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COMPOSITIONS AND METHODS FOR THE TREATMENT OF CYSTIC FIBROSIS

CROSS REFERENCE TO RELATED APPLICATIONS
This appilication claims the benefil of the filing date of U.S. application No. 63/015,888, filed
on April 27, 2020 and U.S. application No. 83/134,810, filed on January 7, 2021, the disclosures of

which are incorporaied by reference herein.

STATEMENT OF GOVERNMENT RIGHTS
This invention was made with government support under HLOS1670 awarded by the National
institutes of Health. The government has certain rights in the invention.

BACKGROUND

Cystic fibrosis (CF) is a lethal, autosomal-racessive disorder that affects at least 30,000
people in the U.S. along and at least 70,000 people worldwide. The average suivival age for CF
patients is about 40 years. CF is caused by mutations in the gene encoding the cystic fibrosis
transmembrans conductance regulator (CFTR), a channel that conducts chioride and bicarbonats
ions across epithelial cell membranes. Impaired CFTR function leads to infltammation of the airways
and progressive bronchigctasis. Because of the single-gene gticlogy of CF and the various CFTR
mutations in the patient population, gene therapy potentially provides a universal cure for CF.

Recent studies suggest that gene therapy may offer great benefits to CF patients even if only
partial correction of CFTR gene function is achieved. However, there remains a need in the art for
improved compositions and methods for treatment of CF.

SUMMARY

The disclosure provides, infer alia, isolated polynucieotides, lentiviral vectors, virions, and
pharmaceutical compositions, and methods of making and using the same, .4, in the treatment of
CF.

in one aspedt, the disclosure provides an isolated polynuclectide comprising a nuclectide
sequence having af least 85% sequence identity {0 the nucleotide sequence of SEQ ID NO:1. In
some embodiments, the isolated polynuclectide comprises a nucleotide sequence having at least
98%, at least 87%, at least 88%, or at least 88% sequence identily to the nuclectide sequence of
SEQ ID NG, In some embodiments, the isolated polynuclecotide comprises the nucleotide sequence
of SEQ 1D NO:1.

in another aspect, the disclosure provides an isolated polynucleotide comprising the
nucleotide sequence of SEQ D NO:2.

in another aspect, the disclosure provides an isolated polynucieotide comprising a nuclestide
sequence having at least 835% sequence identity to the nucleotide sequence of SEQ ID NG3. In
some embodiments, the isclated polynuclectide comprises a nucleotide sequence having at least
96%, at least 87%, at least 8%, or at least 88% sequence identily to the nucleotide sequence of
SEQ ID NO:3. In some embodiments, the isolated polynuclectide comprises the nuclectide sequence
of SEQ 1D NO:3.
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in another aspect, the disclosure provides a lentiviral transfer vector comprising a promoter
operably linked {0 a codon-optimized human CFTR gene, wherein expression of the codon-optimized
human CFTR gene in cystic fibrosis human airway epithelial cells resulls in an increase in
transepithelial Cl transport compared to wild-type human CFTR. In some embodiments, the lentiviral
fransfer veclor comprises a promoter operably linked to any one of the polynuclectides desciibed
herein.

in another aspect, the disclosure provides a lentiviral ransfer vector comprising a promoter
operabily linked {0 any one of the polvnuclestides described hergin. In some embodiments, the
promoter is a human phosphoglycerate Kinase promoter (FGK). In some embodimenis, the PGK
promoter has at least 85% {(e.g., at least 96%, at least 87%, at least 98%, at least 88% sequence
identily to the nucleotide sequence of SEQ D NO:4. In some embodiments, the promoter is a human
elongation factor 1-a (EF1a) promoter. In some embodiments, the EF1a promoter has at lsast 95%
{e.g., at least 96%, at least 87%, at least 8%, or at least 88%) sequence identity to the nuclestide
seguence of SEQ D NGS5,

in another aspedt, the disclosure provides a lentiviral transfer vector including an EF{a
promoter operably linked io a human CFTR gene. In some embadiments, the EF{a promoter has at
least 95% (e.g., at least 96%, at least 87%, at least 88%, or at least 99%) sequence identity to the
nucleotide sequence of SEQ 1D NO:S.

In another aspect, the disclosure provides a lentiviral transfer vector comprising a promoter
operably linked to a polynucleotide comprising a nucleotide sequence having at least 85% (e.g., at
least 96%, atl least 87%, at least 8%, at least 99%) sequence identity o the nucleotide sequence of
SEQ D N2, In some embodiments, the polynuclectide comprises the nuclectide sequence of SEQ
D NO:2.

In some embodimenis of any of the preceding aspects, the lentiviral components of the
lentiviral vector originate from HiV-1. In some embodiments, the lentiviral vector further comprises
one or more of a &' long terminal repeat (LTR), a 3’ LTR, a packaging signal, a Rev response element
{RRE), a central polypurine tracl (CPFT) sequence, and/or a central termination seguence (CTS).

In some embodimenis of any of the preceding aspects, the 3’ LTR is a self-inaciivaling &
LTR. In some embodiments, the 3’ LTR comprises an insertion of a human ankyrin 1 element in the
reverse orientation. In some embodiments, the 3’ LTR comprises a polynucleotide sequence having
at least 95% sequence identity 1o the nucleotide sequance of SEQ ID NO:13. In some embaodiments,
the 3’ LTR comprises the polynuclectide sequence of SEQ 1D NO:113.

in another aspect, the disclosure provides a virion comprising any one of the lentiviral vectors
described herein.

in another aspact, the disclosure provides a pharmaceutical composition comprising a
pharmaceutically acceptable carrier and any one of the isolated polynuclestides, the lentiviral vediors,
or virions described herein.

in another aspect, the disclosure provides a method of treating, or preventing or inhibiting one
or more symptoms of, cystic fibrosis comprising administering {o a subject in need thereof a

therapeutically effective amount of any one of the isolated polynucieotides, the lentiviral veciors, the
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virions, or the pharmaceutical compositions described herein. In some embodiments, the method
further comprises administering one or more additional therapeutic agenis o the subject. Insome
embodiments, the one or more additional therapeutic agents includes an antibiofic, a mucus thinner, &
CFTR modulator, a mucoiytic, normal saline, hypertonic saline, or a combination thereof, In some
embodiments, the administering is by inhalation, nebulization, atomization or via alomizer,
aerosolization, intranasally, infratracheally, intrabronchially, orally, intravenously, subcutaneously, or
intramuscularly. In some embodiments, adminisiering is by inhalation, nebulization, atomization or via
atomizer, agrosolization, intranasally, intratracheally, and/or intrabronchially.

in another aspedt, the disclosure provides any one of the polynucieotides, the lentiviral
vectors, the virions, or the pharmaceutical compositions described herein for use in treating, or
preventing or inhibiting ons or more symptoms of, cystic fibrosis. in some embodiments, any one of
the polynucleatides, the lentiviral vectors, ths virions, or the pharmacettical compositions described
herein for use in treating cystic fibrosis is administered in combination with one or more additional
therapeutic agents. In some embodimeants, the one or more additional therapeutic agents includes an
antibiotic, a mucus thinner, a CFTR modulator, a mucolvtic, normal saline, hyperionic saline, or a
combination thereof. In some embodiments, any one of the polynuciectides, the lentiviral veciors, the
virion, or the pharmaceutical compaosition described herein is to be administered by inhalation,
nebulization, atomization or via atomizer, agrosolization, intranasally, intratracheally, intrabronchially,
orally, intravenously, subcutaneously, or intramuscularly. In some embaodiments, any one of the
polynucleotides, the lentiviral vectors, the virions, or the pharmaceutical compositions described
herein is to be administered by inhalation, nebulization, atomization or via atomizer, aerosolization,
intranasally, intratracheally, and/or intrabronchially.

in another aspect, the disclosure provides an atomizer sprayer or nebulizer comprising any
sne of the isclated polynucieolides, the lentiviral vectors, the virions, or the pharmaceutical
compositions described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

FiG. 1A is a schematic diagram showing the five distinct profein domains of CFTR including
fwo transmembrane domains (TMD1 and TMD2), two nuclestide binding domains (NBD1 and NBD2),
and a reguiatory domain (RD).

FiG. 1B is a graph showing codon optimization of the transmembrane domain 1 (TMD1) of
coCFTRY. The remaining domains, including nucleotide binding domains 1 and 2 (NBD1/2),
reguiatory domain (RD), and transmembrane domain 2 (TMD2), retained the wildiype (WT) sequence.
Fig. 1B also shows codon usage by CFTR domain for coCFTR2 (SEQ D NO: 1) and coCFTR3I (BEQ
iD NC: 2).

