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Abstract

Background: Gene therapy is currently under investigation
as a means of managing a variety of pulmonary diseases.
Unfortunately, gene transfer to bronchial epithelium has
been hampered by the lack of stable and efficient trans-
duction. Recent studies have shown that gene vectors
could be tethered to the metallic surfaces of intra-arterial
stents. This approach enables efficacious and site-specific
adenoviral gene delivery to the vascular endothelium. Ob-
jectives: We hypothesized that airway mesh stents impreg-
nated with viral gene vectors could be used for local gene
delivery to benign and malignant bronchial epithelium.
Methods: Serotype 5 adenoviral vectors (Ad5, E1-/E3-)
containing the reporter genes green fluorescent protein
(Ad.GFP) or 3-galactoside/LacZ (Ad.LacZ), or a therapeutic
gene, Ad.INF-B, were coupled to either metallic mesh disks
or stents via anti-Ad knob antibodies. These platforms

were assessed for their ability to transfect bronchial epithe-
lial cells from both rats and humans, as well as murine
(L1C2) and human (A549) lung cancer cell lines. Gene trans-
fer was quantified by fluorescent microscopy, scanning flu-
orimetry for Ad.GFP, and light microscopy studies assess-
ing B-galactosidase staining for Ad.LacZ. Metallic mesh and
stent-mediated gene transfer was also performed in a mu-
rine flank tumor model and in a rat endotracheal tumor
model in order to evaluate the therapeutic potential. Re-
sults: In these studies, murine and human non-small cell
lung cancer (NSCLC) cells were successfully transfected
with reporter genes in vitro. Ad.LacZ-complexed mesh suc-
cessfully transfected reporter genes into established mu-
rine flank NSCLC tumors. In addition, Ad.LacZ-tethered
stents could effectively transfect both tracheobronchial
epithelium and submucosal glands in rats. Similar epithe-
lial transfection was achieved in ex vivo human bronchial
epithelium. Pilot in vivo experimentation provided data
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supporting the concept that therapeutic genes could also
be delivered with this technology. In additional pilot in
vivo experiments, the growth of murine flank tumors was
inhibited by placement of mesh disks coupled with Ad.
mulNF-f3, and rats bearing endotracheal tumors demon-
strated a trend towards prolonged survival with insertion
of Ad.ratINF-B-tethered stents. Conclusions: Stent-mediat-
ed gene delivery successfully enabled site-specific vector
administration to target rat and human airway cells in cell
culture, organ culture and in vivo. Local tracheobronchial
gene delivery via stents could provide a viable clinical solu-
tion for overcoming the difficulties encountered with vec-
tor delivery within the lungs, in particular by lowering reg-
uisite vector titers and by directing desired vectors to areas
of interest. This strategy may prove valuable for treating
tumors involving the tracheobronchial tree, as well as oth-
er nonmalignant tracheobronchial disorders.

© 2014 S. Karger AG, Basel

Introduction

Non-small cell lung cancer (NSCLC) is the most com-
mon cause of cancer-related mortality in developed
countries. In the USA alone, approximately 170,000 peo-
ple are diagnosed annually with NSCLC and a near equal
amount die from this cause [1]. Early-stage NSCLC can
be cured with surgical resection; however, most patients
present with advanced-stage disease at diagnosis or recur
after initial curative surgery [2]. For these patients, pal-
liative chemotherapy and radiation therapy have demon-
strated a minimal improvement in survival [3, 4]. There-
fore, there is a very strong impetus to develop novel ther-
apies to treat this devastating disease.

Gene therapy is a novel modality to treat a wide spec-
trum of human diseases, and it has progressed consider-
ably in the past several decades [5]. The technological ad-
vances of gene transfer have been studied for the treat-
ment of NSCLC [6], as well as a variety of nonmalignant
pulmonary disorders, such as cystic fibrosis (CF) and al-
antitrypsin deficiency [5]. The flexible bronchoscope, be-
cause of its unique access to both large and small airways,
serves as an ideal instrument to deliver therapeutic genes
to the tracheobronchial tree. Currently, there are three
primary mechanisms for delivering gene transfer vectors
via the bronchoscope: (1) direct instillation of soluble
vector (bronchial, bronchoalveolar lavage); (2) aerosol-
ization of vector via specially designed spray catheters,
and (3) direct injection of vector via bronchoscopic nee-

dle [7].

Stent-Mediated Gene Delivery

Soluble gene transfer vectors can be delivered through
the working channel of a flexible bronchoscope via direct
instillation in a manner analogous to bronchial lavage,
facilitating focal gene delivery into a specific lobe or seg-
ment. After bronchoscopic instillation, however, viral
vectors preferentially distribute into the distal airways
and, therefore, may be best utilized in the treatment of
diffuse parenchymal lung diseases or widespread pulmo-
nary adenocarcinoma [8, 9].

