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Apical barriers to airway epithelial cell gene transfer
with amphotropic retroviral vectors
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Gene transfer to airway epithelia with amphotropic pseudo-
typed retroviral vectors is inefficient following apical vector
application. To better understand this inefficiency, we
localized the expression of Pit2, the amphotropic receptor,
in polarized human airway epithelia. Pit2 was expressed on
both the apical and basolateral surfaces of the cells, sug-
gesting that factors other than receptor abundance may limit
apical gene transfer efficiency. Binding studies performed
with radiolabeled amphotropic MuLV suggested that the api-
cally applied virus binds to Pit2. Hypothetical barriers to
retroviral gene transfer include the apical glycocalyx and
other secreted products of epithelia. In this study, we dem-
onstrated that sialic acid, keratan sulfate and collagen type
V are present on the apical surface of well-differentiated
human airway epithelia. While enzyme treatment reduced

the abundance of these components, the treatment also
decreased the transepithelial resistance to ~35% of the con-
trols, suggesting that the epithelial integrity was impaired. To
attain an airway epithelial culture with a modified apical sur-
face and intact epithelial integrity, we utilized 100 mM 2-
deoxy-D-glucose, a glycosylation inhibitor, to prevent the
glycocalyx from reforming following enzyme treatment. This
approach allowed the resistance, but not the apical glycoca-
lyx to recover. Despite this physical modification of the cell
surface, the amphotropic retroviral vector failed to transduce
airway epithelia following apical application. These results
suggest that factors other than apical receptor abundance
and the glycocalyx inhibit amphotropic retroviral gene
transfer in human airway epithelia.
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Introduction

Gene transfer is a direct approach to treat inherited lung
diseases, such as cystic fibrosis (CF). To correct or prevent
the chronic lung disease associated with this autosomal
recessive disease it is anticipated that some level of trans-
gene expression must be continuously maintained.' This
could be achieved using integrating vectors, such as
Moloney murine leukemia virus (MuLV) and lentivirus-
based retroviral vectors® or adeno-associated virus (AAV)
vectors.> The most practical route for the direct delivery
of vectors to the airway epithelium is by aerosolization
or instillation. However, several studies indicate that the
efficiency of gene transfer to polarized airway epithelia
following apical application of viral vectors is poor, while
transduction from the basolateral side occurs much more
readily. Examples include serotype 5 adenovirus vectors*”
and AAV2 vectors.>® Localization studies of the recep-
tors for adenovirus and AAV2 suggest that their
expression is polarized to the basolateral surface, thus
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offering a reasonable explanation for this apical
inefficiency.

In well-differentiated human airway epithelia, we pre-
viously reported that MuLV-based retrovirus or feline
immunodeficiency virus (FIV)-based lentivirus vectors
pseudotyped with the amphotropic, xenotropic, and
VSV-G envelope glycoproteins do not transduce cells
when applied apically.”"" In contrast, the same envelopes
infect epithelia readily when applied to the basolateral
surface. The most simple intrepretation of these data is
that the receptors for these envelopes are only expressed
on the basolateral surface. However, there have been no
studies localizing the expression of known retrovirus
receptors in polarized airway epithelia. The receptor for
the amphotropic pseudotyped retrovirus, Pit2, is an inor-
ganic phosphate transporter,’” while the receptor for
xenotropic enveloped retrovirus was identified as XPR1,
a gene of unknown function.’>"> A putative receptor for
the VSV-G envelope glycoprotein was suggested to be
phosphatidylserine, but it is possible that other receptors
or co-receptors exist.'® In the present study, we sought to
better understand the limitations to apical gene transfer
with retroviruses, using the amphotropic enveloped
MuLV-based vector as a model.

Several steps are required for the successful transduc-
tion of a target cell by a retroviral vector. First, the vector
must reach the cell surface where the receptors reside.
Second, the virion must bind to its cognate receptor.



Third, the viral envelope must fuse with the host cell
envelope. Following these steps, the nucleocapsid enters
the cell cytoplasm where additional steps, including
reverse transcription and translocation of the pre-inte-
gration complex to the nucleus occur. In previous studies,
we documented that MuLV-based vectors pseudotyped
with the amphotropic envelope infect human,’ rabbit,'”
and rat' airway epithelia from the basolateral, but not
the apical surface. In the present study, we investigated
the localization of the Pit2 receptor in polarized human
airway epithelia using immunohistochemistry and the
expression of a GFP-tagged Pit2 protein. Binding of
amphotropic MuLV to the apical surface of airway epi-
thelia was investigated using radiolabeled virus. Further-
more, we characterized components of the apical surface
glycocalyx in human airway epithelia and investigated
whether modifications of the abundance and composition
of this potential physical barrier might enhance gene
transfer efficiency.