FiG. 1€ is a graph showing the percentage of nuclestides thatare C, G, A, and T in
WTCFTR, coCFTRY, coCFTRZ (SEQ ID NO: 1), and coCFTR3 (SEQ ID NO: 2).

FiG. 1D is a graph showing the percent of GCs content for WTCFTR, coCFTRY, coCFTR2
(SEQ D NCO: 1), and coCFTRI(SEQ ID NO: 2} in the TMD1, NBD1, RD, NBD2, and TMD2 domains.
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FiG. 2A shows the resuilts of Wesiern Blot analysis of different glycosylated forms, bands B
and C, and vinculin, which was used as a loading control for HEK293 celis with pcDNAZ 1(+)
plasmids expressing WT CFTR, coCFTR1, coCFTR2 (SEQ ID NQ: 1), coCFTRI (SEQID NO: 2), ora
GFP control (left panel), and the densitometry analysis of band C, band B, and the C/8 ralio for each
CFTR {right panel}. Densitomelry analysis demonsiraied no significant increase for CFTR band C, a
significant increase in CFTR band B (*p £ 0.007), and a significant decrease in C/B ratio (™p £ 0.02)
with coCFTR1, coCFTR2, and coCFTR3 compared o WT CFTR.

FiG. 2B is a graph showing the results of gRT-PCR analysis of CFTR mRNA performed using
primers that target a portion of the polyadenylation sequence presant in all plasmids.

FiG. 20 shows a representative tracing of the transepithelial current measured when sodium
and non-CFTR anion channels were inhibited with sequential addition of amiloride and DIDS,
respectively, prior to activation of CFTR channels with cAMP agonists forskolin and 3-isobutyl-1-
methybanthine (IBMX) in Fisher Rat Thyroid (FRT) cells that were transfected with pcDNAZ 1(+}
plasmid expressing wildtype WTCFTR, coCFTR1, coCFTRZ (SEQ ID NQC: 1), coCFTR3 (SEQ ID NO:
2y, or a GFP control. The CFTR-specific current was verified with addition of CFTR inhibitor GlyH.

FIG. 2D is a graph showing the change in current (Aly) calculated for transepithelial CF

fransport in response 1o the cAMP agonists forskolin and IBMX (F&D and GilyH for Fisher Rat Thyroid
(FRT) cells transfected with a pcDNA3.1(+) plasmid expressing WT CFTR, coCFTR1, coCFTR2 (SEQ
0 NGO 1), coCFTRS (GEQ 1D NG 2) or GFP in order to analyze protein function. The resulls were
considered statistically significant if *p<0.0001. Mean £ SE is shown.

FiG. 2E shows representative tracings from patch clamp studies performed in HEK 293 celis
transfected with WT CFTR or coCFTRS (SEQ 1D NG: 2), and the graphs of channel open probability,
burst duration, and interburst intervals for coCFTR3 (SEQ 1D NO: 2) where the PKA catalytic subunit
(22 n) and ATP (1 mM) were present throughout, and the holding voltage was ~70 mV,

FiG. 3A is a graph showing the estimated transduction efficiency of airway basal progenilor
cells from three human CF donors that were isclated and transduced at MOI 0.1, .25, 0.5, or 1 with
HIV based lentiviral veciors including a PGK promoter and wild-lype CFTR transgene, an EF i
promoter and wild-type CFTR transgene, or a PGK promoter and GFP transgene as quantified by
flow cytometry after four weeks of differentiation under air-liquid interface conditions. Transduction
efficiency was measured by the percent of GFP* cells.

FiG. 3B shows a representative tracings of the current measured when sodium and non-
CFTR anion channels ware inhibited with amiloride and 4,4 -Diisothiocyano-2,2’-stilbenedisulfonic
acid {DIDS) respectively, prior to activation of CFTR channels with cAMP agonists forskolin and
IBMDC

FIGS. 3C and 3D are a series of graphs showing the change in transepithelial CFTR-
dependent chioride short circult current {(Als) in response to F&I (Fig. 3C) or GlyH (Fig. 3D) cailculated
for transepithelial OF transport for celis transduced with either the HIV based lentiviral vector including
a PGK promoeter and wild-type OF TR transgene {on the left side of each MOl or PGK promoter and
coCFTR3 (SEQ 1D NO: 2) transgene {on the right side for each MGOi). The measurements were made
on 2-3 epithelia per condition and each donor is represented by a unigque symbol on the graph. HiV-
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PGK-coCFTRA resulted in significantly higher chioride current at MOI 0.1 (*p < 0.04) and higher
bicarbonate current at MO OS5 and 1 (Pp < 0.02) compared to HIV-PGK-WTCFTR. The results were
considered statistically significant if *p<0.04. Mean % SE is shown,

FiG. 44 is a series of graphs showing the estimated transduction efficiency (fleft panel) and
GFP expression (right panel} in basal progenitor celis from five human non-CF donors that were
transduced with fentiviral vectors HIV-PGK-GFP or HIV-EF1a-GFP at MOIs 0f 0.04, 0.4, or 4. GFP?
cells and mean fluorescence intensity (MF were quantified by flow cylometry 3-5 days post-
transduction. No significant difference was observed in the number of GFP* cells transduced by
either vector at any dose. A significant increase in MFI was observed in cells transduced with HiV-
EF1«-GFP compared {o HIV-PGK-GFP at MOl 4 (*p<0.0006). Similarly, basal cells from four human
CF donors wers transduced with lentiviral veciors HIV-PGK-WTCFTR, HIV-EF1o-WTCFTR or HiV-
PGK-GFP.

Fi(3. 4B is a series of graphs showing the percentage of GFP+ cells and MF! from the
experiment described in Fig. 4A after 4 weeks of differentiation. No significant difference was
chserved in the number of GFP+ cells transduced by either vector at any dose. A significant increase
in MFI was observed in cells transduced with HIV-EF10~-GFP compared to HIV-PGK-GFP at MCI 4 at
both time points ("p <0.0008, **p < 0.002}.

FiG. 4C is a graph showing GFP exprassion in differentiated epithelia aftsr four weeks of
differentiation under air-liguid interface conditions; the number of remaining transduced cells was
estimated through guantification of GFP* by flow cytomelry. The transduction efficiency was
measured by determining the percent of GFP* cells.

FiG. 4D shows a representative tracing of the transepithelial CF current measured in Ussing
chambers where epithelial sodium channels (ENaC) and non-CFTR chioride channels were inhibited
with sequential addition of amiloride and 4,4 -Diisothiocyano-2,2 -stilbenedisulfonic acid {(DiDS)
respectively, prior to activation of CFTR channels with cAMP agonists F&1, The CFTR-specific
current was verified by addition of CFTR inhibitor GlyH-101.

FIG. 4K shows the short-circuit current change (Alse) in response to F&I and GiyH that was
calculated and showed no significant difference between the two veciors observed at any dose. The
poinis on the graph represent the average of 1-3 epithelia. Each donor is represented by a unique
symbol and the mean + SE are shown.

FiG, 84 is a schematic representation of three versions of vectors used including the
promoter human phosphoglycerate kinase (PGK) to drive transgene expression, a human ankyrin 1
{Ank} insulator element in the reverse orientation present within the self-inactivating (SIN) 3 LTR, and
a transgene of wildtype (WT} CFTR, codon optimized CFTR version 3 (coCFTRS), or GFP. The
vectors shown are not to scale.

Fi3. 5B is a schematic reprasentation of two versions of vectors used including the promoter
human elongation factor 1-o (EF10) to drive transgene expression, an Ank insulator element in the
reverse orientation present within the SIN 3" LTR, and a transgene of WT CFTR, coCFTRS, or GFP.

The vectors shown are not (o scale.
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FiGS. 8A-6C are a series of graphs showing that codon optimized CFTR sequences increase
protein production and generate unique changes in transepithelial chionide current in FRT cells. FRT
cells were transfected with pocDNAZ. 1{+) plasmids expressing WT CFTR, coCFTR1, coCFTRZ,
coCFTRSE, or a GFP control. (Fig. 8A) Three days post transfeciion, cell iysate was collected and
CFTR was quantiiied by western blot. The same represeniative biol is shown with normal exposurs
{top) and with overexposure of the CFTR channel (botiom) (o visualize WT CFTR. Similarly, FRT
cells were glectroporated with the same plasmids, seeded on semipermeable membranes and
alfowed to form an epithelial laysr under air-liquid interface culture conditions. (Fig. 8B) Epithelia
were mounted in Ussing chambers and changes in transepithelial Cl- current (BIT) in response to an
apical low Cl- gradient, CFTR activation by F&I, and CFTR inhibition by GlvH were calculated. (Fig.
8C) The bassline transepithelial electrical resistance (TEER) was quantified. No significant
differences in TEER weare observed between any of the treatmeant groups. Mean & SE are shown.

