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Lentiviral Vector Gene Transfer to Porcine Airways
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In this study, we investigated lentiviral vector development and transduction efficiencies in well-differentiated primary
cultures of pig airway epithelia (PAE) and wild-type pigs in vivo. We noted gene transfer efficiencies similar to that observed
for human airway epithelia (HAE). Interestingly, feline immunodeficiency virus (FIV)-based vectors transduced immortalized
pig cells as well as pig primary cells more efficiently than HIV-1-based vectors. PAE express TRIM5a., a well-characterized
species-specific lentiviral restriction factor. We contrasted the restrictive properties of porcine TRIM5¢ against FIV- and
HIV-based vectors using gain and loss of function approaches. We observed no effect on HIV-1 or FIV conferred transgene
expression in response to porcine TRIM5c overexpression or knockdown. To evaluate the ability of GP64-FIV to transduce
porcine airways in vivo, we delivered vector expressing mCherry to the tracheal lobe of the lung and the ethmoid sinus

of 4-week-old pigs. One week later, epithelial cells expressing mCherry were readily detected. Our findings indicate that
pseudotyped FIV vectors confer similar tropisms in porcine epithelia as observed in human HAE and provide further support
for the selection of GP64 as an appropriate envelope pseudotype for future preclinical gene therapy studies in the porcine

model of cystic fibrosis (CF).
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Introduction

Mice with null CFTR mutations'™ or specific disease-asso-
ciated CFTR mutations®” have provided many insights into
cystic fibrosis (CF) disease; however, they do not recapitulate
several aspects of the lung disease pathogenesis. The recent
development of alternative CF animal models®'° provides a
new resource for preclinical therapeutic studies. Importantly,
the CF pig exhibits many similarities to CF in humans includ-
ing multiorgan system involvement (sinus, lung, pancreas,
intestine, liver) and the presence of an airway mucosal host
defense defect at birth.>'

The cell types comprising the conducting airway epithelium
in pigs and humans are similar, and notably lack the ~50%
bronchiolar exocrine cells typical of mice. The pig bronchial
epithelium is pseudostratified and contains ciliated, basal,
and goblet cells, and abundant submucosal glands (reviewed
in ref. 12). Importantly, the distribution of submucosal glands
in the conducting airways and the CFTR-dependent and
-independent secretion of liquid and macromolecules is simi-
lar to human submucosal glands.'®'¢ Thus, pig airway cell
composition is much more akin to human airways than are
those of mice.

In addition to anatomy and physiology, the cell biology
of humans is likely to be more similar to pigs than mice
(reviewed in ref. 12). Indeed, some cellular restriction factors

of lentiviral vectors may not be present in mice, but can limit
gene transfer to pigs or humans. For example, murine cells
do not express a restricting TRIM5c. and are permissive to
both HIV and feline immunodeficiency virus (FIV)."” Similar
to primate variants of TRIM5a., ungulate variants can restrict
retroviral transduction.'® The predicted protein sequence
of porcine TRIM5a is phylogenetically close to the broadly
restrictive bovine TRIM5a. protein,'® suggesting that porcine
TRIM50. may also be broadly restrictive. For gene therapy to
be successful, there is a need to match the optimal choice of
viral vector to the appropriate preclinical model.

Optimizing vector design for gene transfer to the airways
is an important current focus for CF therapeutic development
(reviewed in refs. 20,21). Here, we report engineering a lenti-
viral vector system for improved efficacy in the wild-type por-
cine airways. These results have implications for pulmonary
therapeutic applications and will help shape the design for
viral vector correction studies in the recently developed pig
CF model.®

Results

Comparison of primate and non-primate lentiviral vectors
in porcine cells

Species-specific host cell restriction factors are known barri-
ers for viral vector transduction. Porcine cells are not widely
used for lentiviral gene transfer studies and little effort has
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been put forth optimizing or comparing viral vector transduc-
tion efficacy in this animal model. We generated matched
vesicular stomatitis virus G protein (VSVG)-pseudotyped FIV
and HIV-based vectors expressing enhanced green fluores-
cent protein (GFP) driven by the cytomegalovirus promoter
(Figure 1a). In addition, these self-inactivating vectors con-
tain the wPRE and cPPT elements.?2 Murine leukemia viruses
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Figure 1 Transduction patterns of HIV- and FIV-based vectors.
(@) Schematics of FIV and HIV transgene vectors expressing GFP are
shown. *Packaging signal. (b) VSVG-pseudotyped HIV, FIV, N-MLV,
and B-MLV expressing GFP were applied to human (HelLa), cow
(MDBK), or pig (PK1) cell lines atan MOl = 0.5, 1, and 5 to examine
transduction efficiency. Pig primary airway epithelia (PAE) were
transduced with MOI = 5 and 20. GFP-positive cells were counted
4 days post-transduction by FACS. n= 4. (c) HIV-1 or FIV lentiviral
vectors were applied at the same MOI to four airway-derived cell
lines and the Hel a cervical adenocarcinoma cell line. Transduction
efficiencies were measured by FACS analysis of GFP-positive cells
and data normalized to HIV-1 efficiency. Data are presented as the
mean + SE, n = 6. B-MLV, B-tropic murine leukemia virus; CMV,
cytomegalovirus; eGFP, enhanced green fluorescent protein; FACS,
fluorescence-activated cell sorting; FIV, feline immunodeficiency
virus; MOI, multiplicity of infection; N-MLV, N-tropic murine leukemia
virus; VSVG, vesicular stomatitis virus G protein.
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(MLVs) are subtyped as N-tropic (N-MLV) or B-tropic (B-MLV)
according to their infectivity in certain strains of mice. Impor-
tantly, N-MLV infection is consistently restricted by Trim5a
from mammalian species whereas B-MLYV is resistant to the
Trim5o. restriction.’®2® As such, N-MLV and B-MLV vectors
expressing GFP serve as controls for Trim5a. restriction. We
transduced human cervical (HelLa), bovine kidney (MDBK),
and porcine kidney epithelia cells (PK1) with FIV, HIV, N-MLYV,
and B-MLV at multiplicity of infection (MOIs) ranging from 0.5
to 5 (Figure 1b). FIV- and HIV-based vectors transduced
Hela cells with similar efficacy and, consistent with previous
observations,' both had restricted expression in MDBK cells.
Interestingly, FIV transduced PK1 cells approximately tenfold
better than HIV across all MOls tested. No restriction of FIV
was apparent in PK1 cells compared with B-MLV, which typi-
cally displayed higher levels of transduction in most cell types
tested, including airway cell lines (data not shown) and HelLa
cells (Figure 1b). We next contrasted the lentiviral transduc-
tion patterns in well-differentiated primary cultures of porcine
airway epithelia (PAE). PAEs derived from wild-type pig tra-
chea were transduced with N-MLV, B-MLV, FIV, or HIV-1 at
MOQIs of 5 or 20 (Figure 1b). Consistent with PK1 cells, we
observed greater transduction efficacy of FIV as compared
with HIV. We next compared the transduction efficiency of FIV
and HIV in four different immortalized cell lines derived from
human lung epithelia. While higher level of transduction was
seen with FIV compared to HIV in H441 cells, similar trans-
duction efficiencies with FIV or HIV were observed in the rest
of the cell lines (Figure 1c¢). Transduction pattern differences
of FIV and HIV-1 in porcine cells, but not in human-derived
cells, suggests the existence of species-specific restriction
factors against HIV-1 in porcine cells.