Results

The amphotropic receptor (Pit2) is expressed on the
apical and basolateral membranes of differentiated
human airway epithelia

Our previous studies showed that MuLV pseudotyped
with the amphotropic envelope was inefficient at trans-
ducing proliferating epithelia when applied to the apical
surface.”'® We hypothesized that absence of amphotropic
Pit2 receptor on the apical membrane might account for
this inefficiency. To test the hypothesis, we performed
immunostaining to localize the human Pit2 receptor. The
Pit2 polyclonal antibody was applied to either the apical
or basolateral surface of the epithelia. As shown by con-
focal microscopy in Figure 1a, b, f, g, the Pit2 receptor is
expressed on both the apical and the basolateral surfaces.
In addition, some intracellular signal was also detected.

To confirm this unexpected result, we made a fusion
construct of human Pit2 and eGFP, and expressed this
protein in epithelia using a first generation adenoviral
vector (Ad5-CMVPit2-eGFP). Differentiated airway epi-
thelial cells were transduced from the basolateral surface
with this vector (50 MOI). Two days later, confocal
microscopy demonstrated that the eGFP-tagged Pit2
receptor was distributed on both the apical and basolat-
eral membrane domains (Figures 1c—e, h—j). In addition
to the GFP signal on the apical and basolateral mem-
branes, a diffuse intracellular signal was detected. These
studies demonstrate that Pit2 is expressed on both the
apical and basolateral membranes of human airway epi-
thelia.

One possible explanation for the failure of the ampho-
tropic enveloped MuLV to transduce airway epithelia
despite the presence of Pit2 on the apical membrane is
that Pit2 abundance might not be sufficient to support
gene transfer. To address this possibility, we transduced
airway epithelia with Ad5-CMVPit2-eGFP and then
applied the amphotropic MuLV vector to the apical sur-
face. To demonstrate that the Pit2-eGFP construct is func-
tional, amphotropic vector resistant CHO cells were
transduced with 50 MOI of Ad5-CMVPit2-eGFP. As
shown in Figure 2a, CHO cells transduced with the Pit2-
expressing adenoviral vector were susceptible to gene
transfer with the TA7-Bgal amphotropic pseudotyped
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vector, while the parental cells were not. This confirms
that the Pit2-eGFP protein is functional as a virus recep-
tor and the expression level following adenovirus infec-
tion is sufficient to support amphotropic retroviral trans-
duction. However, when we transduced airway epithelia
with Ad5-CMVPit2-eGFP and 3 days later applied TA7-
3gal vector to the apical surface of KGF-treated cells, air-
way cells remained resistant to transduction (Figure 2b-
d). From these experiments, we conclude that the apical
resistance to amphotropic MuLV transduction is not due
to an absence of Pit2 expression.

Apically applied amphotropic MuLV binds to Pit2 on the
apical surface of airway epithelia

Amphotropic MuLV vector binds specifically to the api-
cal Pit2 receptor, an inorganic phosphate transporter.'®
We used radiolabeled MuLV to ask whether the virus
binds to the apical surface of airway epithelia in a fashion
consistent with Pit2 binding. 20 MOI of the **P-uridine-
labeled vector was applied to the apical surface and incu-
bated for 45 min at 4°C. Following four washes with cold
saline, the membrane with the attached epithelia was
removed and placed in 1% Triton X-100. Then, the
samples were transferred to scintillation cocktail and the
radioactivity counted. As shown in the left-most bar in
Figure 3, the radiolabeled ampho-MuLV vector binds to
the apical surface. Importantly, this binding is blocked
by goat anti-gp70 antiserum (second bar), but not normal
goat serum (first bar). Since Pit2 is a sodium-dependent
phosphate transporter, we used inorganic phosphate as
a competitive inhibitor of Pit2 binding as described by
others.’ When 40 mM NaH,PO, was included in the sol-
ution with the apically applied MuLV, binding was
inhibited (third bar). In contrast, 40 mM NaHCO, had no
such inhibitory effect on binding (fourth bar). These data
suggest that apically applied amphotropic MuLV binds
to Pit2.

Characterization of physical barriers on the apical
surface of well-differentiated human airway epithelia

To begin to characterize components on the apical surface
of human airway epithelia that might act as physical bar-
riers to gene transfer, we first examined the surface by
scanning and transmission electron microscopy. As dem-
onstrated by SEM in Figure 4a, a dense network of
material was present around and in between the
microvilli and cilia. In some areas between microvilli,
spherical bodies were seen suggestive of glycocalyceal
bodies.?® Ultrathin TEM sections revealed a fuzzy, elec-
tron dense material distributed between «cilia and
microvilli on the apical surface (Figure 4b). The electron
dense material is in close apposition to the microvilli and
extends out into the space between microvilli. This mor-
phology is consistent with a glycocalyx on the apical sur-
face of human airway cells. In addition, secreted products
of the cells might also contribute to this meshwork on
the apical surface.