FIGS, 74 and 7B are a series of graphs showing that formation of a differentiated epithelium
is not affected by exogenous CFTR expression from a lentiviral vecior. CF basal cells were
transduced with HIV-PGK-WT CFTR or HIV-PGK-coCFTR3 at MO1 0.1, 0.25, 0.5 or 1 at the time of
seading on semipermeabie membranes. (Fig. 7A) After four weeks of differentiation under air-liguid
interface culture conditions, pseudostratified cifiated columnar epithelia were observed. Scale bars
represent 20 um. (Fig. 7B) The baseline transepithelial electrical resistance (TEER) of epithelia
studied in Ussing chambers was guantified and no significant differences were observed between any

of the treatment groups. Mean £ SE are shown.

DETAILED DESCRIPTION

Definitions

As used hergin, a “5" LTR” refers to a long terminal repeat (LTR) sequence that is located in a
5 relationship to a transgene. The 5 LTR and ¥ LTR {acilitate integration of lentiviral transfer vector
sequences into a host genome. Typically, the sequences belween and including the LTRs are
integrated into the host genome upon viral transduction. The 5 LTR of a wild-lype HIV-1 virus
includes, from 5-t0-3’, a U3 region, an R region, and a U region. A wild-type, HIV-1 5 LTR can act
as a relatively weak, Tat-dependent promoter if a separate transgene promoter is not provided. A S’
LTR may tack a U3 region (e.g., the U3 region may be deleted). For example, a chimeric 5 LTR that
is fused to a heterologous promoter {e.g., a viral promoter such as a CMVY promoter or an RSY
promoter) can be usad. The heterclogous promoter may replace the U3 region of the 5 LTR.

The term “about” is used herein 10 mean a vaiue that is £10% of the recited value.

As used herein, by “administering” is meant a method of giving & dosage of a composition
described herain {8.g., a polynuciectide, a lentiviral vector, virion, or a pharmaceutical composition
thereof) to a subject. The compositions utilized in the methods described herein can be administered
by any suitable route, including, for exarnple, by inhalation, nebulization, aerosolization, intranasally,
intratracheally, intfrabronchially, orally, parenterally (e.¢., infravenously, subcutaneously, or
intramuscularly), orally, nasally, rectally, topically, or buccally. A composition described herein may

be administered in asrosolized particles intratracheally and/or infrabronchially using an atomizer

8
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spraver {(g.g., with a MADgic® laryngo-tracheal mucosal atomization device) or a nebulizer. The
compositions utilized in the methods described herein can also be administered locally or
systemically. in one embodiment, the method of administration may vary depending on various
factors {e.g., the componenis of the composition being administered, and the severity of the condition
being treated).

The term “codon optimization” refers to meodifying a nucleic acid sequence {o change
individual nucleic acids (e.g., relative to wildtype or ancther reference sequence) without any resulting
change in the sequence of the encoded amino acid. The resulting nucleic acid sequance may be
referred t0 as a “codon optimized” sequence. This process may be performed on any of the
sequences described herein to enhance expression or stability. Codon optimization may be
performed using any suitable approach, e.g., any approach described in, e.g., U.S. Patent Nos.
7,561,872, 7,561,873, and 7,888,112, each of which is incorporated hergin by refersnce in its entirsty.
Computer algorithms for codon optimizing a particular sequence for expression in a particular host
cell are also available, such as Gene Forge (Aptagen; Jacohus, PA), JCat {jcat.de), or Benchling
{Broad Institute). Alternative algorithms for codon optimization are available from IDT, Gensoript,
GeneArt, and Twist Bioscience.

A “control element” or “control sequence” is a nucleotide sequence involved in an inferaction
of molecules that contributes to the functional reguiation of a polynuciectide, including replication,
duplication, franscription, splicing, translation, or degradation of the polynucleotide. Regulation by the
control element may affect the frequency, speed, or specificity of the process, and may he enhancing
or inhibitory in nature. Control elements known in the art include, for example, transcriptional
regulatory seqguences such as promoters and enhancers. A promoler is a DNA region capable, under
certain conditions, of binding RNA polymerase and initiating franscription of a coding region usually
located downstream (in the 3 dirgction) from the promoter.

A “detectable marker geng” Is a gene that allows cells carrying the gens to be specifically
delected (s.g., distinguished from cells which do not carry the marker gene). A large variely of such
marker genes are known in the art {e.g., lacZ, luciferase, chloramphenicol acetyltransferase, and a
flucrescent protein {e.q., green fluorescent profein (GFF), red flugrescent protein (RFEP), mCherry,
dsRed, cyan fluorescent protein (CFP), vellow fluorescent protein (YFP), or any other fluorescent
protein known in the art).

An “expression vector” is 8 vecior comprising a region which sncodes a polypaptide or RNA
of interest and is used for affecting the expression of the protein or RNA in an intended target cell. An
expression vector also has control elements operatively linked to the encoding region to facilitate
expression of the product in the target cell. The combination of control elemeants and a gene, or
genes, to which they are operably linked for expression is sometimes referred 10 a5 an “expression
cassetie,” a large number of which are known and available in the art or can be readily constructed
from components that are gvailable in the art.

A “gene” refers to a polynuciectide containing at least one open reading frame that is capable

of encoding a particular profein afier being transcribed and fransiated.
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The terms “gene delivery” and “gene transfer” refer o the introduction of an exogenous
polynuciectide into a cell which may encompass fargeting, binding, uptake, transport, localization,
replicon integration, and/or expression of the gene.

The term “gene expression” or “expression” refers to the process of gene transgription,
franslation, and/or post-transiational modification.

“Heterologous” means derived from an entity that is genotypically distinct from the rest of the
entity to which it is compared. For example, a polynucleotide introduced by genetic engineering
technigues into a different cell type is a heterologous polynuciectide, and, when expressad, can
encade a heterslogous polypeptide.

“Host cells,” “cell ines,” “cell cultures,” “packaging cell iine,” and other such terms denote
eukaryotic cells, 2.g., mammalian cells, such as human cells, useful in the present disclosure that are
used as recipients for recombinant vectors, virusss, or other fransfer polynucieotides, and include ths
progeny of the original cell that was transduced. H is understood that the progeny of a single cell may
not necessarily be completely identical (n morphology or in genomic complement) {o the original
parent cell.

An “isolated” plasmid, virus, or other substance refers to a preparation of the subsiance
devoid of at least some of the other components that may be present where the substance of g similar
substance naturally ocours oris initially prepared from. Thus, for example, an isolated substance may
be prepared by using a purification technigue to enrich it from a source mixture. Enrichment can be
measured on an absolute basis, such as weight per volume of solution, or it can be measured in
refation 1o a second, potentially interfering, substance present in the source midure.

As used herein, the term “lentivirus” refers 1o a genus of the Relroviridae family of viruses that
typically gives rise to a slowly developing disease. Viruses included within this group include HIV
{human immunodeficiency virus; including HiV type 1 and HiV lype 2), the etiologic agent of the
human acquired immunodeficiency syndrome (AIDS); visna-maedi, which causes encephalitis {visna)
or pneumonia (maedi) in sheep, the caprine arthrilis-encephalitis virus, which causes immuns
deficiency, arthritis, and encephalopalhy in goats; equing infectious anemia virus, which causes
auloimmune hemolylic anemia and encephalopathy in horses; feline immunodeficiency virus (FIV),
which causes immune deficiency in cats; bovine immune deficiency virus (BIV), which causes
lymphadenopathy, lymphocylosis, and possibly central nervous system infection in cattle; and simian
immunodeficiency virus (81Y), which causes immune deficiency and encephalopathy in sub-human
primates. Diseases caused by these viruses are typically characterized by a fong incubation period
and protracted course. Usually, the viruses latently infect monocoytes and macrophages from which
they spread to other celis. HIV, FIV, and SIV also readily infect T lymphooyles (i.e., T-cells).

The term “lentiviral vector” refers {0 a vector including one of more nucieic acid seguences
that are derived from at least a portion of a lentivirus genome. A lentiviral vecior may contain non-
coding sequences of ong or more proteins from a lentivirus (e.g., HIV-13.