For diseases of the respiratory epithelium, such as CF
or asthma, the more proximal conducting airways are the
targeted site and, therefore, direct bronchoscopic instil-
lation is not the ideal delivery method. Transbroncho-
scopic sprayer devices have been developed with the goal
of achieving more efficient delivery of viral vectors to the
conducting airways [10]. These sprayers, which are in-
troduced through the working channel of a flexible bron-
choscope, aerosolize the soluble vector into relatively
large particles (10-25 um). Solution particles of this size
preferentially deposit vectors to the large conducting air-
ways, thus minimizing distal delivery [11]. Although
vector aerosolization via nebulizers may offer a simple,
noninvasive means of gene delivery to the lung paren-
chyma, this process may adversely affect vector viability
(7, 12].

Unfortunately, intrapulmonary gene transfer via bron-
choscopic instillation of soluble vector has been quite in-
efficient, likely due to the innate defense mechanisms of
the tracheobronchial mucosa [7, 13]. Direct broncho-
scopic needle injection of therapeutic genes is one reason-
able approach for the treatment of accessible broncho-
genic malignancies with the advantage of bypassing air-
way mucosal defense mechanisms. Unfortunately, larger
endobronchial tumors may require multiple vector injec-
tions, increasing the risk of systemic dissemination. In
addition, direct intratumoral gene delivery is not optimal
due to rapid clearance of delivered genes from the target
tissues.

Previous studies have demonstrated that exposing the
surfaces of stainless steel endovascular stents to an aque-
ous solution of polyallylamine bisphosphonate (PAA-
BP) results in their chemical activation, thereby enabling
the attachment of viral vector-binding agents for local
gene delivery. In addition, members of our team previ-
ously demonstrated that this approach could be utilized
to deliver therapeutic genes to vascular endothelium for
prevention of in-stent restenosis [14]. In this study, our
goal was to assess whether similar methods of gene deliv-
ery would prove successful in benign and malignant tra-
cheobronchial epithelium.
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Material and Methods

Reagents

PAA-BP was synthesized for these studies by reacting vinyl
bisphosphonate with polyallylamine as previously described [14].
An anti-knob antibody specific for the adenovirus knob fiber pro-
tein was obtained from Selective Genetics (San Diego, Calif., USA).
All other reagents used were obtained from Sigma-Aldrich (St.
Louis, Mo., USA) as ACS reagent-grade compounds.

Coupling of Metallic Mesh Disks or Stents with Cy3-Labeled

Adenoviral Vectors and Estimation of Linkage Efficiency

Stainless steel mesh disks were reversibly tethered with either
adenoviral vectors containing the green fluorescent protein (Ad.
GFP) gene or the bacterial marker gene, LacZ (Ad.LacZ), as previ-
ously described [14]. Briefly, metallic surfaces were exposed to an
aqueous solution of PAA-BP as described elsewhere, with subse-
quent exhaustive rinse in distilled water [14]. This step was fol-
lowed by sulfhydryl-mediated attachment of a mouse anti-knob
antibody using SPDP. The metallic mesh disks were then incu-
bated in a saturating solution of 1 x 10'? particles/ml (1 x 107 pfu/
ml) of adenoviral vector. The efficacy and uniformity of steel sur-
face derivatization with anti-knob antibody was assessed by im-
munofluorescence using an FITC-labeled secondary anti-mouse
antibody (Vector Laboratories, Burlingame, Calif.,, USA). Addi-
tionally, Ad disposition on the mesh surface was visualized em-
ploying Cy3-labeled adenoviral vector using the methodology
previous published by our group [14]. The surface density of im-
mobilized adenoviruses (~2 x 10%/cm?) was determined previ-
ously by the depletion assay as the difference between the Cy3
fluorescent signal (540/580 nm) elicited from nondepleted and
metal sample-depleted virus suspensions normalized by the spe-
cific fluorescence of labeled adenovirus [14]. This immobilization
density corresponds to 1.5 x 10 vector particles (1.5 x 107 pfu)
per mesh.

Transduction of Tumor Cell Lines in vitro Using Mesh Metallic

Disks with Tethered Gene Vectors

Two NSCLC cell lines, either derived from human (A549 ob-
tained from ATCC) or mouse (L1C2 obtained from Steven Dubi-
nett, MD, University of California, Los Angeles), were used for in
vitro mesh experiments. Cells were maintained in DMEM medium
with 10% fetal bovine serum, 100 units/ml penicillin G, 100 pg/ml
streptomycin and 2 mM glutamine. The Cy3Ad.GFP-tethered
mesh disks were placed directly onto the cell monolayer in 24-well
plates. The equivalent amounts of free-soluble Cy3Ad.GFP (1.5 x
10® particles) were added to different wells on the same plates. The
cultures were examined by fluorescence microscopy (Leica DC
500) and by well-scan fluorimetry (Gemini Max EM) for the inten-
sity and spatial distribution of GFP signal 20 h following the ini-
tiation of transduction.