The apical airway surface glycocalyx is characterized
by the presence of many glycoproteins.?*** To identify
some of the components of the apical glycocalyx on
human epithelia, we performed immunohistochemistry
and ligand binding studies, focusing on three candidates:
sialic acid, keratan sulfate and collagen type V. Sialic
acids are terminal components of many glycoproteins
and glycolipids.** Wheat germ agglutinin (WGA) was
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Figure 1 Localization of Pit2 receptor expression on the apical and basolateral membranes of differentiated human airway epithelia. (a, b, f, §) Confocal
micrographs of Pit2 immunolocalization on the apical and basolateral surfaces of polarized epithelia. (a, b) Apical application of Pit2 antibody. (f, g)
Basolateral application of Pit2 antisera. (a and f) X-Y sections. (b and g) X-Z sections. Pit2 expression (FITC signal, green) is detected on both the
apical and basolateral surfaces. Propidium iodide (red signal) counterstains nuclei and cytoplasm. (c—e and h—j) Confocal micrographs of airway epithelia
expressing a Pit2-eGFP fusion receptor protein. Airway epithelia were infected with 50 MOI of Ad5CMVPit2-eGFP vector from the basolateral surface.
Forty-eight hours later cells were examined for GFP localization by confocal microscopy (c—e, view 1; h—j, view 2; ¢ and h, X-Y sections; d, e, i and j,
X-Z sections). Pit2-eGFP expression (green signal) is seen on both the apical and basolateral membranes, as well as in the cytoplasm. Arrowheads
indicate apical Pit2 signal. Views shown are representative of two different epithelial cell preparations examined.

used as a probe to detect all sialic acid linkages. Keratan
sulfate is a common component of sulfated glycosamino-
glycans, which covalently binds to core proteins, while
collagen type V is a typical core protein found in the
basement membrane of the airway epithelium and is
secreted.”>%” Antibodies against keratan sulfate and
collagen V were applied to the apical surface of airway
epithelia to detect their respective antigens.

FITC-WGA was applied to the apical surface and the
airway epithelia were examined by confocal microscopy.
As shown in Figure 5a and b, the apical surface exhibited
a diffuse WGA signal, consistent with the apical
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expression of sialic acid moieties. There was heterogen-
eity in the expression pattern, with some cells staining
densely, and others more lightly. The keratan sulfate anti-
body decorated the apical surface of some, but not all
airway epithelial cells with variable intensity (Figure 5c
and d). In contrast, the collagen V antibody gave a more
diffuse, even staining pattern (Figure 5e and f). When
examined by immunogold transmission electron
microscopy, a fibrous network of structures on the apical
surface was labeled with the anti-collagen V antibody
(data not shown). This immunolabeled structure was
identical to the fuzzy material demonstrated by conven-
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Figure 2 Ad5-CMVPit2-eGFP vector transduction confers expression of functional GPF tagged Pit2. CHO cells were pre-infected with 50 MOI of
Ad5-CMVPit2-eGFP 24 h before ampho MuLV infection. In negative controls, Ad5-CMVPit2-eGFP was omitted. Three days after the ampho MuLV
infection, X-gal staining was performed to evaluate the transduction efficiency. As shown in panel (a), the pre-infection with Ad5-CMVPit2-eGFP
reversed the insusceptibility of CHO cells to ampho-MuLV, demonstrating that the Pit2-eGFP fusion construct is functional. Similarly, we infected
KGF-stimulated human airway cells with 50 MOI of Ad5-CMVPit2-eGFP. As seen in panel (b), a large population of airway cells expresses the Pit2-
eGFP protein. However, when 20 MOI of ampho MuLV was applied to the apical surface, no gene transfer was noted after X-gal staining (c). If the
MuLV wvector was formulated with EGTA to disrupt tight junctions, efficient gene transfer was achieved (d).
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Figure 3 Amphotropic MuLV vector binds specifically to the apical Pit2
receptor. The amphotropic MuLV vector was labeled with **P-uridine as
described in Materials and methods and applied to the apical surface under
several conditions. As shown in the left-most bar in the figure, the radiola-
beled vector binds to the apical surface. This binding was blocked by goat
anti-gp70 antiserum (second bar), but not normal goat serum (first bar).
Furthermore, 40 mM NaH,PO, inhibited binding of amphotropic MuLV
binding (third bar). In contrast, 40 mM NaHCO, had no inhibitory effect
(fourth bar). xx, Indicates statistically significant difference compared
with amphotropic MuLV + normal goat serum condition (P < 0.05, t
test). Representative figure of four similar experiments.

tional TEM in Figure 4b. These data indicate that sialic
acids, keratan sulfate and collagen type V are com-
ponents of the apical glycocalyx.

Modification of apical glycocalyx components

We hypothesized that the glycocalyx might present a
physical barrier and prevent amphotropic pseudotyped
retrovirus from binding to Pit2 on the apical surface. If
the dense matrix could be removed or modified, perhaps
the vector could reach the receptor. Various approaches
to modifying the apical surface with enzymes have been
used previously in attempts to increase adenoviral and
AAV gene transfer efficiency.*” In a pilot experiment, we
found that treatment of the apical surface with neuramin-
idase followed by application of TA7-3gal vector did not
enhance gene transfer.