A porcine TRIM5 ortholog was identified from sequence
homology and predicted protein domain similarity to known
TRIM proteins.™ A previous study reported that HIV-1 infec-
tion is restricted in cell lines originated from pigs,?* but there
has been little focus on porcine TRIM5. Bovine TRIM5 was
previously demonstrated to have broad restrictive proper-
ties against many lentiviruses including HIV-1 and FIV.18.19.24
We hypothesized that porcine TRIM5 could restrict both FIV
and HIV vectors because of its close phylogenetic similar-
ity to bovine TRIM5. Using porcine-specific primers, porcine
TRIM50c mRNA was successfully amplified from PK1 and
PAE cells (Figure 2a). A hemaglutinin (HA)-tagged porcine
TRIM50o. was transiently transfected into HT1080 cell lines
and expression was confirmed by western blot (Figure 2b).
Cells transfected with empty plasmid or porcine TRIM5o
were transduced with N-MLV, B-MLV, FIV, or HIV-1 at MOls of
5. B-MLV transduction was not restricted in the presence of
porcine TRIM5, as expected (Figure 2c). While restriction of
N-MLV was observed in porcine TRIM5-expressing cells, no
restriction was observed for FIV or HIV transduction.

A small-interfering RNA was designed to knockdown porcine
TRIM50. mRNA, and efficacy was confirmed by real-time PCR
in PK1 cells (Figure 2d). Knockdown of porcine TRIM5ao. suc-
cessfully relieved restriction of N-MLV in PK1 cells; however,
knockdown of porcine TRIM5a had no effect on the transduc-
tion efficiency of FIV- or HIV-based vectors (Figure 2e). Taken
together these data suggest that FIV is more suitable than
HIV as a vector platform for preclinical studies in pigs. Yet, the



difference in transduction efficiency cannot be attributed to a
TRIM5a-mediated restriction mechanism.

Restriction of FIV by primate TRIM5a.

To determine whether human or nonhuman primate TRIM5o
restricts FIV, we used Mus dunni tail fibroblast (MDTF) cells
stably expressing TRIM5o. from multiple primate species includ-
ing: human (TRIMb5¢, ), rhesus macaque (TRIMbc.,), and
African green monkey (TRIM5o.,,,).?>% In addition, MDTF cells
expressing a chimeric human TRIM5o. protein that contains the
rhesus B30.2/SPRY domain hypervariable region comprising
residues 325-344 (TRIM5a, ... -,,,) Were also tested. This chi-
mera contains the residues responsible for capsid specificity.?®
MDTF cells expressing no TRIM5a. serve as the baseline. All
TRIM5a. proteins were HA-tagged and cell lines confirmed by
immunoblotting to express equivalent protein levels (Figure 2f).
Cells were transduced with GFP expressing N-MLV, B-MLYV,
or FIV pseudotyped with VSVG. As expected, no significant
restriction of B-MLV was observed; however, N-MLV virus was
restricted by TRIM5o. expressed from each of the tested MDTF

Lentiviral Vector Gene Transfer to Porcine Airways
Sinn et al.

cell lines (Figure 2g). Following transduction with FIV, restric-
tion was seen in cells expressing TRIM5o. from both nonhuman
primate species tested (Figure 2g). Human TRIM5a did not
restrict FIV; whereas, TRIM5a,, . <. ., restricted expression to
levels similar to TRIMS5ay,. These data suggest that based on
TRIM5a. restriction patterns, pigs may be better suited to FIV-
based preclinical studies than nonhuman primates.