Transduction of Murine Flank Tumors with Mesh-Mediated

Delivery of Adenoviral Vector

L1C2 tumor cells, grown in vitro, were trypsinized during their
logarithmic growth phase, resuspended to 5 x 10° cells/100 ul in
DMEM without FBS and injected subcutaneously into the right
flank of syngeneic Balb/C mice in order to establish flank tumors.
When the average tumor volume achieved approximately 125-250
mm>, metallic mesh disks, tethered with either Ad.LacZ or
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Ad.INF-p, were surgically implanted underneath the abdominal
musculature in direct contact with the flank tumor [15, 16]. This
procedure was performed using standard surgical techniques un-
der sterile conditions after mice had been anesthetized using a
mixture of xylocaine and ketamine administered intraperitoneally.
Tumor growth was assessed serially over time using standard cali-
pers. Additionally, in order to assess tumor cell transduction, mice
were sacrificed 48 h after mesh disk implantation and the flank
tumors were resected. Adherent mesh disks were removed and the
tumorswereflashfrozen,sectioned and stained with p-galactosidase
(B-gal). For comparison, established flank tumors were treated
with the usual manner of adenoviral vector delivery — intratumor-
al injection with Ad.LacZ. A 100-ul solution containing 1 x 10'°
particles/ml of Ad.LacZ (total vector amount 1 x 107 viral parti-
cles) was directly injected into ~250 mm? flank tumors. These
mice were also sacrificed at 48 h and the tumors were resected,
sectioned and stained with P-gal. Visual comparison of staining
was made by light microscopy.

In vivo Rat Model of Endobronchial Stent-Mediated Marker

Gene Delivery

Fisher 344 rats were anesthetized with xylocaine and ketamine
mixture and placed in the supine position. Using standard surgical
techniques, a 1.0- to 1.5-cm incision was made through the skin
and the trachea was exposed after dissection of the subcutaneous
tissues. A 3-0 silk suture was placed behind the trachea to give
counter tension during stent deployment. A small transverse inci-
sion was made between two tracheal rings approximately 5-8 rings
below the larynx. An 8-mm stainless steel endovascular stent (Bos-
ton Scientific Corporation, Natick, Mass., USA) tethered with
Ad.LacZ was loaded onto a balloon deployment catheter that was
advanced through the incision into the mid-trachea. The balloon
was inflated to 8 atm for 15 s to facilitate stent deployment. Fol-
lowing removal of the deployment catheter, the trachea was closed
with two interrupted 5-0 silk sutures.

In vivo Model of Endobronchial Stent-Mediated Therapeutic

Gene Delivery in Tumor-Bearing Rats

A similar technique for rat tracheal stent placement was uti-
lized in a pilot experiment involving the insertion of stainless steel
stents coupled with therapeutic transgenes. A rat model of trache-
al tumor was created by injection of 2 x 10° cells of the II-45 me-
sothelioma cell line syngeneic for the Fisher 344 rat [17]. As dem-
onstrated in figure 5, local injection of these cells resulted in tumor
growth within the trachea similar to that of human tumors, with
invasion beyond the tracheal cartilages and airway obstruction re-
sulting in death in the preponderance of animals. We were able to
insert uncoupled stainless steel stents through the transtracheal
approach described above in tumor-bearing animals. In addition,
we tethered a recombinant adenovirus carrying the rat IFN-p gene
(Ad.ratIFN-f; BiogenIDEC, San Diego, Calif., USA) to stainless
steel stents (~10° physical viral particles per stent), and then in-
serted these ‘therapeutic’ stents transtracheally into tumor-bearing
animals (fig. 5).

Ex vivo Gene Delivery to Human Bronchial Epithelium

Distal fifth-to-seventh generation human airways with an inter-
nal diameter of approximately 6-10 mm were obtained from surgi-
cal specimens by sterile dissection from surrounding lung tissue.
The explanted bronchus was placed into DMEM with 10% FBS

Kruklitis/Fishbein/Singhal/Kapoor/Levy/
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Fig. 1. a Representative fluorescence photomicrographs of NSCLC
cells (A549) treated with 1.5 x 10% particles of Cy3AdGEFP either
immobilized on stainless steel mesh disks via anti-knob antibody
(i), or mock-immobilized to control meshes formulated without
anti-knob antibody (ii), or 1.5 x 10® particles of free-soluble
Cy3AdGFP (iii). Original magnification x40. b Three-dimension-
al reconstruction (MathCad software) of GFP expression profiles

within 30 min from surgical excision. Ad.LacZ-tethered stents were
deployed into the explanted bronchi and then were subsequently
incubated for 24 h at 37°C. Stented bronchi were removed from the
media, washed with PBS, fixed and stained with B-gal. After stain-
ing, alongitudinal incision along the explanted bronchus was made
to remove the stent and visualize the bronchial epithelium.

Statistical Analysis

Tumor volumes are expressed as the mean tumor volume +
SEM. We analyzed differences using the Student t test. Kaplan-
Meier survival was calculated from the date of tumor implant. The
Mantel-Cox log-rank test was used to compare survival curves. A
p value <0.05 was considered to represent statistical significance
for all tests.

Results

In vitro Transduction of Lung Cancer Cells from

Viral-Coated Metallic Mesh

Palliative relief of obstruction in the tracheobronchial
tree, caused by either endobronchial tumor or extrinsic
compression by parabronchial tumors, is the most com-
mon reason for deploying endobronchial stents. Even in
the clinical setting of malignant extrinsic airway obstruc-

Stent-Mediated Gene Delivery

in the wells treated with Ad-INOS immobilized on stainless steel
mesh disks via anti-knob antibody (i), mock-immobilized to con-
trol meshes (ii), or with equal amount of free-soluble Cy3AdGFP
(iii). Z-axis values correspond to GFP fluorescence data (excitation
485 nm/emission 515 nm) assessed separately in 68 individually
scanned areas per well.

tion, there is frequently endoluminal extension of the
neoplastic process. As a result, tracheobronchial stents
often come into direct contact with tumor.