To modify the glycocalyx, we treated the apical surface
of differentiated airway epithelia with heparinase I and
III, chondroitinase ABC, and collagenase (see Materials
and methods). Having previously documented the pres-
ence of sialic acids, keratan sulfate and collagen type V
on the surface, the presence of these components was
used to judge the efficacy of the enzyme treatment. As
shown in Figure 5g to 1, the enzyme treatment dimin-
ished the apical keratan sulfate and collagen V compo-
nents, but did not alter sialic acid abundance. Since the
sialic acids are linked to membrane glycoproteins and
glycolipids, we speculate that the enzymatic removal of
some glycocalyx components exposed the membrane-
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Figure 4 Morphology of the apical surface of well-differentiated human
airway epithelia. (a) SEM view of the apical surface. A dense fibrous net-
work was noted around cilia and microvilli on the apical surface (arrows).
Spherical bodies suggestive of glycocalyceal bodies were also seen (arrow
heads). (b) Ultra-thin sections of the airway epithelia were examined by
transmission electron microscopy. The fuzzy apical glycocalyx around and
in between the microvilli is indicated by the arrows. Views shown are
representative of three different epithelial cell preparations examined.

linked sialic acid binding sites. Therefore, the sialic acid
staining signal as measured by WGA lectin binding was
not decreased. To confirm that the enzymes removed por-
tions of the apical glycocalyx, we also examined the api-
cal surface by scanning and transmission electron
microscopy after the treatment. As shown in Figure 5m
and n, these electron micrographs demonstrate that the
abundance of the apical glycocalyx meshwork was gre-
atly reduced by the enzymes (contrast with untreated
cells shown in Figure 1).

Enzyme treatment of the apical surface decreases the
transepithelial resistance

Following enzyme treatment, epithelial integrity was
evaluated by measuring the transepithelial resistance. We
observed that enzyme-exposed cells promptly had a sig-
nificant drop in transepithelial resistance to ~35% of con-
trol values that slowly recovered over many hours
(Figure 6). Such disruption of epithelial integrity might
allow apically applied viral vectors to reach the basolat-
eral surface through the opened epithelial junc-
tions.>*1728 For this reason, it is difficult to evaluate the
effect of direct enzymatic modifications of the apical gly-
cocalyx on gene transfer efficiency by performing gene
transfer immediately following enzyme treatment.

Enzyme treatment followed by inhibition of glycosylation
maintains apical surface glycocalyx modifications and
allows transepithelial resistance to recover

In addition to simple enzymatic modification of the api-
cal surface, we evaluated whether culturing the cells in
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the presence of 2-deoxy-D-glucose altered apical surface
morphology. 2-deoxy-D-glucose, an inhibitor of glycosyl-
ation, has been reported to inhibit the formation of lipid-
linked oligosaccharides.”” The glycocalyx is known to be
highly glycosylated. Therefore, we used this reagent to
inhibit the normal production of new proteoglycans and
glycosaminoglycans necessary for the formation of the
glycocalyx. We hypothesized that inhibiting glycosyl-
ation after enzyme digestion might block the formation
of a new glycocalyx meshwork on the apical surface. To
test this hypothesis, we first treated the apical surface of
differentiated airway epithelia with the enzymes for 2 h
at 37°C. Subsequently, 100 mM 2-deoxy-D-glucose was
included in the cell culture medium. Following enzyme
treatment and culture with 2-deoxy-D-glucose, the trans-
epithelial resistance was measured and the apical surface
was examined by scanning electron microscopy. As
shown in Figure 7a, the transepithelial resistance reco-
vered to control levels 5 days after culture in the 2-deoxy-
D-glucose-containing culture medium. Scanning and
transmission electron microscopy on day 5 demonstrated
that the apical glycocalyx remained reduced in abun-
dance (Figure 7b, ¢). Inmunostaining for keratan sulfate
and collagen V showed that most of the surface area
stained weakly, compared with the untreated controls,
while sialic acid abundance was unchanged, essentially
identical to the results shown in Figure 5g-1 (data not
shown). Thus, this approach modifies the apical surface,
while allowing epithelial integrity to recover.

Modification of the glycocalyx fails to enhance gene
transfer to airway epithelia
To determine whether the apical glycocalyx constitutes a
barrier impeding apical gene transfer with amphotropic
MuLV, we applied 20 MOI of amphotropic MuLV (-gal
to the apical surface of airway epithelia with or without
modification of the glycocalyx. Before vector transduc-
tion, the airway cells were stimulated with KGF for 24 h,
as described previously.”'” Three days after gene trans-
fer, the transduction efficiency was examined by X-gal
histochemical staining. As shown in Figure 8, in control
epithelia (Figure 8a) or epithelia treated with enzymes
and then maintained in 2-deoxy-D-glucose-containing
media for 5 days (Figure 8b), amphotropic MuLV failed
to transduce cells following apical application. As a posi-
tive control, enzyme and 2-deoxy-D-glucose-treated air-
way epithelia were transduced apically with vector for-
mulated with EGTA. We previously showed that EGTA
opens epithelial junctions, allowing the apically applied
MuLV vectors access to the susceptible basolateral sur-
face.>'%'” Figure 8c shows that the EGTA formulated
amphotropic MuLV vector efficiently transduces the epi-
thelia, confirming that the Pit2 receptor is functional.
Thus, despite significant modifications of the glycocalyx,
gene transfer from the apical surface was not enhanced.
To rule out the possibility that the enzyme treatment
and 2-deoxy-D-glucose culture conditions altered the dis-
tribution of Pit2, the apical surface of airway epithelia
was immunostained for Pit2 immediately following
enzyme treatment, or after culture in 2-deoxy-D-glucose-
containing media for 5 days after enzyme treatment. Con-
focal microscopic examination demonstrated that the
enzyme treatment alone, or the combined enzyme treat-
ment and 2-deoxy-D-glucose culture conditions did not