Lentiviral transduction of primary pig airway cells
in vitro

Pseudotyping lentiviral vectors with viral envelope glycopro-
teins is a strategy to alter vector tropism. We compared the
efficacy of pseudotyped FIV to transduce the apical surface of
well-differentiated primary cultures of airway epithelia derived
from human lung donors (human airway epithelia (HAE)) or
porcine donors (PAE). FIV expressing Gaussia (secreted)
luciferase driven by the Rous sarcoma virus promoter and
pseudotyped with the indicated envelope glycoprotein was
applied to the apical surface of HAE or PAE (MOI = 30) for 16
hours. At 1-, 3-, and 6-week timepoints post-transduction, cell
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Figure 2 Species-specific restriction. (a) Total RNA was isolated from PK1 and PAE and mRNA levels of pig TRIM5a. were determined using
reverse transcription-PCR. The levels were normalized to pig GAPDH. (b) Protein expression of HA-tagged TRIM5a,, or an HA-tagged VP35
positive control, was determined by western blot using an anti-HA antibody. (¢) VSVG-pseudotyped HIV, FIV, N-MLV, or B-MLV expressing GFP
(MOI = 5) were applied to HT1080 cells transiently transfected with empty plasmid or pig TRIM5c.. Transduction efficiencies were measured
as percentage of GFP-positive cell 48 hours after the transduction using flow cytometry. *P < 0.005, n = 3. (d) Silencing of porcine TRIM5 was
confirmed by transfecting PK1 cells with 10 nmol/I of siRNA against porcine TRIM5 and compared with negative control siRNA (10 nmol/l).
*P < 0.001. (e) Twenty-four hours after siRNA transfection, PK1 cells were transduced with VSVG-pseudotyped HIV, FIV, N-MLV, and B-MLV
expressing GFP (MOI = 5); 48 hours after the transduction, transduction efficiencies were measured as percentage of GFP-positive cell using
flow cytometry. *P < 0.01, n= 3. (f) MDTF cell lysates probed with an anti-HA antibody or o.-tubulin demonstrate that all stably transduced cell
lines express equivalent levels of TRIM5a. (g) The indicated stably transfected MDTF cells were transduced with B-MLV, N-MLYV, or FIV at an
MOl yielding 30-40% GFP-positive cells on parental MDTF cells. Percent transduction is normalized to parental control MDTF cells. Bars
indicate means + SE (n = 12). a-HA, a-hemaglutinin; B-MLV, B-tropic murine leukemia virus; F1V, feline immunodeficiency virus; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; GFP, green fluorescent protein; MDTF, Mus dunnitail fibroblast; MOI, multiplicity of infection;
N-MLV, N-tropic murine leukemia virus; PAE, primary airway epithelium; siRNA, small-interfering RNA; VSVG, vesicular stomatitis virus G
protein.
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washings were collected and the levels of luciferase expres-
sion were quantified (Figure 3).

VSVG is the most commonly used envelope for pseudotyp-
ing and serves as the standard for comparison. FIV pseudo-
typed with VSVG transduced HAE and PAE with approximately
equal efficacy and expression persisted 6 weeks in culture.
We previously reported that the envelope glycoprotein from
Jaaksietke sheep retrovirus (JSRV) efficiently pseudotypes
FIV with concentrated titers typically exceeding 1 x 10° TU/
ml.228 Here, we observed that at the early timepoints, the
levels of transgene expression from JSRV-FIV were similar
between HAE and PAE, but by 6 weeks post-transduction,
expression was waning in PAE. When FIV was pseudotyped
with the S-protein from severe acute respiratory syndrome
(SARS) coronavirus, the expression steadily declined in both
HAE and PAE. The SARS glycoprotein was the only candi-
date that displayed a clear species preference. We evalu-
ated the HA and neuraminidase from either the 1918 H1N1
influenza strain or a common H3N2 strain of swine influenza
(A/SWMN593/99). Waning expression was observed for FIV
pseudotyped with both sets of influenza virus glycoproteins.

We previously reported that pseudotyping FIV with either
the Ebola envelope glycoprotein?® or GP64 from Autographa
californica baculovirus results in apical entry into polarized
primary cultures of HAE.**®' In this study, we observed that
GP64-pseudotyped FIV transduced the apical surface of
both HAE and PAE with the greatest efficacy of the enve-
lopes tested. Furthermore, expression persisted 6 weeks in
culture. Based on these results, we elected to carry forward
GP64 as our pseudotyping candidate for in vivo studies in
the pig airways.

To determine the percent of PAE cells transduced in vitro, we
delivered GP64-FIV expressing the mCherry reporter gene
driven by the Rous sarcoma virus promoter (MOI = 150). One
week post-transduction, the efficacy of gene transfer was
examined visually by fluorescence microscopy (Figure 4a—c)

20 7

HAE

RLU (x 10°%

or quantified by fluorescence-activated cell sorting (FACS).
FACS analysis demonstrated that 10 + 6.5% were mCherry
positive (n = 3 donors, one culture/donor). By counterstain-
ing for B-tubulin, a marker for cilia, we determined that at 1
week post-transduction, both ciliated and nonciliated surface
epithelial cells were transduced (Figure 4c). This pattern of
transduction is consistent with previous observations in mouse
nasal epithelia (P.L. Sinn, M. Oakland, unpublished data).

To confirm that FIV pseudotyped with GP64 or VSVG has simi-
lar apical or basolateral transduction preference in PAE as pre-
viously observed in HAE, vector expressing -galactosidase
was applied to the apical or basolateral surface of the epi-
thelial sheet for 4 hours (MOl = 30). Four days following
vector delivery, gene transfer was quantified by measuring
B-galactosidase activity. As shown (Figure 4d), we replicate
previous observations that GP64-FIV preferentially transduces
HAE at the apical surface and VSVG-FIV preferentially trans-
duces HAE at the basolateral surface.*® Furthermore, at the
same MOI, B-galactosidase activity following apical application
of GP64-FIV was greater than that achieved with basolateral
VSVG-FIV vector application. Using GP64-FIV expressing a
firefly luciferase reporter gene and longitudinal bioluminescent
imaging, persistent gene expression was observed for 7 weeks
in PAE with no significant decline (Figure 4e).