In order to determine if adenoviral gene delivery to
airway epithelium could be achieved with stents, we de-
veloped an in vitro model system using small metallic
mesh disks as a flat equivalent to endoluminal stents.
Utilizing the anti-knob monoclonal antibody-tethering
technology, but with bare metal attachment using PAA-
BP rather than via coating, we were able to achieve uni-
form and abundant tethering of the Cy3-labeled adeno-
viral vector to the metal struts of the mesh disks (data not
shown). Using this system, we initially aimed to deter-
mine whether Ad.GFP-tethered mesh disks could trans-
duce NSCLC cell lines in vitro. The transduction was as-
sessed by fluorescence microscopy and quantified by live
cell fluorimetry. The human NSCLC cell line A549 was
successfully transduced in vitro via mesh-mediated de-
livery of Ad.GFP (fig. 1a, b). Cells in direct contact with
the metal disk struts were most effectively transduced. In
contrast, there was minimal transduction of the cells that
were not in direct contact with the metallic struts of the
disk. This spatial pattern of transduction reflects the
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Fig. 2. Representative sections of flank tumor stained with pB-gal.
Flank tumors were treated with either mesh disks alone (a) or
mesh disks immobilized with Ad.LacZ (b) that were surgically im-

tight immobilization of mesh-associated vector with vir-
tually no diffusion of transgene across the cell culture.
Essentially no GFP expression was observed when the
mesh disks were not coupled with anti-knob antibody
prior to incubation with adenoviral vector (control
mesh), excluding a nonspecific interaction between ad-
enoviruses and disks as the significant mechanism re-
sponsible for vector immobilization. Free-soluble Ad.
GFP was administered to the cell culture in the amount
equivalent to the mesh-tethered vector. This yielded
8-fold lower GFP expression levels (p < 0.01). Moreover,
since GFP expression from free-soluble Ad.GFP was uni-
formly distributed throughout the wells, the apparent
8.5-fold increase of total GFP expression underestimates
the localized transduction efficacy of immobilized vec-
tor. Next, we individually scanned and interrogated each
section of the well, specifically the highest expressing re-
gions. We observed 67-fold higher transgene levels in
cells treated by the mesh-tethered adenoviral vectors
(fig. 1b). Qualitatively similar results were obtained for
the murine NSCLC cell line L1C2 (data not shown).

Transduction of Established NSCLC Tumors with

Mesh-Mediated Gene Delivery

Having demonstrated successful in vitro transduction
of NSCLC cell lines, we proceeded to determine if mesh-
mediated gene delivery could be achieved in established
tumors. Mesh disks tethered with Ad.LacZ were surgi-
cally implanted adjacent to L1C2 tumors, approximately
250 mm?®, grown on the flank of immunocompetent
Balb/C mice (n = 5). Transduction was allowed to occur
over 48 h, at which point the mice were sacrificed and tu-
mors harvested. Sectioned tumors demonstrated signifi-
cant P-gal staining, indicating that established tumors

410 Respiration 2014;88:406-417
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planted immediately adjacent to established L1C2 flank tumors.
Alternatively, soluble Ad.LacZ was directly injected IT (¢) into
similar tumors.

could be effectively transduced with this technique, and
appeared superior to intratumoral Ad.LacZ injection
(fig. 2a, ¢). Tumor sections obtained at sites distant from
the mesh disk did not demonstrate -gal staining (data
not shown). Furthermore, no p-gal staining was observed
with untethered control mesh disks (fig. 2b).

Murine flank tumors are a common model system to
study the effects of various therapeutic interventions on
tumor growth. The standard method of therapeutic vec-
tor administration is via direct intratumoral injection. In
order to compare mesh disk-mediated gene delivery to
the standard delivery, we injected flank tumors with
Ad.LacZ in the usual manner. Tumor cells were success-
fully transduced with direct intratumoral injection
(fig. 2¢). Interestingly, upon sectioning, p-gal staining
was present in a linear pattern throughout the tumor,
likely representing the deposition of virus along the nee-
dle tract with subsequent transduction of surrounding
cells. Although difficult to quantitate, mesh disk-mediat-
ed gene delivery appears to be at least as effective as direct
intratumoral injection given the similar amount of B-gal
staining using both delivery methods.

A Model for Mesh-Mediated Delivery of Therapeutic

Genes to Established Flank Tumors

Previously, we have shown direct intratumoral injec-
tion of Ad.INF- to be effective in slowing the growth of
established flank tumors [17]. To assess whether thera-
peutic genes could be delivered to established flank tu-
mors using this methodology, Ad.INF-f was coupled di-
rectly to metallic mesh disks. Disks coupled with Ad.
INF-p, or Ad.LacZ as a control virus, were surgically im-
planted adjacent to established flank tumors (n = 5 in
each group). Once the tumors reached 125-150 mm?, vi-

Kruklitis/Fishbein/Singhal/Kapoor/Levy/
Sterman



rus-impregnated mesh disks were implanted into the
flanks alongside the tumors. In this pilot experiment,
mesh disks coupled with Ad.INF-p appeared to slow tu-
mor growth over time as compared to control mesh disks
(fig. 3a,b).

