antibodies 
(Table 1). The sections were de-paraffinized by normal procedure, 
antigen retrieved by protein kinase or citrate and blocked with 
a normal rabbit or mouse sera—0.5% Tween 20 blocking solu-
tion. The primary antibody (as identified in Table 1) diluted in 
the blocking solution was incubated on sections between 9 and 
30 minutes, rinsed with distilled water and conjugated with anti-
mouse, goat, or rabbit-horseradish peroxidase 2nd antibody (Dako 
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