We next measured GP64-FIV-mediated transduction effi-
ciency in porcine nasal and tracheal epithelia. We cultured
primary cells derived from nasal septa and trachea of wild-
type newborn pigs. GP64-FIV expressing firefly luciferase
was applied apically for 24 hours (MOI = 5) and luciferase
activity assays were performed a week later. GP64-FIV trans-
duced porcine nasal epithelia with equal efficacy as tracheal
epithelia (Figure 4f). Interestingly, in mouse-derived PAE
cells, GP64-FIV transduces septal-derived cells with greater
efficacy than tracheal-derived cells (P.L. Sinn, M. Oakland,
P.B. McCray, unpublished observations). A VSV-based vec-
tor pseudotyped with GP64 was also used to transduce both

PAE
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. Week 3
I:l Week 6

0
VSVG GP64 JSRV SARS HI1N1 H3N2 EBO NAIVE VSVG GP64 JSRV SARS Hi1N1 H3N2 EBO NAIVE

Figure 3 Envelope glycoprotein screen. FIV expressing secreted luciferase was pseudotyped with the indicated envelope glycoproteins
and applied to the apical surface of HAE or PAE at an MOI of 30. Washings were collected at 1-, 3-, and 6-week timepoints and expression
was quantified by luciferase assay. Each bar represents one culture each from four independent human or pig specimens. FIV, feline
immunodeficiency virus; HAE, human airway epithelium; MOI, multiplicity of infection; PAE, primary airway epithelium; RLU, relative light

units; VSVG, vesicular stomatitis virus G protein.
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Figure 4 In vitro transduction of primary cultures. GP64-F|V expressing mCherry was applied to the apical surface of (a) porcine airway
epithelia (PAE) at an MOI of 150. Bar = 100 um. Cells were counterstained with 3-tubulin (cilia marker, green) and To-Pro 3 (nuclei, blue).
Bar = 20 um. Using fluorescence microscopy expression was confirmed in both ciliated, white arrow, and nonciliated cells, yellow arrow ((b) en
face view; (c) vertical section). (d) Primary cultures were transduced with GP64-FIV or VSVG vector applied to the apical (Ap) or basolateral
(BL) surface. Four days after initial vector incubation, cells were harvested and the B-galactosidase activity was quantified and normalized
to total protein. Each bar represents one culture each from four independent human or pig specimens. *P < 0.01; **P < 0.00001. PAE cells
were transduced with GP64-FIV expressing firefly luciferase. (e) Persistence of expression was followed using bioluminescent imaging.
Representative cultures are shown, inset. n = 4. (f) GP64-FIV or GP64-VSV expressing firefly luciferase were applied to the apical surface
of PAE derived from the trachea or septa. n = 4. Well-differentiated PAE isolated from nasal (g,h) septa and (i,j) trachea of pigs were imaged
using scanning electron microscopy. Representative ciliated (c) or nonciliated cells (nc) are indicated. Bars = 100 pm (in g,i) or 20 pm (in h,j).
HAE, human airway epithelium; MOI, multiplicity of infection; RLU, relative light units; VSVG, vesicular stomatitis virus G protein.

porcine nasal and tracheal epithelial cells. In PAE cells, we
observed a trend of improved GP64-VSV transduction in
tracheal-derived epithelial cells (Figure 4f). Both septa- and
tracheal-derived cultures were imaged using scanning elec-
tron microscopy. Electron microscopy confirmed that cultures
were well differentiated, and similar apical surface morphol-
ogy was observed for cultures from both anatomical regions
(Figure 4g-j).

Lentiviral transduction of pig airways in vivo

To evaluate the ability of GP64-FIV to transduce porcine pul-
monary airways in vivo, we delivered GP64-FIV expressing
mCherry vector to the tracheal lobe of 4-week-old pigs. The
animals were sedated and a Pentax FB-10X bronchoscope
(outer diameter 3.5 mm) was introduced orotracheally. The
bronchoscope was passed into the tracheal lobe via the
tracheal bronchus and, for the initial lung delivery strategy,
a PE20 catheter (Figure 5a) was passed distally under
direct visualization until it wedged. Two milliliter of GP64-FIV
mCherry vector (5 x 108 TU) was delivered in a solution of 1%
methylcellulose. One week later, animals were euthanized
and the tracheal lobe was fixed, frozen, and sectioned. Alter-
nate sections were stained with hematoxylin and eosin to
visualize cellular morphology (Figure 5b,f). As shown, cells
expressing mCherry were readily detected (Figure 5¢,d). No
mCherry expression was observed in the left lower lobe of
the same animals (data not shown). We observed that a bolus
delivery of vector through a polyethylene catheter resulted in

mCherry expression that was mainly restricted to the distal
airways and alveoli.

We next contrasted polyethylene catheter-mediated vector
delivery to vector delivery using a drug infusion balloon cath-
eter designed for treating pulmonary thrombi (Figure 5e). As
before, a bronchoscope guided the catheter to the tracheal
lobe and 1 ml of GP64-FIV mCherry vector (5 x 108 TU)
was delivered. The balloon remained inflated for ~3 minutes
while vector was applied directly to the conducting airway.
As shown, isolated regions of abundant mCherry expression
were observed in conducting airway epithelial cells of the tra-
cheal lobe (Figure 5g,h). As before, no mCherry expression
was observed in the left lower lobe of the same animals (data
not shown).

Gene transfer to sinuses is relevant because CF pigs develop
spontaneous sinusitis similar to humans and sinuses may be a
site of initial bacterial infection and seeding of the lungs.*> We
determined whether the FIV-mediated mCherry expression in
the transduced epithelial cells in vivo persisted after the cells
were isolated and allowed to differentiate at an air-liquid inter-
face in vitro. For initial pilot experiments, we delivered vector
to the nasal epithelia of mice. After septa from mice were col-
lected and the epithelial cells were cultured, mCherry expres-
sion was readily observed (Figure 6a). The epithelial cells
were allowed to fully differentiate at an air-liquid interface for 4
weeks before lysates were collected for FACS analysis. Based
on FACS analysis, 5.5 + 0.3% of culture mouse septa were
mCherry positive. Encouraged by these results, we repeated
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the process in the pig ethmoid sinus. As before, the epithelial
cells were allowed to fully differentiate at an air-liquid interface
for 4 weeks. Again, mCherry expression was readily observed
in cultured left ethmoid sinus epithelia (Figure 6b) but not the
contralateral untransduced ethmoid sinus (Figure 6c). By
visual count, we determined that 4.5 + 0.9% of surface cells
derived from the left ethmoid sinus were mCherry positive.
This technique may provide a strategy to confirm in vivo CFTR

Lastly, we investigated whether FIV vector could efficiently
transduce sinus epithelia in a non-CF pig. In the same
cohorts of animals that received vector in the tracheal lobe,
1 ml of GP64-FIV vector (titer 5 x 10® TU/ml) was delivered
in a solution of 1% methylcellulose to the left ethmoid sinus
(Figure 6d) via direct nasal instillation guided by a rigid fiber-
optic endoscope (Figure 6e). Seven days later, animals were
killed and the ethmoid sinus was fixed, frozen, sectioned, and

gene transfer efficacy in future experiments. transgene expression was examined by fluorescence imaging.