A “lentiviral transfer vector” is a lentiviral vector that includes a heterologous nucleic acid
sequence to be transferred into a cell, (e.g., a transgene, including a therapeulic transgene, 6.g., a

CFTR gene, including a human CFTR gene, which may be a codon oplimized CFTR gene), as well
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as, one or more lentiviral genes, or portions thereof. The term encompasses any type of lentiviral
fransfer vector, including, without lirnitation, second generation lentiviral transfer vectors (in which
fransgene expression is driven by the 53’ LTR in a Tat-dependent manner) and third generation
fentiviral transfer vectors {in which transgene expression is driven by a chimeric 5 LTR fused to a
heterclogous promoter on the transier plasmid), as well as any modified versions of such lentiviral
transfer veciors.

A “lenliviral packaging vector” is a lentiviral vector which includes one or more genes
encading the lentiviral proteins Gag, Pol, or Ray, or portions thereof. For example, in second
generation lentiviral packaging systems, the lentiviral packaging vector includes genes enceoding the
lentiviral proteins Gag, Pol, Rev, and Tat, or portions thereof, on a single plasmid. In third generation
fentiviral packaging systems, the genes encoding the Gag and Pol lentiviral proteins, or portions
thereof, are included on a single plasmid, while the gene encoding the lentiviral protein Rev, ora
portion thereof, is included on a separate plasmid, and the gene encoding the lentiviral protein Tat is
eliminated. Transfection of host celis with a transfer vecior and one or more packaging vectors can
be carried out in order to produce g virus, which can be used to infect target cells thus leading to
expression of one or more transgenes.

As used herein, the term “operable linkage” or "operably linked” refers {o a physical or
functional juxtaposition of the components so described as to permit them to function in their intended
manner. More specifically, for example, two DNA sequences operably linked means that the two
DNAs are arranged (¢is or frans) in such a relationship that at least one of the DNA sequences is able
to exeri a physiological effect upon the other sequence. For example, an enhancer and/or a promoier
can be operably linked with a transgene (e.g., a therapeutic fransgene, such as a CFTR gene, or a
codon optimized version thereof),

“Packaging” as used herein refers to a series of subcellular events thal resull in the assembly
and encapsidation of a viral vecior, particularly a lentiviral vector. Thus, when a suitable vecior is
introduced into a packaging cell line under appropriate conditions, il can be assembled into a viral
particle {also referred (o herein as a “virion™). Funclions associated with packaging of viral vectors,
particularly lentiviral vectors, are described herein and in the art.

“Percent (%) sequence identity,” with respect o a reference polynuclectide or polypeptide
sequence, is defined as the percentage of nucleic acids or amine acids in a candidats sequence that
are identical to the nucleic acids or amino acids in the reference polynuclaatide or polypeptide
sequence, after aligning the sequences and introducing gaps, if necessary, 1o achieve the maximum
percent sequence identity. Alignment for purposes of determining percent nucleic acid or amine acid
sequence identity can be achieved in various ways that are within the capabilities of one of skill in the
art, for example, using publicly available computer software such as BLAST, BLAST-2, or Megalign
software. Those skilled in the art can determine appropriate parameters for aligning sequencas,
including any algorithms needed 1o gohieve maximal alignment over the full length of the sequences
being compared. For exampile, percent sequence identity values may be generaled using the
sequence comparison computer program BLAST. As an illustration, the percent sequence identity of

a given nucleic acid or aminoe acid sequence, A, 1o, with, or against a given nucleic acid or aminoe acid
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sequence, B, (which can allernatively be phrased as a given nucleic acid or amino acid sequence, A
that has a certain percent sequence identity o, with, or against a given nucleic acid or amino acid
sequencs, B is calculated as follows:

100 multiptied by (the fraction X7Y)
where X is the number of nuclectides or amino acids scored as identical matches by a sequence
alignment program {s.g., BLAST) in that program's alignment of A and B, and where Y is the {otal
number of nucleic acids in B. it will be appreciated that where the length of nucleic acid or amino acid
sequencs A is not equal to the length of nucleic acid or amino acid sequence B, the percent sequence
identity of A to B will not equal the percent sequence identity of B to Al

The terms “polynucleotide” and “nucleic acid” are used interchangeably to refer to a polymeric
form of nucleotides of any length, including deoxyribonucleotides, ribonuclectides, or analogs thereof
A polynucieotide may include modified nucleotides, such as methylated or capped nucieotides and
nucleotide analogs, and may be interrupted by non-nuclectide components. If present, modifications
to the nucleotide structure may be imparted before or after assembly of the polymer. The term
polynucieotide, as used herein, refers interchangeably to double- and single-stranded molecules.
Unless otherwise specified or required, any embodiment of the disclosure described herein thatis a
double-stranded polynuclectide encompasses both the double-stranded form and each of the two
complementary single-stranded forms known or predicted to make up the deubie-stranded form.

The terms “polypeptide” and “profein” are used interchangeably herein {o refer {o polymers of
amino acids of any length. The terms also encompass an amino acid polymer that has heen
modified; for exampie, by disulfide bond formation, glvcosylation, acetylation, phosphoryiation,
lipidation, or conjugation with a labeling component. Polypeplides such as “CFTR” and the like, when
discussed in the context of gene therapy and compositions therefor, refer to the respective intact
polypeptide, or any fragment or genetically engineered derivative thereof that retains the desired
bicchemical function of the intact protein. Similarly, references (o CFTR, and other such genes for
use in gene therapy (lypically referred to as “iransgenes” {o be delivered to a recipient cell), include
polynucieotlides encoding the intact polypeptide or any fragment or gengtically enginesred derivative
possassing the desired biochemical function.

By “pharmaceutical composition” is meant any composition that contains a therapeutically or
biclogically active agent (8.9., a polynucisotide comprising a transgene (e.g., a CFTR geneg, such as a
codon optimized CFTR gene)), either incorporated into a viral vector (8.g., a8 recombinant lantiviral
vector) or independent of a viral vector {e.q., incorporated inio a liposome, microparticle, or
nanoparticie)) that is suitable for administration to a subject. Any of these formulations can be
prepared by well-known and accepted methods in the art. See, for example, Remington: The Science
and Practice of Pharmagy (21st ed.}, ed. AR, Gennaro, Lippincott Williams & Wilkins, 2005, and
Encyclopedia of Pharmaceutical Technology, ed. J. Swarbrick, informa Healtheare, 2006, each of
which is hereby incorporated by reference.

By “pharmaceutically acceptable diluent, excipient, carrier, or adjuvant” is meant a diluent,
excipient, carrier, or adjuvant which is physiologically acceptable to the subject while retaining the

therapeutic properties of the pharmaceutical composition with which it is administered.
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As used herein, an “R region” refers to a region within a long terminal repeat (LTR) located
between the U3 and US regions, which includes repeat sequences from the viral RNA genome (e.q.,
HIV-1 genome). The length of the R region varies significantly among retroviruses, ranging from 16
nucleolides to 228 nuclectides, The R region in lentiviruses is typically between about 100 and 200
nucleoiides in fength. in wild-type lentiviruses, the & end of the R region on the & LTR is the sile of
franscript initiation of the provirus, which is then terminated at the 3" end of the R region onthe ¥
LTR, and, as a result, the R region may be required for transcription in the context of wild-type
fentiviruses. Second-generation lentiviral vectors may include a 5 LTR R region that includes a
Trans-activating response element (TAR) that acts as a binding site for Tat.

“Recombinant,” as applied to a polynuclectide, means that the polynuclectide is the product of
varicus combinations of cloning, restriction, and/or ligation steps, and/or other procedures that result
in a construct that is distinct from a polynuciectide found in nature {e.g., gene synthesis). A
recombinant virus is a viral particle comprising a recombinant polynucleotids. The terms respectively
include replicates of the original polynucleotide construct and progeny of the original virus construct.

By “recombinant lentivirus” or "recombinant lentiviral vector” is meant a recombinantly
produced lentivirus or lentiviral particle that comprises a polynucieatide sequeance not of lentiviral
origin {e.g., a polynucieotide comprising a transgene, which may be operably linked to one or more
enhancer and/or promotears) such vectors may be delivered into a call, either i vive, ex vivo, orin
vifra. The recombinant lentivirus may use naturally occurring capsid proteins from any lentiviral
serotype. In some embaodiments, the lentivirus is pseudotyped.

By “reference” Is meant any sampie, standard, or level that is used for comparison purposes.
A “normal reference sample” or a “wild-type reference sample” can be, for example, a sample from a
subject not having the disorder {g.q., cystic fibrosis). A ‘posilive reference” sample, siandard, or
value is a sample, standard, value, or number derived from a subject that is known to have a disorder
{a.g., cystic fibrosis), which may be matched to a sample of a subject by at least one of the following
criteria; age, weight, disease stage, and overall health. A "reference sequence” may be any
sequence used for comparison purposes, .4g., a wild-type sequence (e.g., a wild-type CFTR
sequence).