Within 12 days following mesh implantation, mean
tumor volume was markedly decreased in the Ad.INF-p-
mesh group compared to the Ad.LacZ-mesh group (290
Vs, 636 mm’, p = 0.11), although the difference did not
reach statistical significance. The growth of untreated tu-
mors was equivalent to tumors treated with control
Ad.LacZ-coupled mesh disks (data not shown).

A Rat Model for Tracheobronchial Stent Placement

and Maintenance

In an attempt to approximate actual clinical scenarios,
we next evaluated epithelial gene transfer using metallic
stents deployed endoluminally in the tracheobronchial
tree of live animals. We developed a model in which 1.5-
mm bare metal stents designed for insertion into human
coronary arteries (Boston Scientific Corporation, Natick,
Mass., USA) were deployed into rat tracheas via a small
transverse airway incision. Using this procedure, peripro-
cedural deaths were uncommon and most often resulted
from tracheal rupture due to improper stent deployment.
With proper positioning, the majority of rats (n = 14,
>90% survival) remained alive for >15 days. There was no
observed evidence of respiratory distress, stridor, wheez-
ing or tachypnea in the postprocedure period. One rat
died of unknown causes 3 days after stent placement.

Transduction of Tracheal Epithelium and Submucosal

Glands Using Stent-Mediated Delivery of Ad.LacZ

Endovascular stents coupled with Ad.LacZ were de-
ployed into the mid-trachea of Fisher 344 rats. Forty-
eight hours after stent deployment, the rats were sacri-
ficed and their tracheas harvested (fig. 4) and stained with
B-gal. Staining with p-gal was readily apparent on the rat
trachea, indicative of successful transduction of the tra-
cheal epithelium by the adenoviral vector. On the epithe-
lial surface, B-gal staining was most prominent in linear
streaks that most likely represent the areas where the met-
al struts were in close contact with the trachea (fig. 4b). In
contrast, there was no apparent p-gal staining when con-
trol stents, which lacked anti-knob antibody and thus
were unable to couple Ad.LacZ, were utilized (fig. 4c, d).
Similarly, unstented tracheas and tracheas stented with
bare metal stents did not demonstrate 3-gal staining (data
not shown). Microscopic examination of the stained and
sectioned trachea demonstrated superficial, heteroge-

Stent-Mediated Gene Delivery

700 91 —¢— Mesh-Ad.LacZ
600 - —— MESh-AdJNF-B

500 ~
400 4

300 4

Tumor volume

200 -

100

Days

Fig. 3. L1C2 flank tumors were established in syngeneic Balb/C
mice (n =5 per treatment arm). Tumors were allowed to grow un-
treated until the mean tumor volume reached 100-125 mm?®. Mesh
disks, tethered to either Ad.LacZ control virus, or to Ad.INF-f
therapeutic virus (~2 x 10e7 viral particles of each vector), were
surgically implanted immediately adjacent to the tumor. The tu-
mor volume was followed serially with time.

neous staining of the tracheal epithelium in each section
observed (fig. 5a).

Similar to the pattern observed with the mesh disks,
areas between the metal struts of the stent did not appear
to be transduced, as there was no P-gal staining present
in these areas. Interestingly, in some sections, tissue trans-
duction appeared to penetrate beyond the tracheal epi-
thelium as demonstrated by submucosal gland staining
(fig. 5b, ¢). Although only a few submucosal glands
stained intensely with PB-gal, approximately 25-50% of
submucosal glands had some detectable B-gal staining,
indicating a certain degree of successful subepithelial
transduction.

Ex vivo Transduction of Human Bronchi Using

Stent-Mediated Delivery of Ad.LacZ

Ultimately, the clinical application of stent-mediated
gene delivery technology in pulmonary diseases would
necessitate the delivery of therapeutic vectors to the hu-
man tracheobronchial tree. Therefore, we postulated that
human bronchial epithelium could be transduced ex vivo
using this technique. Fifth-to-seventh generation human
bronchi, with diameters of approximately 6-10 mm, were
isolated from explanted human lung specimens obtained
at the time of lung transplantation under an IRB-ap-
proved protocol for assessment of explanted tissues.
Ad.LacZ-coupled stents were deployed into the explanted

Respiration 2014;88:406-417 411
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Stent-Ad.LacZ

B-Gal
staining

Control stents

Fig. 4. Stents immobilized with Ad.LacZ (a, b) and noncomplexed
stents (¢, d) were deployed into rat tracheas and allowed to remain
in place for 48 h. Harvested tracheas, stained with B-gal substrate,
were opened longitudinally (b). Streaks of p-gal activity corre-

bronchi and then these bronchial explants were placed
directly into cell culture medium. After 24 h, the stented
bronchi were fixed and stained to assess for transduction.
Similar to our findings in the rat trachea, visible linear
B-gal staining was clearly evident on the bronchial epithe-
lium (data not shown). Additionally, a fine transparent
biofilm that coated the stent after removal also showed
speckled p-gal staining.