Figure 5 In vivo gene transfer to the porcine lung. (a) Using a bronchoscope, GP64-FIV was delivered to the tracheal lobe of 4-week-
old pigs. A bolus volume was delivered to the pig airways through a wedged catheter. Lungs were examined 1 week later by fluorescence
microscopy ((c) low power; (d) high power). (b) Serial sections were H&E stained. (e) A separate cohort of pigs received a bolus volume of
GP64-FIV delivered through a drug infusion balloon. As before, lungs were examined 1 week later by fluorescence microscopy ((g) low power;
(h) high power) and (f) serial sections were H&E stained. Bars = 50 ym. H&E, hematoxylin and eosin.

Contralateral

Cultured pig ethmoid ) é
pig ethmoid

é Cultured mouse septa

Figure 6 Ethmoid sinus in vivo gene transfer. (a) GP64-FIV expressing mCherry was delivered to mice via nasal instillation (7 doses
over 7 days, 1 dose/day). One week later, the septa were collected and the epithelia were cultured. mCherry was visualized by fluorescence
microscopy. One dose of GP64-FIV expressing mCherry was delivered to the ethmoid sinus of pigs. One week later, (b) the transduced sinus
and the (c) contralateral sinus were collected, cultured, and visualized by fluorescence microscopy. Bars = 100 pm. (d) GP64-FIV expressing
mCherry (2 ml total volume in 1% methylcellulose) was delivered to the ethmoid sinus. n, nasal opening; s, septal bone; b, brain. (e) The
ethmoid sinus was visualized with a rigid fiber optic endoscope. One week following vector delivery, the ethmoid sinus was removed, fixed,
frozen, and sectioned. (f,g) mCherry expression (red) was visualized by fluorescence microscopy. Tissues were co-stained with DAPI nuclear
stain (blue). Bars = 50 pm. DAPI, 4’,6-diamidino-2-phenylindole.

Molecular Therapy-Nucleic Acids



The ethmoid sinus was dissected and sectioned in such a way
that both transverse (Figure 6f) and longitudinal (Figure 6g)
planes were observed. Widespread mCherry expression was
observed in both surface and basal epithelial cells. No expres-
sion was observed in the contralateral sinus (data not shown).

Discussion

In this study, we engineered and validated a lentiviral vector
for preclinical gene transfer experiments in porcine airways.
A goal of these studies was to examine the porcine respira-
tory tract tropism of lentiviral vector pseudotypes with known
preference for transducing the apical surface of airway epi-
thelia. We and others reported successful lentiviral pseudo-
typing with glycoproteins from diverse viral families such as
filovirus,?® coronavirus,® orthomyxovirus,® retrovirus,?”28 and
baculovirus.®*3" However, the most effective envelope gly-
coprotein candidate for lentiviral-mediated pulmonary gene
transfer we have identified to date is GP64. In mice, GP64-
FIV conferred persistent gene transfer in vivo, consistent with
progenitor cell transduction.®!34

We compared FIV- and HIV-1-based lentiviral vectors for
their ability to transduce pig airway epithelia cells in vitro. We
reproducibly observed better transduction for FIV than HIV-1
in both immortalized PK1 cells and primary cultures of PAE
cells. This unexpected finding led us to investigate the trans-
duction efficiency of FIV and HIV-1 vectors in multiple human
airway cell lines. We conclude that the two lentiviruses have
similar transduction patterns in human cells, displaying no
significant differences in efficiency. However, both lentiviral
vectors were less efficient than control B-MLV in porcine
cells, suggesting that some restriction is present. Whether
the observed restriction is viral vector or host cell-specific
has not yet been determined. A possible explanation is that
another host cell restriction factor identifies incoming lentivi-
ral but not oncoretroviral capsid proteins.

VSV has been well documented to require an acidic cellular
compartment for infection.® Likewise, wild-type baculovirus,®
JSRV,* Ebolavirus,® and Influenza A,*° utilize the acidic inte-
rior pH of the endosome to induce a conformational change
in the glycoprotein and insert the fusion peptide into the
host membrane. There is some debate as to where fusion
occurs with wild-type SARS-coronavirus. Initially, it was
thought to enter cells through direct fusion with the plasma
membrane;* however, more recent evidence suggests that
virus entry may also involve pH-dependent endocytosis.*!
Of the envelope glycoproteins listed, only FIV pseudotyped
with VSVG and GP64 have been demonstrated to transduce
cells via a low-pH endosome route.®® The observation that
not all envelope glycoproteins resulted in persistent expres-
sion in primary cells was unexpected. The mechanism for this
result is currently unknown but may be dependent upon the
cell types transduced and the entry or endocytosis pathway
directed by interactions between envelope glycoproteins and
their receptors.

TRIM50a. is perhaps the best studied species-specific len-
tiviral barrier to transduction. Our data suggest that porcine
TRIM50. is inefficient at preventing transduction of FIV or
HIV-1.This was a surprising observation due to the sequence
conservation between porcine TRIM5a and bovine TRIM5q.

Lentiviral Vector Gene Transfer to Porcine Airways
Sinn et al.

We note that sequence divergence does exist in a key region
of the SPRY domain thought to be important for capsid
binding.*? We are currently investigating this in more detail.