A “selectable marker gene” is a gene that aliows cells carrving the gene o be specifically
selected Yor or against, in the presence of a corresponding selective agent. By way of #lustration, an
antibiotic resistance gene can be used as a positive salactable marker gene that allows a host celi o
be positively selected for in the presence of the corresponding antibiotic. A variety of positive and
negative selectable markers are known in the art.

The terms “subject” and "patient” are used interchangeably hergin to refer to any mammal
{e.g., a human, a primate, a cat, a dog, a ferrel, a cow, a horse, a pig, a goat, a rat, or a mouse). In
one embodiment, the subject is a human.

A “terminator” refers to a polynuciectide sequence that tends to diminish or prevent read-
through transcription {i.e., it diminishes or prevents transcription originating on one side of the
ferminator from continuing through to the other side of the ferminator). The degree to which

franscription is disrupied is typically a funclion of the base sequence and/or the length of the
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ferminator sequence. in particular, as is well known in numerous molecular biological systems,
particular DNA sequences, generally referred {o as “transcriptional termination sequences” are
specific sequences that tend to disrupt read-through transcription by RNA polymerase, presumably by
causing the RNA polymerase molecule to slop and/or disengage from the DNA being transcribed.
Typical example of such seguence-specific lerminators include polyadenylation ("polyA”) sequences,
e.0., SV40 polyA. In addition to or in place of such sequence-specific terminalors, insertions of
relatively long DNA sequences between a promoler and a coding region aiso fend to disrupt
transcription of the coding region, generally in proportion {o the length of the intervening sequence.
This effect presumably arises because there is always some tendency for an RNA polymerase
molecule to become disengaged from the DNA being transcribed, and increasing the length of the
sequencs to be traversed before reaching the coding region would generally increase the likelihood
that disengagement would occur before transcription of the coding region was compileted or possibly
even initiated. Terminators may thus prevent transcription from only one direction (“uni-directional”
terminators) or from both directions (“bi-directional” terminators) and may be comprised of seguence-
spacific termination sequences or sequence-non-specific terminators or both. A varisty of such
terminagior sequences are known in the an; and illustrative uses of such sequences within the contexd
of the present disclosure are provided below.

As used herein, the term "U3 region” refers to the 5 region of a long terminal repeat (LTR)
seguence and includes a core enhancer, a long modulatory region, which may influence viral gene
expression, and a basal promoter, which has the TATA box located about 25 nuclectides from the
beginning of the R region. These components found in the U3 region make it essential for viral
replication.

As used herein, the term “US region” refers to the 3’ region of a long terminal repeat (LTR)
sequence, following the U3 region and the R region; it is derived from the 5" ferminus of the viral RNA
genome (8.g., HIV-1). The U5 region contains a US-IR stem-loop structure which interacls with the
tRINA repiication primer to control initiation of the minus-strand. Additionally, the US region plays a
role in terminating franscription.

As used herein, a “self-inaciivaling 3 LTR” refers o a 3° LTR which lacks LTR promotler
activity, and, as a resull, a viral plasmid containing a seif-inactivating LTR is not capable of
undergoing replication. The self-inactivating 3' LTR can be generated by deleting the U3 region of the
Y LTR to remove the TATA box, thus praventing the initiation of transcription. In some embodimeants,
the 3' LTR comprises an insertion of @ human ankyrin 1 element, .g., in the reverse orientation.

B G

A “therapsutic gene,” “prophyiactic gene,” “target polynuciestide,” “tfransgensg,” “gene of
interest,” and the like generally refer to a heterclogous gene, or genes, that is transferred into a target
cell, for example, using a lentiviral transfer vector of the disclosure. Typically, in the contexd of the
present disclosure, such genes are located within the recombinant lentiviral transfer and are flanked
by long terminal repeat (LTR) regions, and thus can be replicated and encapsidated info lentiviral
particles. Exemplary transgenes include, without limitation, a codon oplimized cystic fibrosis
fransmermnbrane conductance regulator (CFTR), or derivatives or fragments thereof possessing the

desired bicchemical function. To effect expression of the transgene in a recipient host cell, it may be
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operably linked to a promoter, either its own or a heterclogous promoter (e.g., a PGK promoter or an
EFta promoter). A large number of suitable promoters are known in the arl, the choice of which
depends on the desired level of expression of the target polynucieotide, such as whether one desires
constitutive sxpression, inducible expression, cell-speciiic or tissue-specific expression, etc. In
addition to the coding region for the gene product, the fransgene may include or be operabily linked {o
one or more elements to facilitate or enhance expression, such as a promoter, enhancer(s),
desiabilizing domain(s), response element(s}, reporier element(s), insulator element(s),
polyadenylation signal(s), andior other functional elements. Embodiments of the disclosure may
utilize any known suitable promoter {e.q., a PGK promoter or an EF1a promoter), enhancer(s),
destabilizing domain(s), response element(s), reporier element(s), insulator element(s),
polyadenylation signal(s), and/or other functional elements.

By “therapeutically effective amount” is meant the amount of a composition administered {o
improve, inhibit, or ameliorate a condition of a subject, or a symptom of a disorder or disease, e.g.,
cystic fibrosis, in a clinically relevant manner. Any improvement in the subject is considered sufficient
to achieve treatment. In one embodiment, an amount sufficient {o freat is an amount that reduces,
inhibits, or prevents the occurrence or one or more symptoms of the disease or disorder (e.g., cystic
fibrosis) or is an amount that reduces the severity of, or the length of time during which a subject
suffers from one or more symptoms of the disease or disorder, for example, cystic fibrosis, {e.g., by gt
least about 10%, about 20%, or about 30%, by at least about 50%, about 80%, or about 70%, or by at
least about 80%, about 80%, about 85%, about 88%, or more, relative to a control subject that is not
treated with a composition described herein). An effective amount of the pharmaceutical compaosition
used to practice the methods described herein (e.g., the treatment of cystic fibrosis) varies depending
upon the manner of administration and the age, body weight, and general health of the subject being
treated. A physician or researcher can decide the appropriate amount and dosage regimen.

“Transduction” or “transducing” as used herein, are terms referring o a process for the
introduction of an exogenous polynuclectide, e.g., a transgene in a recombinani lentiviral vector, into
a host cell leading to expression of the polynucieotide, &.g., the transgene in the cell. The process
generally includes 1) endocylosis of the fentiviral vector after it has bound to a cell surface rgceptor,
2y escape from endosomes or other intraceliular compartments in the cytosol of a cell, 3) trafficking of
the viral particle or viral genome 1o the nuclsus, 4) uncoating of the virus particles, and generation of
sxpressible double stranded lentiviral genome forms, including circular intermediatss. The lentiviral
vector in an expressible double stranded form may persist as a nuclear episome or may integrate into
the host genome. The alteration of any or a combination of endocytosis of the lentiviral vector after it
has bound to a cell surface receptor, escape from endosomes or other intraceliular compartments to
the cytosol of a cell, trafficking of the viral particle or viral genome 10 the nucleus, or uncoating of the
virus pariicles, and generation of expressive double stranded lentiviral genome forms, including
circular inlermediates, may result in altered expression levels or persisience of exprassion, or alterad
frafficking to the nucleus, or altered types or relative numbers of host cells or a population of calls
expressing the infroduced polynucleotide. Aliered expression or persisience of a polynucileotide

introduced via a lentiviral vector can be defermined by methods well known 1o the art including, but
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not limited 1o, protein expression, e.g., by ELISA, flow cvtometry and Western blot, measurement of
and DNA and RNA production by hybridization assays, €.g., Northern blots, Southern blots and gel
shift mobility assays.

“Treatment” of an individual or a cell is any type of intervention in an attempt to alier the
naturat course of the individual or cell at the time the treatment is initiated, e.g., eliciting a
prophylactic, curative or other beneiicial effect in the individual. For exampls, treatment of an
individual may be undertaken o decrease or limit the pathology caused by any pathological condition,
including (but not limited 10} an inherited or induced genetic deficiency (e.g., cystic fibrosis).
Treatment includes {(but is not limited o) administration of a composition, such as a pharmaceutical
composition, and administration of compatible cells that have been treated with a composition.
Treatment may be performed either prophviactically or therapeutically; that is, sither prior or
subsequant to the initiation of a pathologic event or contact with an etiologic agent. Treatmeant may
reduce one or more symptoms of a pathologicat condition. For example, symptoms of cystic fibrosis
are known in the art and include, e.g., persistent cough, wheezing, breathiessness, exercise
intolerance, repeated lung infections, inflamed nasal passages or stuffy nose, foul-smeailing or greasy
st00is, poor weight gain and growth, intestinal blockage, constipation, elevated salt concentrations in
sweat, pancreatitis, and pneumonia. Detecting an improvement in, or the absence of, one or more
symptoms of a disorder (e.g., cystic fibrosis), indicates successiul treatment.