Development of an Endotracheal Rat Tumor Model

We wished to develop a syngeneic intratracheal tumor
model in immunocompetent rats such that we could be-
gin to assess the efficacy of stent-mediated gene delivery.
II-45 tumor cells, a mesothelioma cell line [17], were in-
troduced intratracheally into immunocompetent Fisher
344 rats in order to develop endotracheal tumors (fig. 6a,
b). The majority of rats (n = 12, >90%) died between 7 and
12 days following tumor instillation. Necropsy revealed
endotracheal tumors with tracheal obstruction as the pu-
tative cause of death. Study rats rarely demonstrated
long-term survival (<10% with >20 day survival) without
evidence of endotracheal tumor formation.

412 Respiration 2014;88:406-417
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sponding to Ad.LacZ expression are seen in a and b in patterns
consistent with the contact of stent struts to the tracheal mucosa.
No B-gal activity was noted in sections of trachea in contact with
noncomplexed stents.

In vivo Model of Endobronchial Stent-Mediated

Therapeutic Gene Delivery in Tumor-Bearing Rats

We then conducted a small pilot experiment in Fisher
344 rats utilizing the syngeneic intratracheal II-45 tumor
model. Four days following the intratracheal tumor cell in-
jection, we deployed either control Ad.LacZ-tethered
stents (n =5) or stents tethered to Ad.ratIFN- (n=5). Rats
were followed for survival in comparison with rats with
untreated (no stent placed) intratracheal tumors (n = 5).
Placement of control stents resulted in a small improve-
ment in survival. There was a further trend towards in-
creased survival in rats treated with stents coupled with
therapeutic AA.INF-p (fig. 7), although this improvement
in survival was not statistically significant (data not shown).

Discussion

Over the last several decades, a series of investigations
have been conducted with the goal of advancing treat-
ment of various benign and malignant respiratory disor-
ders with endobronchial gene transfer [5, 6]. In summary,
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Fig. 5. The (-gal substrate-stained rat tracheas depicted in figure 4
were flash frozen and sectioned for light microscopy. Microscopic
examination demonstrated superficial, heterogeneous staining of

Fig. 6. Endotracheal II-45 tumors were established into rat tra-
cheas and allowed to grow for 5 days before harvest. a A dissected
photograph of gross rat trachea with endotracheal 11-45 tumor,

these studies have demonstrated reasonable degrees of
safety and some degree of evidence of target cell transgene
expression, but with demonstrable intrapulmonary in-
flammatory responses, and minimal overall clinical ben-
efits [9-13, 18-22]. The latter likely reflects inefficient

Stent-Mediated Gene Delivery

the tracheal epithelium (a); in some sections (b, ¢), tissue transduc-
tion appeared to penetrate beyond the tracheal epithelium into
subjacent submucosal glands.

Trachea

Extrinsic tumor

Endobronchial tumor

partially obstructing the airway lumen. Suture at the insertion site
is visible in the lower right portion of the image. b Endotracheal
tumors were then flash frozen and stained with HE.

gene delivery and target cell transduction of in the tra-
cheobronchial tree. It is evident that the natural protec-
tive mechanisms of mucociliary clearance and mucin
production in the tracheobronchial tree provide obstacles
to the delivery of desired therapeutic vectors. Conse-
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Fig. 7. Rats with endotracheal tumors were either treated with
stents tethered to Ad.LacZ control virus (green line) or Ad.INF-p
therapeutic virus (red line). Control rats without endotracheal tu-
mors were treated with noncomplexed bare metal stents (blue
line). An additional group of rats receiving intratracheal I1-45 tu-
mor but no stent had the shortest survival, with 100% of animals
in this group dead by day 14 (black line). There was a trend towards
longer survival in the stent-INF-p cohort, but the numbers of ani-
mals were too small to determine statistical significance.

quently, the development of vectors or gene delivery tech-
nology that could overcome these barriers may improve
the efficiency and broaden the application of therapeutic
intrabronchial gene delivery.

We have demonstrated here the ability to use a novel
tethering technique to attach adenoviral vectors to bare
metal surfaces using either mesh disks or endovascular
stents. The mesh disks were capable of effectively trans-
ducing NSCLC cell lines in vitro, particularly when com-
pared to transduction achieved with soluble virus. In vivo
deployment of adenoviral-tethered stents in rat tracheas
resulted in significant reporter gene expression in not
only the epithelium, but also in the submucosal glands as
well. Finally, we observed this same pattern of epithelial
staining in ex vivo normal human bronchi.