Our observation that FIV is not restricted by human TRIM5¢.
varies with observations by Saenz et al.'” in which FIV was
restricted by TRIMS50,, when overexpressed in Crandell
feline kidney cells. However, our findings are similar to the
lack of restriction observed when TRIM5¢, , was expressed
in a canine cell line."” Endogenous TRIM proteins and/or
unnamed proteins with sequence homology to TRIM5a. could
be responsible for the discrepant findings in these cell lines.
Hetero-multimers of TRIM family members can occur.*®# It is
possible that interaction between endogenous proteins alters
the function of expressed exogenous TRIM5a. either positively
or negatively. For example, a BLAST of the human TRIM5a.
coiled-coil amino acid sequence (residues 130-231, ref. 19)
against the dog, cat, and mouse genomes reveals 44-51%
identity and 64—72% similarity. There may be enough conser-
vation in the human TRIM5a. coiled-coil region to allow mul-
timerization with other species variants resulting in dominant
negative activity, which could render the protein inactive. This
could explain the lack of restriction we observed in MDTF
cells and Saenz et al.'” observed in canine cells.

Both AGM and rhesus TRIM5a. restricted FIV-mediated
gene transfer; therefore, other non-primate animal models
may be better choices for preclinical studies. Interestingly, the
FIV transduction patterns in HAE equaled or exceeded those
of HIV. The enhanced efficiency of gene transfer of FIV vec-
tors over HIV vectors in porcine cells suggests that this vector
may be better suited for lentiviral vector development in a
pig CF model. This result also emphasizes the importance of
assessing potential host-specific lentiviral restriction factors
when selecting animal models for preclinical studies.

We performed the mCherry marker virus experiment in
pigs that were 4 weeks old. We suspect that the smaller sur-
face area and rapid growth of immature pigs may help the
transduction efficiency of lentiviral vectors in vivo. Indeed, for
a gene therapy strategy to be effective in humans, early inter-
vention may also likely be necessary. Importantly, newborn
screening for CF is now implemented nationwide and allows
earlier diagnosis, within days after birth. This provides the
unique opportunity to introduce therapy before the chronic
disease is established.

Estimating in vivo gene transfer efficiency is challenging as
the transduction is heterogeneous, with some areas showing
high expression and others with lower expression. We have
seen a similar pattern with previous marker vector studies in
rabbits and mice.®'#* We estimate the range of transduction
efficiencies in the pig airways to be from <1 to 7%. Based on
previous studies, expression of CFTR in as few as 6—10% of
airway epithelia is sufficient to restore the function of chloride
ion transport.*® However, another study suggested higher lev-
els of correction (25%) may be required to normalize sodium
ion transport and mucociliary clearance.*” Further studies
are required to determine the preferred gene transfer targets
and the level of CFTR correction required to prevent or slow
disease progression.

We believe that higher transduction efficiencies might be
obtained with repeated administration of the vector or with
vectors of higher titer." Minimal humoral immune responses
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were observed after repeated topical delivery of a GP64-FIV
to murine nasal epithelia.>" We showed additive increases in
transgene expression with repeat dosing. Innate and adap-
tive immune responses to viral vectors will vary depending on
the purity of the vector preparation, the envelope pseudotype,
the dose delivered, the target tissue, the animal model, the
route of delivery, and the number of administrations. Future
studies will investigate these approaches in the large, geneti-
cally diverse porcine animal model.

This study addresses the optimal design of a lentiviral-
based therapeutic reagent for preclinical studies in a pig model
of CF. Neither humans with CF nor CF pigs have respiratory
disease at birth, but disease does spontaneously develop in
the sinus*® and lungs during the initial postnatal months.'" Fur-
ther, a bacterial eradication defect and reduced airway surface
liquid pH was recently identified to be present at birth in the CF
pig model."*® These phenotypes offer the opportunity to alter
disease course in measurable ways through gene transfer.

Materials and methods

Vector production. The FIV vector system utilized in this
study?>%® expressed either secreted (Gaussia) luciferase,
mCherry, or firefly luciferase. Pseudotyped FIV vector particles
were generated by transient transfection, concentrated 250-fold
by centrifugation, and titered using real-time PCR as previously
described.?? The following envelope glycoproteins from the fol-
lowing viruses were used in this study: Autographa californica
multicapsid nucleopolyhedrovirus (GP64),*° Indiana strain of
VSVG, JSRV,2 SARS,?® 1918 strain of human influenza (H1N1,
a gift from Dr Gary Kobinger, Public Health Agency of Canada,
Winnipeg, Manitoba), swine Influenza A/Sw/MN/593/99 (H3N2,
a gift from Dr Chris Olsen, The University of Wisconsin, Madi-
son, WI), and Ebola Zaire.?® Viral envelope gene sequences
were PCR amplified and TA-cloned into the mammalian expres-
sion plasmids pcDNA3.1-TOPO (K4800-01; Invitrogen, Carls-
bad, CA) using the manufacturer’s protocol.

MLV vectors were generated by a three plasmid transient
transfection procedure described previously.5' HIV vectors
(gifts from Dr John J Rossi, Beckman Research Institute of
the City of Hope, Duarte, CA) were generated by a four plas-
mid transient transfection as previously described.® N-MLV,
B-MLV, HIV, and FIV expressed GFP under control of a cyto-
megalovirus promoter. Viral titers were determined by visu-
ally counting GFP-positive HT1080 cells (CCL-121; ATCC,
Manassas, VA) following limiting dilutions of 250-fold centri-
fuge-concentrated supernatants.