Barriers to airway gene transfer
G Wang et al

=)

Figure 5 Components of the apical glycocalyx and surface alterations produced by enzyme treatment. Confocal micrographs (a-l). Apical surface staining
for sialic acids in control airway cells (a, b) and enzyme-treated airway cells (g, h) with WGA-FITC as described in Materials and methods. Apical
keratan sulfate staining of the control airway epithelia (c, d) and enzyme-treated cells (i, j). Apical localization of collagen type V in control (e, f) and
enzyme-treated airway epithelia (k, ). X-Y sections (a, c, e, g, i and k); X-Z sections (b, d, f, h, j and 1); (m—n) Airway epithelia treated with enzymes
were examined by scanning and transmission electron microscopy; m, scanning EM image shows reduction in the fibrous network of the apical glycocalyx.
Some spherical bodies suggestive of glycocalyceal bodies remain (arrow heads). n, Transmission EM image demonstrates that the fuzzy material around
microvilli and cilia was much reduced. Contrast panels (m) and (n) with images in Figure 4. Views shown are representative of three different epithelial

cell preparations examined.

alter the distribution of Pit2 on the apical surface (not
shown).

Discussion

The present study investigated some of the barriers to
gene transfer with the amphotropic envelope pseudotype
when the retroviral vector is applied to the apical surface
of well-differentiated human airway epithelia. In contrast
to the findings for the coxackie B and adenovirus sero-
type 2 and 5 receptor (CAR), where the receptor
expression is polarized to the basolateral surface,*® we
found that Pit2 is present on both the apical and basolat-
eral surfaces of airway epithelia. Furthermore, these stud-
ies indicate that the amphotropic MuLV vector binds to
the apical surface of airway epithelia and that this bind-
ing is reduced in the presence of NaH,PO,, suggesting it
is mediated by Pit2.'” Therefore the limitation for apical

gene transfer with amphotropic retrovirus is more than
the simple absence of the appropriate cellular receptor.
Increasing Pit2 expression in airway epithelial cells with
an adenoviral vector did not enhance apical gene transfer
with the amphotropic retrovirus either, suggesting that
the abundance of Pit2 is not the limitation. Potential
physical barriers that might prevent the vector from
reaching apical receptors are the glycocalyx and other
secreted, adherent products of epithelia. Our studies indi-
cate that the apical surface of human airway epithelia has
a dense meshwork of material that is morphologically
compatible with a glycocalyx. Furthermore, some of the
components of this matrix were identified histochem-
ically to include sialic acid, keratan sulfate, and collagen
type V. Attempts to enhance gene transfer by removing
apical glycocalyx components with enzymes or pre-
venting its formation by growing cells in 2-deoxy-D-glu-
cose-containing media were unsuccessful. The results
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Figure 6 Enzyme treatment significantly decreases the transepithelial
resistance. Following enzyme treatment for 2 h at 37°C, the transepithelial
resistance was measured as described in Materials and methods. As com-
pared with controls, this treatment reduced the transepithelial resistance
to ~35% of the controls. The transepithelial resistance of enzyme-treated
cells gradually recovered to baseline values after 4-5 days (data not
shown). Results shown represent mean * s.e. x, Indicates statistically
significant difference compared with controls (P < 0.05, t test, n = 4).

suggest that factors other than Pit2 receptor abundance
limit gene transfer from the apical surface of airway
epithelia.

The glycocalyx is an intricate network of locally pro-
duced glycoproteins, glycolipids and proteoglycans that
are assembled into an organized structure and attached
to the cell surface.?*** This meshwork constitutes the out-
ermost surface of a cell that a retroviral vector must cross
in order to gain access to receptors for binding and
fusion. While the glycoproteins comprising a glycocalyx
are typically heavily modified by sialation and sulfation,
the composition of the glycocalyx on the apical surface
of human airway epithelia is not well characterized. Our
studies confirm that glycoproteins modified by the
addition of sialic acid moieties and keratan sulfate are
present on the apical surface. In addition to this attached
glycocalyx, epithelia may secrete other products that also
act as physical barriers to gene transfer. These products
include mucins® and extracellular matrix components,
such as collagen and fibronectin.®' It was previously
shown that the basement membrane of the airway epi-
thelium contains several extracellular matrix molecules
including chondroitin sulfate, heparan sulfate proteogly-
can, entactin, laminin, fibronectin, and type V collagen.>*
The present studies indicate that the apical surface of air-
way epithelia also contains type V collagen. This type of
collagen self-assembles and may contribute to the barrier
properties of the apical surface.