The superior transduction ability of stent-mediated
gene delivery as compared to soluble delivery (at least in
vitro) is likely multifactorial. Firstly is the prolonged
physical contact of the metallic stent struts — coupled to
therapeutic Ad vectors — with the target bronchial epithe-
lial cells. This prolonged contact time increased the de-
gree of in vitro viral transduction when compared to sol-
uble vector, and would likely prove superior in the clinical
setting to viral transduction resulting from bronchoscop-
ic instillation and/or aerosol delivery. Secondly, immobi-
lized adenovirus may prove less immunogenic in vivo,
with decreased Ad vector accessibility to immune effector
cells and/or neutralization by antiadenoviral antibodies.
Thirdly, mechanical forces applied to the bronchial epi-
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thelium by the expanded metallic stent structure may al-
ter the bronchial epithelium by disrupting tight junctions
or altering cell adhesion molecules or adenoviral receptor
expression, making the bronchial epithelium, and per-
haps subepithelial cellular structures, more conducive to
transduction. Finally, the classical paradigm of Ad cell
entry implies involvement of 2 receptor systems: coxsack-
ie adenovirus receptor (CAR) and integrin receptors.
High-affinity CAR-knob interaction serves to dock ade-
novirus near the cell surface to provide an internalization
event triggered by the low-affinity interaction between
ayPs/5 integrins and penton base of Ad. To this end, viral
immobilization by approximating the vector to target
cells obviates the dependence of transduction on apical
CAR and a,f; integrin expression in normal and malig-
nant bronchial epithelia [23].

Although we demonstrated stent-mediated marker
gene expression in the in vivo rat tracheal model and the
ex vivo human bronchus model, the amount of marker
gene expression in the bronchial epithelium was relative-
ly low, particularly compared with the data from the in
vitro experiments with mesh disks. There were several
limitations to this technique, including poor apposition
between the stents and the bronchial epithelium given the
fact that the coronary stents were neither designed nor
sized for insertion in the tracheobronchial epithelium in
this ex vivo experiment. One would ultimately expect bet-
ter tissue contact, and thereby improved transgene ex-
pression, with appropriately sized tracheobronchial
stents tethered to marker and/or therapeutic genes. An
additional limitation was the questionable ex vivo sur-
vival of epithelial cells in explanted human bronchi.
Apoptotic epithelial cell death postexplantation would
certainly result in decreased efficiency of adenoviral-me-
diated transgene expression, regardless of the mode of
transgene delivery. Finally, the GFP reporter utilized in
our in vitro experiments is at least an order of magnitude
more sensitive than the LacZ reporter employed in vivo.
Therefore, the extent of transduction in the flank tumors
as well as in tracheal and bronchial tissue may be under-
estimated in our in vivo experiments.

Of particular interest is the ability of stent-mediated
gene delivery to transduce submucosal glands. Transduc-
tion of submucosal glands using aerosolized delivery of
vectors has proven to be inefficient. Effective transduc-
tion of the submucosal glands may be important for suc-
cessful treatment of airway disorders such as CF. Since we
utilized replication-incompetent adenoviral vectors,
bronchial epithelium injury and/or temporary denuda-
tion at the site of the stent placement must have permitted
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adenoviral access to the submucosal glands. Alternative-
ly, the physical presence of the metallic stent abutting the
bronchial epithelium with resultant distortion and dis-
ruption of apical tight junctions between epithelial cells
may have contributed to subepithelial transduction.

An extremely important attribute of the described
stent-mediated gene delivery system is the tight spatial
control of the gene expression observed both in vitro and
in vivo. Although less stringent vector adherence allow-
ing for local spread of recombinant vector might prove
beneficial, contrastingly adenoviral stent conjugation
may offer major advances from a safety standpoint for
intrapulmonary gene delivery. Both aerosolized delivery
and direct bronchoscopic instillation result in significant
distal airway and alveolar vector deposition. This diffuse,
peripheral distribution of vector carries the potential for
inducing severe inflammatory responses, possibly result-
ing in acute lung injury [18].

Other Indications for Stent-Mediated Gene Transfer

in the Tracheobronchial Tree

Unfortunately, the deployment of endobronchial
stents is limited at the current time to the central airways
(trachea, main stem bronchi, bronchus intermedius,
some lobar bronchi), therefore limiting the value of this
delivery method in diffuse pulmonary disease such as CF,
al-antitrypsin deficiency, COPD or asthma. There may,
however, prove to be a benefit of achieving high levels of
wild-type (wt) CFTR expression in the central airways of
patients with CF, specifically in terms of alteration of the
disease phenotype, even in the absence of more diffuse
tracheobronchial expression of wtCFTR.

Stent-mediated gene delivery could prove beneficial in
the treatment of aerodigestive tract fistulae, tracheobron-
chial malacia, or even to decrease the risk of rejection in
lung transplantation. The most likely future indication
for stent-mediated gene delivery, however, would be for
treatment of localized abnormalities of the large airways,
such as seen with obstructing NSCLC lesions. Patients
with these lesions would putatively derive dual benefit
from stent-mediated gene delivery - palliative improve-
ment in airway patency with stent deployment in addi-
tion to the antitumor effects of high-level local expression
of therapeutic genes, altering the host antitumor immune
response, replacing deleted or mutated tumor suppressor
genes, or inhibiting overexpressed genes.

One major downside of this approach to transduction
of the tracheobronchial epithelium would be the presence
of a metallic foreign body in the central airways of pa-
tients with potentially marginal underlying lung func-

Stent-Mediated Gene Delivery

tion, with all the attendant stent-related complications
well documented in patients undergoing self-expandable
metallic stent placement for benign or malignant airway
disease. These potential complications include stent mi-
gration, fracture, airway perforation, mucoid impaction
and, most seriously, the development of obstructing
granulation tissue. For these reasons, stent-mediated
gene delivery would likely initially be limited to patients
with advanced lung cancer, who would otherwise have a
limited lifespan in which to experience stent-related com-
plications. Other options would be to conjugate adenovi-
ral (or other vector types) to silicone or composite stents
that would be readily removable at short time intervals
after insertion, allowing for an appropriate time period
for maximal transduction of the underlying epithelium.
Ultimately, bioabsorbable stents would prove ideal for
stable and high-level gene delivery to the tracheobron-
chial mucosa [24-26].