A “variant” refers 10 a polynucieotide or a polypeptide that is substantially homologous to &
native or reference polynucieotide or polypeptide. For example, a variant polynucleotide is
substantially homologous {0 a native or reference polynucleotide but has a polynuclectide sequence
different from that of the native or reference polynucleotide because of one or a plurality of deletions,
insertions, and/or substilutions. In another example, a variant polypeptide is substantiaily
homologous 1o a native or reference polypeptide but has an amino acid sequence different from that
of the native or reference polypeptide because of one or a plurality of deletions, insertions, and/or
substitulions. Variant polypeptide sequences encoding polynuciectide sequences encompass
sequences thal comprise one or more additions, deletions, or substilutions of nucleotides when
compared to a native or reference polynucieotide sequence, that encode a variant protein or fragment
thereof that retains activity. A wide variety of mutagenesis approaches are known in the art and can
be applied by a person of ordinary skill in the arl. A variant polynucleotide or polypeptide sequence
can be at least 80%, at least 85%, at lsast at least 80%, gt least 1%, at least 82%, gt least 83%, at
least 84%, at least 85%, at least 86%, at least 87%, at least 08%, at least 9%, or more, identical o a
native or reference sequence. The degree of homology (percent identity) between a native and a
variant sequence can be determined, for example, by comparing the two sequences using freely
available computer programs commonly employed for this purpose on the world wide web (e.g.,
BLASTp or BLASTn with default settings).

A fvector” gs used herein refers {0 a macromolacule or association of macromolecules that
comprises or associates with a polynucleotide and which can be used to mediate delivery of the
polynucleotide to a cell, either in vifro or in vivo. Hlustrative vectors include, for example, plasmids,

viral vectors, liposomes, and other gene delivery vehicles. The polynucleotide to be delivered may
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include a coding seguence of interest in gene therapy (such as a gene encoding a protein of
therapeutic interest), a coding sequence of interest in vaccine development (such as a polynucieolide
expressing a protein, polypeptide or peplide suitable for eliciting an immune response in a mammal),

and/or a selectable or detectable marker.

Polynuclectides

The disclosure provides polynucleotides that include transgenes, which, for example, may be
incorporated as transgenes into a viral vector {e.g., a lentiviral vector), or used in the preparation of a
viral vector (e.q., a lentiviral vector). The transgens may be a therapsutic transgene. In some
embodiments, the polynucleotide is a therapeutic transgene for the treatment of cystic fibrosis. In
some embodimentis, the polynucieotide is a codon-optimized transgene.

in one aspect, the disclosure provides an isolated polynucleotide that includes the seguence
of SEQ 1D NG 1, or a sequence having at least 85%, 86%, 87%, 98%, or 88% sequence identity with
the polynuclestide sequence of SEQ 1D NO: 1.

in another aspedt, the disclosure provides an isclated polynucleotide comprising the
sequence of SEG D NO: 2, or a sequence having al ieast 85%, 86%, 97%, 98%, or 88% sequence
identity with the polynuclectide sequence of SEQ 1D NC: 2.

in another aspedt, the disclosure provides an isolated polynucleotide that includeas the
seqguence of SEQ D NG 3, or a sequence having at least 85%, 88%, 97%, 98%, or 89% sequence
ideniity with the polynuclectide sequence of SEQ 1D NO: 3.

Any of the polynuciectides described herein may be incorporated into a lentiviral vector. Any
suitable lentiviral vecior may be used. Any of the polynuclectides may contain a 8 LTR. Any suitable
5 LTR may be used. Any of the polynucleotides may contain a 3 LTR. Any suitable 3 LTR may be
used. in some embodiments, the 3 LTR is a self-inactivating 3 LTR. In some embodiments, the 3
LTR comprises an insertion of a human ankyrin 1 element in the reverse orientation. inh some
embuodiments, the 3 LTR comprises a polynucleolide sequence having at least 85%, 96%, 97%, 88%,
or 99% sequence identity to the nuclectide sequence of SEQ ID NO:13. In some embodiments, the
3 LTR comprisas the polynucleotide sequence of SEQ 1D NO:13.

Any of the polynuclectides may contain an enhancer or a post-transcriptional regulatory
slement {e.g., WPRE or HPRE). Any of the polynucleotides may contain a promoter (2.¢., 8 human
PGEK-1 promoter, a CMV promoter, an RSY promaoter, an EF1a promaoter). Any suitable promoter
may be used. In some embodiments, the promoter may be a human PGK-1 promoter. In particular
embodiments, the promoter may be an EF 1o promotear.

Any of the polynuciectides may contain a polyadenylation site {e.g., a bGH polyA site, a SV40
polvA site). Any suitable polyadenylation site may be used. The polynucieotide may aisc contain one
or more deteciable markers. A variety of such markers are known, including, by way of illustration,
the baclerial beta-galaciosidase (lacZ) gene; the human placental alkaline phosphatase (AF) geng,
and genes encoding various cellular surface markers which have been used as reporter molecules
both in vilro and in vivo. The polynuclectide may also contain one or more selectable markers.

Further, the polynucieotides of the disclosure may include any one or more of these elements.
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Lentivirus and Lentiviral Vector Systems

The disclosure provides polynucleotides which may be incorporaled into lentiviral vectors as
part of a lentiviral vector system. Lentiviruses are a sublype of the Retroviridae family, including
human immunodeficiency virus (HIV), simian immunodeficiency virus (SIV), feline immunodeficiency
virus (FIV), and equine infectious anemia virus (EIAVY), that depend on several viral regulatory genes
in addition to the simple structural gag-pol-env genes for efiicient intracellular replication. Thus,
fentiviruses use more complex strategies than classical retroviruses for gene regulation and viral
replication, with packaging signals apparently spreading across the sntire viral genome. These
additional genes display a web of regulatory functions during the lentiviral life cycle. For example,
upon HiV-1 infection, transcription is up-regulated by the expression of Tat through interaction with an
RNA target (TAR) in the LTR. Exprassion of the full-length and spliced mRNAs is then regulated by
the function of Rev, which interacts with RNA elemeants present in the gag region and in the env
region at the Rev response element (RRE) (Schwartz et al., J. Virol, 66:150-158 (1882)). Nuclear
export of gag-pol and env mRNASs is dependent on the Rev function. in addition 1o these two
essential regulatory genes, Tat and Rev, a list of accessory genes, including wif, vpr, vpx, vpu, and
nef, are also present in the viral genome and their effects on efficient virus production and infectivity
have been demonstrated, although they are not absolutely required for virus replication (Wong-Staal
et al,, Microbial. Rev,, 55:193-205 (1991); Subbramanian et al,, J. Virol, 88:8831-6835 (1884),; and
Trone, Cell 82:188-192 (1995)). A detailed description of the structure of an exemplary lentivirus,
HIV-1, is given in U.S. Patent No. 6,531,123,

A vector used in the methods and compositions described herein may be a relroviral veclor,
such as a lentiviral vector. Lentiviruses have advaniages as gene transfer vectors, as they can cany
7-8 kb, can infect cells, and have their genetic material stably integrated into the host cell with high
sificiency (see, g.g., WO 85/30781 and WO 25/24928). In one embodiment, a lentiviral veclor is
replication-defective to prevent further generation of infectious lentiviral particles in the target tissue,
Thus, the replication-defective virus becomes a captive transgene stably incorporated into the target
cell genome. Replication-defective lentiviral veclors are commuoniy achieved by dividing the assential
viral proteins for replication on o separate plasmids, including the w packaging signal only on the
vector containing the transgene, and by deleting the majority of the viral genes, keeping only those
that are necessary or advantageous. In place of ths deleted viral genes, heterologous nudieic acids
can be inserted. The heterologous genes may be under the control of an endogenous heterologous
promeoter, a different heterologous promoter active in the target cell, or the retroviral ' LTR. In
particular embaodiments, the heterciogous genes are under the control of an EF1a promoter. In
certain embodiments, the heterclogous genes are under the contral of a human PGK-1 promoter.