Enzymatic modifications of the apical surface have pre-
viously been investigated as a means to enhance gene
transfer with non-retroviral vector systems. Pilewski and
colleagues found that human airway epithelia or MDCK
cells expressing the mucin gene MUC1, a complex sial-
ated glycoconjugate attached to the cell surface, were
resistant to gene transfer with adenoviral vectors.* This
inhibition was overcome by treating cell surfaces with
neuraminidase to remove sialic acid moieties. In studies
of AAV2-mediated gene transfer to airway epithelia, Bals
and colleagues” reported that treatment of the apical sur-
face of differentiated airway epithelial cells with various
enzymes including trypsin, N-glycosidase F, neuraminid-
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Figure 7 Glycosylation inhibition following enzyme treatment allows
transepithelial resistance, but not the apical glycocalyx, to recover. 100
mM 2-deoxy-D-glucose was applied to the culture medium after the apical
surface of differentiated airway epithelia was digested enzymatically.
Transepithelial resistance was measured each day for 5 days. (a) In
enzyme-treated cells transepithelial resistance gradually recovered to con-
trol levels 5 days after treatment. Results shown represent mean *s.e. (b)
Scanning electron microscopy demonstrates that the apical surface
remained modified after enzyme treatment and culture in 2-deoxy-D-glu-
cose-containing media. The fibrous network of the apical glycocalyx
remains reduced. Some spherical bodies suggestive of glycocalyceal bodies
remain. (c) Transmission EM similarly shows that the glycocalyx is larg-
ely under these conditions. Views shown are representative of three differ-
ent epithelial cell preparations examined.

ase, N-glycosidase A, and endoglycosidase H enhanced
vector transduction from the apical surface. In the same
study, the addition of mucin or heparin inhibited gene
transfer. Pickles and coworkers* investigated the effects
of enzymatic apical surface modifications on the apical
gene transfer efficiency of serotype 5 adenovirus vectors.
Polarized MDCK cells expressing GPI-linked CAR were
used as a model. Enzymatic modification with neuramin-
idase, trypsin, keratanase, or elastase enhanced apical
gene transfer to MDCK cells expressing apical CAR.* In
contrast to these findings, Walters et al** recently reported
that expression of GPI-linked CAR on the apical surface
of polarized human airway epithelia was sufficient to
confer apical infectivity with serotype 5 adenovirus.
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Figure 8 Modification of the apical glycocalyx fails to facilitate gene
transfer from the apical surface with amphotropic MuLV vector. All cells
were pretreated with KGF to stimulate proliferation. Views shown are
low, power en face photomicrographs of X-gal stained epithelia. (a) 20
MOI of amphotropic MuLV was applied apically to control airway epi-
thelia and no significant gene transfer occurred. (b) Enzyme and 2-deoxy-
D-glucose-treated airway epithelia were transduced apically with 20 MOI
of the amphotropic retroviral vector. There was no evidence of gene trans-
fer. (c) Enzyme and 2-deoxy-D-glucose-treated airway epithelia were
transduced apically with 20 MOI of the amphotropic MuLV vector formu-
lated with 6 mM EGTA. X-gal positive (blue) cells representing gene
transfer were only noted in cells treated with EGTA formulated vector.
The experiment was performed three times with two different epithelial
cell preparations.

Further removal of glycocalyx components with neuram-
inidase or glyosidases did not enhance adenoviral gene
transfer.>

In contrast to these results with AAV2 and adenoviral
gene transfer, the present studies indicate that the Pit2
receptor is expressed on both membrane domains of
human airway epithelia. Despite the expression of Pit2
on the apical surface of airway epithelia, it does not sup-
port gene transfer with amphotropic retrovirus, with or
without enzymatic modifications of the surface. There-
fore, we conclude that factors other than receptor abun-
dance limit amphotropic retrovirus gene transfer. There
are several possible explanations for these results that
require further study. The Pit2 protein that is sorted to
the apical membrane may not functionally support viral
entry while basolaterally sorted Pit2 does. It is also poss-
ible that there are additional co-receptors or co-factors
required for infection via Pit2 and that these are missing
from the apical surface. Furthermore, we have not yet
determined whether fusion does occur for the apically
applied vector. If fusion does occur, it is possible that
steps that occur after the nucleocapsid enters the cyto-
plasm, such as reverse transcription and trafficking to the
nucleus, are not equivalent following entry from the api-
cal and basolateral cell surfaces.*

It is important to note that that these findings with the
amphotropic pseudotype can not be generalized to all
enveloped viruses. Using the same model of primary
human airway epithelia, we recently demonstrated that
wild-type human coronavirus 229E* and influenza virus
(A/Japan/305/57 (H2N2))*” both infect polarized airway
epithelia when applied to the apical surface. Similar
results were seen with wild-type respiratory syncytial
virus and parainfluenza virus type 3 (McCray and Sinn,
unpublished observations). Clearly some respiratory
viruses evolved methods to efficiently bypass apical bar-
riers on airway epithelia. These properties of apical infec-
tion might be adopted to improve current retroviral vec-
tor systems for airway gene transfer. Thus we conclude
that there is no evidence of an absolute barrier to apical
airway gene transfer for enveloped viruses.