Primary cultures of airway epithelia. Airway epithelial cells
were isolated from humans or pigs and grown at the air-liquid
interface as described previously.>® Briefly, the culturing pro-
cess is as follows: tissues undergo enzymatic dispersion;
epithelial cells are dissociated; and seeded onto collagen-
coated semipermeable membranes (0.6 cm?, Millicell-PCF;
Millipore, Billerica, MA).>® Twenty-four hours after seeding,
the cells are allowed to grow and differentiate at the air-liquid
interface. All preparations used were well differentiated (>3—4
weeks old; resistance >1,000 ohm x cm?). This study was
approved by the Institutional Review Board at the University
of lowa (lowa City, lowa).
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In vitro viral vector administration. Primary cultures of HAE
or PAE were transduced with pseudotyped FIV by dilut-
ing vector preparations in serum-free media to achieve the
desired MOI and applying 100 pl of the solution to the apical
cell surface. After incubation for 4 hours at 37 °C, the vector
was removed and cells were further incubated at 37 °C, for 4
days. To transduce epithelia with pseudotyped FIV from the
basolateral side, the Millicell culture insert containing the epi-
thelium was turned over and vector applied to the basolateral
surface for 4 hours in 100 pl of media. Following the 4-hour
transduction, the vector was removed and the culture insert
was turned upright and allowed to incubate at 37 °C, 5% CO,,
for 4 days.

The A549 (no. CCL-185; ATCC) and H441 (no. HTB-174;
ATCC) epithelial cell lines are derived from human lung car-
cinomas. IB3,% and HBE® cell lines are transformed HAE
cells from CF and non-CF subjects, respectively. MDTF, IB3,
HT1080, MDBK (CCL-22; ATCC), and 293T (CRL-11268;
ATCC) cells were maintained in DMEM (Gibco, Grand Island,
NY), and 10% fetal bovine serum (FBS). MDTF cells stably
expressing TRIM5o. were maintained under neomycin selec-
tion with 1 mg/ml Geneticin (Gibco). A549 cells were main-
tained in 50:50 DMEM/Ham’s F-12 (Gibco), 10% FBS, 1%
L-glutamine. H441 cells were maintained in RPMI (Gibco),
10% FBS. HBE cells were maintained in MEM (Gibco), 10%
FBS. Pig kidney cells, PK1 (CL-101; ATCC), were maintained
in Medium 199 (11150059; Invitrogen) supplemented with 3%
FBS. In addition, each medium was supplemented with peni-
cillin (100 U/ml) and streptomycin (100 pg/ml).

In vivo viral vector administration. To analyze mCherry
expression in vivo, FIV3.2 mCherry virus (5 x 108 TU) was
delivered to the ethmoid sinus and tracheal lobe of 4-week-
old pigs. The pigs were anesthetized using ketamine/xylazine
(20 mg/kg; 2 mg/kg). Nasal passageways were opened using
Afrin-coated gauze and 2 ml of viral vector resuspended in
1% methylcellulose®® was delivered to right ethmoid sinus via
syringe and tube. To deliver 2 ml of viral vector to the tracheal
lobe, a pediatric bronchoscope lined with a PE20 catheter or
drug infusion balloon (ClearWay; Atrium, Hudson, NH) was
used to ensure accurate delivery. Seven days following vector
delivery, the pigs were euthanized and the ethmoid sinuses
and lungs were collected for further analysis.

Fluorescence analysis ofin vivo mCherry expression. Ethmoid
sinuses and lung lobes were collected and fixed overnight in
4% paraformaldehyde. The tissues were then placed in 15%
sucrose for 8 hours and transferred to 30% sucrose over-
night, all steps carried out at 4 °C. Tissues were frozen into
OCT blocks using 2-methylbutane and liquid nitrogen. Frozen
tissues were stored at —80 °C and sectioned using a micro-
tome at —-35 °C. Fluorescence microscopy was then used
to analyze sectioned tissues for mCherry expression in the
ethmoid sinus and tracheal lobe. To quantify the percentage
of FIV-transduced cells in cultured ethmoid sinus tissue, 6-7
representative fields were examined under x20 magnifica-
tion. The number of mCherry-positive cells was divided by the
number of DAPI-stained nuclei to determine the percent posi-
tive transduction. Approximately 600—900 cells were counted
from each section.



Immunohistochemistry and confocal microscopy. Well-differen-
tiated primary porcine epithelial cells transduced with GP64-
FIV expressing mCherry were rinsed with phosphate-buffered
saline (PBS), fixed in 2% paraformaldehyde for 10 minutes, and
rinsed with PBS. Cells were permeabilized with 0.2% Triton-
X100 followed by incubation in 5% fetal calf serum overnight
at 4 °C. After rinsing with PBS, cells were incubated with 1:200
of FITC-conjugated B-tubulin (Sigma, St Louis, MO) for 1 hour.
Cells were rinsed and 1:1,000 of To-Pro-3 nuclear stain was
applied for 10 minutes. Sample images were captured using
Zeiss 710 confocal microscope (Carl Zeiss, Jena, Germany).

Electron microscopy. Scanning electron microscopy was
used to examine cell morphology after fixation in 2.5% glu-
taraldehyde (0.1 mol/l sodium cacodylate buffer, pH 7.4) for
30 minutes. After serial alcohol dehydration, samples were
treated with hexamethyldisilazane (Polysiences, Warrington
PA) and mounted on stubs. Samples were examined under a
Hitachi S-4800 electron microscope (Hitachi, Dallas, TX).