Lentiviral veclors transduce a wide range of dividing and non-dividing cell types with high
afficiency, conferring stable, long-term expression of the transgene. An overview of optimization
strategies for packaging and transducing lentiviral vectors is provided in Delenda, The Joumal of
Gene Medicine 8: $125 (2004). The use of lentivirus-based gene transfer techniques typically

involves in vifro production of recombinant lentiviral particles carrying an engineered viral genome in
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which the transgene of interest is introduced. In particular, the recombinant lentivirus can be
recoverad through the frans co-expression in a permissive cell line of (1) the packaging constructs,
i.e., avector expressing the Gag-Pol precursors and a vector expressing Rev; (2) a vector expressing
an envelops prolein, which may be a heterologous envelope protein; and (3) the transfer vector,
facking the viral cDNA for all or substantially all open reading frames, but maintaining the sequences
for replication, encapsidation, and exprassion, along with the sequences {0 be expressed {(e.g., a
fransgene such as CFTR gene, including a codon-optimized version thereot).

The present disclosure contemnplates a polynucisotide incorporated as a transgene inlo a
lentiviral gene amplification and transter system comprising a transgene vector, one or more
compatible packaging vectors, an envelope vector, and a suitable host cell. The vectors used may be
derived from a lentivirus. Lentivirus veclors allow (1) transfection of the packaging vectors and
envelope vectors into the host cell to form a packaging cell line that produces essentially packaging-
vector-RNA-free viral particles, (2) transfection of the transgene vector into the packaging cell line, (3)
the packaging of the transgene vector RNA by the packaging cell line into infectious viral paiticles,
and (4) the administration of the particles 1o target celis so that such celis are fransduced and
subsequently express a transgene.

Recombinant retroviral {e.g., lentiviral) particles can be administered directly to the subject, in
vivo, or the subject's cells may be removed, infected in vifro with the particles, and returned {o the
body of the subject. The packaging vectors and transgene vectors of the present disclosure will
generate replication-incompetent viruses. The vectors chosen for incorporation into a given vector
sysiem of the present disclosure are such that i is not possible, without further mutation of the
packaging vector(s) or lransgene vector, for the co-transfected cells {0 generate a replication-
competeni virus by homologous recombination of the packaging vector(sy and transgene vector
alone. The envelope protein used in the present sysiern can be a relrovival envelope, a synthetic or
chimeric envelope, or the envelope from a non-retroviral enveloped virus {e.g., Aufographa
cafifornica). Methods for preparation and i vive administration of lentiviruses are described in U.S.
20020037281,

Packaging Vectors

Any of the lentiviral transfer vectors provided herein may be co-transfected into a cell with one
ar more additional vectors. In some instances, the one or more additional vectors may include
lentiviral packaging vectors. In certain instances, the one or more additional plasmids may include an
envelope plasmid {e.g., an envelope plasmid encoding GP84). Generally, a packaging vector
includes one or more polynuclectide sequences encoding lentiviral proteins (8.g., gag, pol, env, tat,
rev, vif, vipu, vpr, andfor nef protein, or a derivative, combination, or portion thereof). A packaging
vecior to be co-transfected into a cell with a lentiviral transfer vecior of the disclosure and includes
sequence(s) encoding for oneg or more lentiviral proteins not encoded for by the lentiviral transfer
vector. For example, a lentiviral fransfer vector may be co-transfected with a first packaging vector
encoding gag and pol and a second packaging vector encoding rev. Thus, co-transfection of &

lentiviral transfer vector with such packaging vector(s) may result in the infroduction of all genes for

17



WO 2021/222222 PCT/US2021/029365

viral particle formation into the cell, thereby enabling the cell (o produce viral particles that may be
isolated. Appropriate packaging vectors for use in the disclosure can be selected by those of skillin
the art. For examples of packaging vectors that can be used or adapted for use in the disclosure see,
e.g., WO 03/084665, WO 2009/1535883, U.S. Patent No. 7,419,828, WO 2004/022761, U.S. Palent
No. 5,817 481, WO 89/41397, U.S. Patent No. 6,824,123, U.S. Pateni No. 7,056 888, WO 98/32646,
WO 88/51810, and WO 88/17815. In some instances, a packaging plasmid may encode a gag and/or
poi protein, and may oplionally include an RRE sequence (e.g., an pMDLgpRRE veclor; see, &.g.,
Dull et al., J. Virel 72(11):8463-8471, 19888). In certain instancss, a packaging vector may encode a
rev protein {e.g., a pRS8V-Rev vector).

Any of the lentiviral vectors described herein may include one or more packaging signals. As
used herein, the term "packaging signal” or "packaging sequence® refers to sequences locatad within
the lentiviral genome or a vector that provides for, or at least facilifates, insertion of the viral or vecior
RNA into the viral capsid or particle. The term "packaging signal” is also used for convenience to
refer to a vector DNA sequence that is transcribed into a functional packaging signal. Certain
packaging signals may be part of a gene, but are recognized in the form of RNA, ratherthan as a

peptide moiety of the encoded protein.

Envelope Profeing

Any suitable envelope protein may be used in the lentiviral vectors, virions, and other
compaositions (e.q., pharmaceutical compositions) described herein. An example of a non-lentiviral
envelope protein of interest is the baculovirus Aufographa californica multinuclear polyhedrosis virus
{ACMINPY) envelope glycoprotein-64 (GP84). GP64 pseudotyped particies can be highly
concentraled and, unlike the commaonly used VSV-G envelope protein, are not cytoloxic to the cell
The vector containing an envelope protein that is different from the packaging virus genes is
commonly referred 0 as an envelope pseudotyping veclor.

The Env proteins of a lentivirus may be replaced with Env proteins from other retroviruses,
nonretroviral viruses, or with chimeras of these proteins with other peptides or proteins, such as a
vesicular stomatitis virus (VSV) G protein, a variant GP84 envelope protein, an Ebola virus envelope
protein, a Marburg virus envelope protein, a Ross River Virus envelope protein, an influenza
hemaggiutinin envelope protein, a severe acute respiratory syndrome (SARS) & envelope protein, a
Middie East Respiratory Syndrome (MERS) S envelope protein, or a Baboon endogenaus envelops
protein. These envelope proteins may increase the range of cells which can be transduced with
lentiviral derived vectors.

A chimera may be constructed of an Env protein and of a ligand that binds 1o a specific cell
surface receptor in order {o {arget the vedtor 1o cells expressing that receplor. Exemplary chimeras
may include FLA1S (a 8 amino acid peptide that binds integrin receptors), erythropoietin (which binds
the erythropoietin receptor), and human heregulin {which binds the EGF and related receptors).
Alternatively, the chimera may include an antibody variable light or heavy domain, or both domains

joined by a suitable peptide linker (a so-called single chain antibody). Such an antibody domain could
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farget any desired cell surface molecule, such as a tumor antigen, the human low-density lipoprotein
receptor, or a determinant on human MHC Class | molecules.

Virions may be chemically, enzymatically, or physically modified afler production in order to
alter their cell specificity. Examples of modifications include chemical or enzymatic addition of &
figand that would be recognized by a cell surface receptor {e.g., addilion of lactose so that the virions
will transduce human hepatoma cells which express asialoglycoprolein receplors), or incubation of
the virus with a biotinylated antibody directed against the vector's Env protein, Tollowed by addition of
a streptavidin-linked ligand recognized by the cell- surface receptor. A heterobispecific antibody also

can be ussd to link the virion's Env protein to such a ligand.

Lentiviral Transfer Vecfors

The present disclosure provides lentiviral transfer vectors useful for delivery of one or more
transgenes {(e.g., a CFTR gene, e.¢., @ human CFTR gene, £.g., a codon-optimized human CFTR
gene) to a cell (e.g., a lung epithelial cell), tissue, or organ {(8.9., a lung), e.g., of a patient suffering
from a disorder {e.g., cystic fibrosis).

For example, provided herain is a lentiviral vector having a promoter operably linked to a
codon optimized human CFTR gene.

in some embodiments, the lentiviral vector includes a promoter operably linked to a
poiynuciectide having at least 95%, 86%, 87%, 98%, or 88% sequence identity 1o the sequence of
SEQ D NG 1. In some embodiments, the lentiviral vector includes a promoter operably finked {o a
polynucieotide having a sequence of SEQ 1D NO: 1.

in some embodiments, the lentiviral vector includes a promoter operably linked to a
polynucleotide having at least 95%, 88%, 97%, 98%, or 89% sequence identity {o the sequence of
SEQ D NGO 2. In some embodiments, the lentiviral vector includes a promoter operably linkedic g
poiynucieotide having a sequence of SEQ 1D NO: 2.