We conclude that the glycocalyx is unlikely to be a
major impediment to apical gene transfer with ampho-
tropic MuLV. This finding focuses the search for apical
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barriers to amphotropic retroviral gene transfer to sub-
sequent events, such as fusion, or steps beyond entry.
Future efforts to delineate apical barriers to retroviral
gene transfer will focus on these later steps of the viral
entry process.

Materials and methods

Cell culture

Human airway epithelial cells were obtained from the
tracheas and bronchi of lungs removed from donated
organs. Cells were isolated by enzymatic dissociation as
previously described.®®* Freshly isolated cells were
seeded at a density of 5 x 10° cells/cm? on to collagen-
coated 0.6 cm? diameter Millicell polycarbonate filters
(Millipore, Bedford, MA, USA). The cells were main-
tained at 37°C in a humidified atmosphere of 7% CO,
and air. Twenty-four hours after plating, the mucosal
medium was removed and the cells were allowed to
grow at an air-liquid interface.®® The culture medium
consisted of a 1:1 mix of DMEM/Ham’s F12, 5% Ultroser
G (Biosepra, France), 100 U/ml penicillin, 100 pg/ml
streptomycin, 1% nonessential amino acids, and 0.12
U/ml insulin. Studies were performed on well-differen-
tiated cells (>2 weeks old). This study was approved by
the Institutional Review Board at the University of Iowa.

Localization of the Pit2 receptor in airway epithelia
To determine the localization of the amphotropic receptor
Pit2, two approaches were taken. To immunolocalize
Pit2, airway epithelia were fixed in 4% paraformaldehyde
for 20 min at room temperature. After two, 10-min PBS
washes, the cells were blocked in 5% BSA overnight at
4°C. A polyclonal rabbit antibody to human Pit2 was
kindly provided by Dr Helmuth HG van ES (IntroGene,
Leiden, The Netherlands).” The primary antibody to
human Pit2 was diluted 100-fold. The primary antibody
was added to either the apical or basolateral cell surface
and subsequently applied an FITC conjugated goat anti-
rabbit secondary antibody (Sigma, St Louis, MO, USA,
500-fold dilution). A propidium iodide stain was then
applied to counterstain the nuclei and cytoplasm. Follow-
ing immunostaining, the samples were examined with
either epifluorescent (BX60, Olympus) or confocal
microscopy (MRC 1024, BioRad, Hercules, CA, USA).
As a second approach to localize Pit2 expression in air-
way epithelia, we constructed a chimeric protein con-
sisting of human Pit2 fused to eGFP. The human Pit2
cDNA was a generous gift of Jean M Heard." Enhanced
GFP (Clontech, Palo Alto, CA, USA) was placed at the N
terminus of the human Pit2 ¢cDNA. This construct was
then cloned into an adenovirus shuttle plasmid in which
the expression of eGFP/human Pit2 fusion was driven
by the CMV promoter. The construct was packaged into
an El-deleted Ad5 vector as previously described*® and
a replication defective virus produced in the University
of Iowa Gene Transfer Vector Core. Fifty MOI of the
resultant Ad5-CMVPit2-eGFP vector was used to trans-
duce airway epithelia and investigate the distribution
of Pit2.

Pit2 binding studies using radiolabeled amphotropic-
MuLV

Amphotropic retrovirus was radiolabeled with 3*P-uri-
dine (Amersham) by adding the compound to the cell
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culture media of the TA-7Bgal-packaging cells (described
below). TA-7Bgal cells were plated at a density of 10 X
10° cells per 150-mm tissue culture plate. Twenty-four h
later, the cell culture media (DMEM, 10% fetal bovine
serum, 100 U/ml penicillin, 100 mg/ml streptomycin)
was replaced with fresh medium containing 10 mCi/ml
of ¥P-uridine. The virus was harvested from the cell cul-
ture supernatants and filtered and concentrated by centri-
fugation by routine procedures. The resultant labeled
preparation maintained an infectious titer similar to the
unlabeled preparations. To study binding of the labeled
amphotropic-MuLV vector to airway epithelia, 20 MOI of
the labeled vector was applied to the apical surface and
incubated for 45 min at 4°C. Following four washes with
cold saline, the epithelia were lysed in 1% Triton X-100
and binding assayed by scintillation counting. To demon-
strate specificity of the binding to Pit2, the experiment
was performed in the presence or absence of goat anti-
gp70 antisera,*' normal goat sera, 40 mM NaH,PO," or
40 mM NaHCO,. Each experimental condition was
performed in quadruplicate.