The tremendous potential of stent-mediated (or mesh
disk-mediated) delivery of therapeutic genes to tumors is
illustrated by the murine flank and rat tracheal in vivo
experiments described above. Mesh-mediated intratu-
moral delivery of the murine ITFN- gene carried by the
conjugated recombinant Ad vector significantly en-
hanced antitumor efficacy compared to direct intratu-
moral (IT) injection of Ad.muIlFN-p. The limitations of
IT gene delivery in clinical trials, including the need for
repeated injection and risk of systemic dissemination of
vector, may be obviated by clinical implementation of IT
implantation of gene-coated disks, with advantages simi-
lar to carmustine wafers for peritumoral chemotherapy
delivery in brain tumors [27].

One additional concern regarding the use of viral vec-
tors, and adenoviruses in particular, for intrapulmonary
gene delivery is the documented association of these con-
structs with humoral and cellular immune responses, as
well as cytokine release syndrome, when utilized in a va-
riety of human clinical trials. In fact, our group has a sig-
nificant clinical experience with intrathoracic delivery of
recombinant adenoviruses in a series of phase [ and phase
II clinical trials for mesothelioma and malignant pleural
effusions dating back to 1995 [5, 6]. We have routinely
seen fevers starting within 4-6 h of intrapleural infusion
of adenoviral vector, persisting in an intermittent fashion
over the ensuing 12-36 h. These are generally well toler-
ated, palliated with antipyretics, and rarely accompanied
by more serious aspects of the cytokine release syndrome,
such as hypotension and hypoxemia.

Bronchoscopic delivery of recombinant adenoviruses,
primarily in phase I clinical trials of delivery of the
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wtCFTR gene in patients with CF, has been associated
with inflammatory pneumonitis and hypoxia [18-20].
This has been theorized to be secondary to passage of the
adenoviral vector into the alveolar compartment of the
lung parenchyma, where interaction of the viral vector
with intra-alveolar macrophages is the major factor in the
induction of the inflammatory response. It is unlikely that
stent-mediated adenoviral gene delivery to the epitheli-
um of the central airways (trachea/main stem bronchi)
would result in sufficient leakage of vector into the lung
parenchyma to cause an inflammatory response. There
may be some localized airway inflammation secondary to
humoral and cellular responses to the adenoviral vector
complexed to the metallic stent, but this would be un-
likely to cause airway obstruction given the presence of
the stent to maintain patency. Our group does have expe-
rience with the use of nonviral vectors for stent-mediated
gene delivery in cell culture [28], and these may be worth-
while studying in our preclinical rat model of syngeneic
intratracheal tumor in the future.

The syngeneic rat tracheal tumor experiment, albeit
highly preliminary, and with few animals in each treat-
ment group, is highly provocative in that it suggests that

stents complexed with therapeutic genes can improve sur-
vival compared with stent insertion alone. Airway stent-
ing using control stents seemingly had a limited effect on
survival. At necropsy we found endotracheal tumor oc-
cluding the trachea adjacent to both the proximal and dis-
tal ends of the stent. Additionally, we expect tumor growth
between the struts of these uncovered stents. It is therefore
possible that covered stents and stents that completely
span the length of endotracheal tumor and/or more ade-
quately fit target airway dimensions with circumferential
mucosal apposition might have a more significant effect
on rat survival. With this model we could more effective-
ly assess the effects of stent-delivered gene therapy.

In theory, a patient with advanced NSCLC involving
the central airway, but who also had distant metastases,
could undergo stent-mediated delivery of IFN-( (or oth-
er immunostimulatory genes) and have palliative im-
provement in central airway patency, reduction in local
tumor burden, as well as responses at distant tumor sites.
In combination with current chemotherapy and radia-
tion therapy, the ability to deliver therapeutic genes in a
focal and targeted fashion may ultimately improve out-
comes in this devastating disease.
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Erratum

The authors of the article entitled ‘Stent-mediated gene delivery for site-specific transgene
administration to the airway epithelium and management of tracheobronchial tumors’
[Respiration 2014;88:406-417, DOT: 10.1159/000368164] wish to publish the following
correction.

On page 406 the name of an author, Dr. Ivan S. Alferiev, is missing. The correct author
list should be as follows:

Robert J. Kruklitis® Tlia Fishbein® Sunil Singhal® Veena Kapoor® Robert]. Levy®
Ivan S. Alferiev® Daniel H. Sterman?

*Section of Interventional Pulmonology and Thoracic Oncology, Pulmonary, Allergy and
Critical Care Division, University of Pennsylvania Medical Center, and "Division of Pe-
diatric Cardiology, Children’s Hospital of Philadelphia, Philadelphia, Pa., and “Division
of Pulmonary and Critical Care, Lehigh Valley Health Network, Allentown, Pa., USA
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