Trim50. detection. For the reverse transcription-PCR assays,
RNA was extracted from cells using the RNeasy Mini Kit
(74104; Qiagen, Valencia, CA) following the manufacturer's
protocol. cDNA was generated using SuperScript || Reverse
Transcriptase (18064-022; Invitrogen). Reverse transcription-
PCR for the pig species variant of TRIM5 was performed using
specific primers (pigTRIM5-F 5° TGTCCAGGCAGAGTTTATG
CGACT 3 and pigTRIM5-R 5" TCCAAATTTGCGCGCGTATCT
CAC 3’) and pig GAPDH (pigGAPDH-F 5 GGCAAAGTGG
ACATTGTCG 3" and pigGAPDH-R 5" GGGATGATGTTCTGGG
CAG 3"). Thirty cycles of PCR were performed (95 °C for 30
seconds, 54 °C for 30 seconds, 72 °C for 60 seconds). For
western blots, cells were lysed with Galacto-Light Plus lysis
solution (Tropix, Grand Island, NY) and loading volumes were
determined based on BCA assay using Pierce BCA protein
assay kit (23227; Thermo scientific, Rockford, IL). Proteins
were separated on a 10% Tris-HCI polyacrylamide gel (161-
1155; Bio-Rad, Hercules, CA) and transferred to a nitrocel-
lulose membrane (162-0145; Bio-Rad). The blot was blocked
overnight in blocking buffer (5% milk-0.05% Tween-20 in PBS),
followed by a wash in 1x PBS. The membrane was probed with
a 1:500 dilution of rabbit monoclonal anti-HA primary antibody
(H6708; Sigma) for 2 hours followed by three rinses in wash
buffer. HRP-conjugated goat anti-rabbit 1gG (1:1,000, 31460;
Thermo scientific) was used as the secondary antibody for
1 hour. Blots were developed using SuperSignal West Pico
Chemiluminescent Substrate kit (34080; Pierce, Rockford, IL)
and exposed to Kodak BioMax XAR fiim (165 1454; Kodak,
Rochester, NY).

Pig TRIM50. cloning and knockdown. PCR primers to amplify
pig TRIM5a. from a cDNA clone (Genbank accession no.
AY970971, kindly provided by Dr Timothy Smith, USDA/ARS
US Meat Animal Research Center, Clay Center, NE) were
designed (TRIM5ClalFwd 5 AGAatcgatGAAGCTGGGAC-
GAGCAGGA 3’ and TRIM5HASphIRev 5" CGAgcatgcTCAAGC
GTAGTCTGGGACGTCGTATGGGTAAGAGCCCGGCGAGC
ACAGA 3’) which introduced a Clal restriction site at the 5" end
and Sphl restriction site at the 3" end. The PCR product was
ligated into pCR2.1-TOPO (45-0641; Invitrogen). Following
Clal and Sphl enzymatic digestion, pig TRIM5 was ligated
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into pCAGGs vector plasmid® creating pCAGGs-pigTRIM5.
Dicer substrate RNAi duplexes against pig TRIM5 were
designed using Integrated DNA Technologies (IDT, Coral-
ville, IA) online RNAI design software. Three duplexes were
tested individually (100 and 10 nmol/l) by reverse transfect-
ing 4 x 10* cells per well of PK1 cells in 48-well dishes using
Lipofectamine RNAIMAX transfection reagent (13778; Invit-
rogen). Same amount of negative control small-interfering
RNA (5 AUACGCGUAUUAUACGCGAUUAACGAC 3, and
5" CGUUAAUCGCGUAUAAUACGCGUAT 3’) was used as a
comparison. Two days after transfection, mRNA levels of
porcine TRIM5 were measured by real-time PCR using the
TagMan Universal PCR Master kit (4304437; ABI, Grand Island,
NY). The primers and a probe used to detect porcine TRIM5
are as follows: The upstream primer TRIM5F445 (5" TAGGCAT
GTGGCCAACATAGTGGA 3'), the downstream primer TRIM5
R581 (5"AGCAAATGACCTTCCCATCCTCCT 3’),andthe probe
TRIM5P501(5'56FAM-TGGCGCAGA-ZEN-AGGGAAATCTCT
GTGTA-3IABKFQ 3’). The levels were normalized to pig GAPDH.
Primers and a probe used to detect porcine GAPDH are as fol-
lows: The upstream primer (5* GGCATGGCCTTCCGTGT 3),
the downstream primer (5’ GCCCAGGATGCCCTTGAG 3'),and
the probe (5" 56 FAM-CCTGCTTCA-ZEN-CCACCTTCTTGATG
TCATCAT-3IABKFQ 3’). The duplex that yielded the greatest
knockdown(TRIM5poS5’CCACUAAUUUCGUCAGGGAAACA
TT &, and TRIM5po AS 5" AAUGUUUCCCmUGmMACGAAAUU
MAGMUGMGmMGmMU 3’) was used for subsequent knockdown
experiments.

Porcine TRIM5 was silenced by reverse transfecting PK1 cells
with siTRIM5po. Briefly, 5 x 10* cells were seeded in 24-well
plates. Cells were transfected with 10 nmol/l of siTRIM5po or
10 nmol/l of negative control small-interfering RNA using Lipo-
fectamine RNAIMAX transfection reagent. Twenty-four hours
after the incubation, cells were transduced with viral vectors
and TRIMS restriction assays were performed.

TRIM5 restriction assay. Stably transduced MDTF cells
expressing either TRIM5o, from human (TRIM5q, ), African
green monkey (TRIM5o. rhesus (TRIM5a,,), a human/rhe-
sus chimera (TR|M50‘hu(mazs.3 . 4)), ora TRIM5a null MDTF control
cell line (kindly provided by Theodora Hatziioannou and Paul
D Bieniasz)**?® were seeded in 24-well dishes (10° cells/well)
yielding ~50% confluency 24 hours later. HT1080 cells were
seeded in 24-well dishes (2 x 10* cells/well). After 18 hours of
incubation, cells were transiently transfected with empty plas-
mid or pCAGGs-pig TRIM5 using lipofectamine 2000 reagent
(11668; Invitrogen). Twenty-four hours after the seeding of
MDTF cells or 48 hours after the seeding of HT1080 cells, cells
were transduced with appropriate MOI or MOI predetermined
for achieving ~30-40% GFP-positive cells by fluorescence
cell sorting (FACScan; Becton-Dickinson, San Diego, CA)
on TRIM5a, null control cells. Viruses tested included N-MLYV,
B-MLV, and FI1V, all expressing GFP. All transductions were car-
ried out for 1 hour at 37 °C with 5 pg/ml polybrene (107689;
Sigma). Two days post-transduction, the percentage of GFP-
positive cells was determined by flow cytometry.

AGM)’

Statistics. Unless otherwise noted, all numerical data are
presented as the mean + SE. Statistical analyses were per-
formed using Student’s ttest.
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