Characterization of the apical glycocalyx

Transmission and scanning electron microscopy: To
characterize the morphology of the apical surface of air-
way epithelia, the cells were examined by scanning and
transmission electron microscopy. Epithelia were fixed
for transmission electron microscopy overnight at 4°C
using 2.5% glutaraldehyde (0.1 M sodium cacodylate
buffer, pH 7.2), followed by post-fixation in 1% osmium
tetroxide for 1 h. Following serial dehydration in alco-
hols, samples were embedded in Eponate 12 (Ted Pella,
Redding, CA, USA). Sectioning and post-staining were
performed using standard methods. Samples were exam-
ined with a Hitachi H-7000 transmission electron micro-
scope. Scanning EM samples were also fixed in 2.5% glut-
araldehyde and post-fixed with 1% osmium tetroxide.
Dehydration and critical point drying were performed
following routine procedures. Samples were examined
with a Hitachi 5-4000 microscope.

Immunolocalization of glycocalyx components: Airway
epithelia were first fixed in 4% paraformaldehyde for 20
min at room temperature. After two, 10-min PBS washes,
the cells were blocked with 5% BSA overnight at 4°C.
Mouse anti-keratan sulfate antibody was purchased from
Chemicon (MA2022, Temecula, CA, USA). Polyclonal
rabbit antiserum against human collagen type V was pur-
chased from CalBiochem (234190, La Jolla, CA, USA). The
primary antibodies to keratan sulfate and human col-
lagen V were diluted 500-fold and 100-fold, respectively.
The secondary antibody (goat anti-rabbit or anti-mouse
IgG conjugated to TRITC, Sigma) was diluted 300-fold.
FITC-conjugated wheat germ agglutinin (WGA) was
obtained from Sigma. Following immunostaining, the
samples were mounted in media containing DAPI
(Vector Laboratories, Burlingame, CA, USA) and exam-
ined with either epifluorescence (Olympus) or confocal
microscopy (MRC 1024, BioRad).

Enzymatic treatment of the apical glycocalyx: To investi-
gate the impact of physical modifications of the apical
surface on the efficiency of retroviral gene transfer, we
developed two methods. The first approach consisted of
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treating the apical surface with enzymes to remove glyco-
calyx components. Heparinase I (H-2519) and III (H-
8891), chondroitinase ABC (C-2905), and collagenase (C-
9407) were purchased from Sigma. The apical surface of
differentiated airway cells was digested with the enzyme
mixture (50 U/ml heparinase I, 10 U/ml heparinase III,
10 U/ml chondroitinase ABC, and 1000 U/ml
collagenase) for 2 h at 37°C. As a measure of epithelial
integrity, transepithelial resistance was measured before
and after enzyme treatment using an ohmmeter (EVOM,
World Precision Instruments, Sarasota, FL, USA) as
described previously.’

The second method of apical surface modification con-
sisted of growing the epithelia in the presence of 2-deoxy-
D-glucose to inhibit glycosylation of cell surface proteins.
2-deoxy-D-glucose (D-3179, Sigma) was added to the
Ultroser G culture medium. Unless otherwise specified,
following apical digestion with enzymes, airway epi-
thelia were cultured in Ultroser G medium containing
100 mM 2-deoxy-D-glucose for 5-7 days. Transmission
and scanning electron microscopy were used to deter-
mine the efficacy of these treatments in modifying
glyxcocalyx components and altering the apical surface
morphology.

Gene transfer

A Moloney murine leukemia virus (MuLV)-based vector
pseudotyped with the amphotropic envelope was used
in these studies. The packaging cell line producing
amphotropic enveloped, nuclear-targeted 3-galactosidase
MuLV retrovirus (TA-7Bgal) was kindly provided by
Francois-Loic Cosset and was previously described.***
The reporter gene expression was driven by the MuLV
LTR promoter. Titers obtained for the TA-7Bgal vector
were typically 1-5 x 10° TU/ml as determined by blue
cell counts on HT1080 cells.

Before retroviral gene transfer, the differentiated air-
way cells were induced to proliferate by adding 100
ng/ml of keratinocyte growth factor (KGF) to the culture
media for 24 h.°'° Twenty MOI of amphotropic MuLV
was applied to the apical surface of airway cells as
described previously.”!' As a positive control, the vector
was formulated with 6 mM EGTA and applied apically
to the enzyme and drug-treated airway cells.'” Three
days after infection, the airway cells were stained for the
B-galactosidase reporter gene expression using X-gal
histochemistry.

X-gal histochemistry

Airway epithelia were fixed with 2% paraformaldehyde/
PBS solution for 20 min and rinsed with PBS twice for 5
min each. X-gal staining solution was added to the cells
for 4 h at 37°C as previously described.” Cells expressing
B-galactosidase stained blue.
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