In sume embodiments, the lentiviral vector includes a promoter operably linked to a
polynucieotide having at least 85%, 88%, 97%, 88%, or 88% sequence identity to the sequence of
SEQ ID NO: 3. In some smbuodiments, the lentiviral vector includes a promoter operably linked to a
poiynuclectide having a sequsance of SEQ 1D NG: 3.

in another embodiment, provided herain is a lentiviral transfer vector comprising a promaoier
{e.g., an EFtu promoter or a PGK promoter) operably linked to a codon-optimized human CFTR
gene, wherein expression of the codon-optimized human CFTR gene in cystic fibrosis human airway
gpithelial cells results in an increase in transepithedial CF transport compared to wildtype human
CFTR. In some embodiments, the lentiviral transfer vector includes a PGK promoter operably linked
{0 a humnan OFTR gene. The PGK promoter may have gt least 95% (e.g., at least 868%, at least 87%,
atl ieast 98%, at least 88%) sequence identity {o the nudieotide sequence of SEQ 1D NO:4. In some
embodiments, the lentiviral transfer vector includes a PGK promoter having a nuclectide sequence of
SEQG ID NO:4 that is operably finked to a human CFTR gene. in some embodiments, the lentiviral
transfer vecior includes an EF1a promoter operably linked io a human CFTR gene. The EFta
promoter may have at least 88% (e.q., at least 86%, at least 87%, at least 98%, at least 89%)

19



WO 2021/222222 PCT/US2021/029365

seqguence identity to the nucieotide sequence of SEQ 1D NO:5. In some embodiments, the lentiviral
fransfer vector inciudes an EFfo promoter having a nucleotide sequence of SEQ ID NO:S that is
operably linked {0 a human CFTR gene.

The lentiviral components of the lentiviral vector may originate from any suitable lentivirus,
e.q., HiV-1, FIV, or other lentiviruses. For exampie, in some embodiments, the lentiviral
componants of the lentiviral vector originate from HIV-1.

in some embodiments, the lenliviral vector further includes one ormore of a5 LTR, a %
LTR, a packaging signal, a Rev rasponse glement (RRE), a central polypurine tract (cPRT)
sequencs, and/or a ceniral terminal (CTS). Any suitable 5" LTR may be used. The 5 LTR may be
a wild-type 5 LTR or a non-naturally occurring 5° LTR, e.g., a chimeric 5 LTR. The 5 LTR may
include an R and a US region. The 8 LTR may lack a U3 region. The & LTR may be a chimeric &
LTR in which the U3 region may be replaced with a promoter (e.g., a viral promoter). The 5 LTR
may include any suitable viral promoter.

Any suitable 3 LTR may be used. The 5 LTR may be a wild-type 3’ LTR or a non-naturally
ocoourring 3’ LTR, e.g., a self-inactivating 3 LTR. The 3’ LTR may be a self-inactivating 3'LTR. In
some embodiments, the self-inactivating LTR includes an insertion of an insulator. Any suitable
insulator(s) may be used, .g., ankyrin. In some embodiments, the 3' LTR comprises an insertion of
a humnan ankyrin 1 element, e.q., in the reverse orientation. In some embodiments, the 3 LTR
comprises a polynucieotide sequence having at least 95%, 96%, 97%, 88%, or 8% sequence
identity 1o the nucleotide sequence of SEQ ID NO:13. In some embodiments, the 3" LTR comprises
the polynuclectide sequencs of SEQ D NO:13.

Also provided herein is a virion that includes any of the lentiviral vectors described herein.

The virion may include any suitable envelope protein. In some embodiments, the virion is
pseudotyped. For example, the virion may be pseudotyped with a wild-lype GP84 envelope protein, a
vartant GP84 envelope profein, an influenza hemaggiutinin envelope protein, an Ebola envelops
protein, a Marburg virus envelope protein, a Ross River Virus envelope protein, a severe acute
respiraiory syndrome (SARS) 8 envelope protein, a Middie East Respiratory Syndrome (MERS) S

gnvelops protein, or a Baboon endogencus refrovirus envelope protein.

Regulatory Elements
Regulatory elements may be used to control the expression of the nucleic acids, e.g.,
transgene(s) of the lentiviral transfer vector, the marker{s) and viral genes or replacements of the
packaging and transfer vectors, and the glycoprotein genes of the envelope vector. Regulatory
elements refer to genetic elements that control some aspect of the expression of a nucleic acid
sequence and include, without limitation, promoters, enhancers, splicing signals, polyadenylation

signals, termination signals, insulators, and the like.
Fromoters and Enhancers

Exemplary transcriptional control signals in eukaryoles include promoter and enhancer

elements. Promoter and enhancer elements have been isolated from a variety of prokaryotic and
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eukaryotic sources including yeast, insect, and mammalian cells, and also from viruses, The
selection of a particular promoter and enhancer depends on what cell type is {0 be used {0 express
the protein of interest. Some eukaryotic promoters and enhancers have a broad host range while
others arg functional in only a subset of cell types (for a review, see, e.g., Voss i al., Trends
Bischem. Sci., 11:287 (1988) and Maniatis ei al., supra (1987)). For example, the SV40 early gene
enhancer is very active in a wide variety of cell lypes from many mammalian species and has been
widely used for the expression of proteins in mammalian celis (Dijkema et al., EMBQ J. 4:781 (1885)).
Two other examples of promoter/enhancer elements active in a broad range of mammalian cell types
are those from the human elongation factor 1a (EF 1o} gene. (Uetsukiet al, J. Biol. Chem., 264:5791
{1989); Kim et al., Gene 91:217 (1980); and Mizushima et al., Nuc. Acids. Res., 18:5322 (1890} and
the long terminal repeats of the Rous sarcoma virus (RSVY) (Gorman et al., Proc. Natl. Acad. Sci.
USATR.E8777 (1982)) and the human cytomegalovirus (CMV) (Boshart et al., Cell 41:521 {(1885)).

in some embodiments, the lentiviral vector may include a promoter, e.g., to facilitate the
initiation of transcription of an operably linked coding region. Any suitable promoter(s) may be used.
The promoter(s) used may be constitutive, regulatable, inducible, or repressible. A constitutive
promoter is one that is always active gt essentially a constant level. Exampiles of constitytive
promoters include the CAG promoter, the cytomegalovirus (CMVY) promoter, the smCBA promoter, the
EF1a promoter, and the SV40 promoter. A regulatable promoter is one whose level of activity is
subject to regulation by a regulatory molecule. An inducible promoter is one that is normally
substantially inactive but is aclivaled by the binding of an inducer {o an operator site of the promoter.
A repressible promoter is one that is normally active but is substantially inactivated by the binding of a
repressor to an operator site of the promoter.

A viral promoter {e.g., an RSV promoter or a CMV promater) may be operably linked to the R
and U regions of a runcated &’ long terminal repeat (LTR), resulting in a chimeric or hybrid 5" LTR.

A promoter, such as a human PGK-1 promoter, may also be operably linked to a transgene o
regulate expression of the transgene. in some embodiments, the lentiviral vector includes a human
PGK-1 promoler operably linked o a iransgene {e.g., a CFTR gene, e.g., a codon optimized CFTR).
in some embuodiments of the disclosure, a lentiviral vector may inciude a human PGK-1 promotser
comprising a nucieotide sequence having at least 90% (at least 81%, at least 82%, at least 93%, at
least 84%, at least 85%, at least 96%, at least 7%, at least 88%, or at least 99%) sequence identity
to the nucleotide sequence of SEQ D NG:4. In some embaodiments, the lentiviral vector includes a
human PGK-1 promoter comprising the nucleotide sequence of SEQ 1D NO4.

A promwoter, such as a human EF1a promoter, may also be operably linked {o a transgene (o
regulate expression of the tfransgene. In some embodiments, the lentiviral vector includes a human
EFta promoter operably linked to a transgene {(8.g., a CFTR geneg, e.4., a codon optimized CFTR). In
some embodiments of the disclosure, a lentiviral vector may include a human EFta promoter
comprising a nucieotide sequence having at least 80% (at least 91%, al least 92%, at least 3%, at
least 94%, at least 95%, af least 88%, st least 7%, al least 88%, or at least 99%) sequence identity
{o the nuclectide sequence of SEQ ID NO:4. In some embodiments, the lentiviral veclor includes a

hurnan EF1a promoter comprising the nuclectide sequence of SEQ 1D NO:5.
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A promoter/enhancer is a segment of DNA that contains sequences capable of providing both
promoter and enhancer funclions {(.e., the functions provided by a promoter element and an enhancer
elementy. For example, the LTRs of relfroviruses can contain both promoter and enhancer funclions.
The promoter/enhancer may be endogenous, exogenous, or heterologous. An endogencus
promoter/enhancer is one that is naturally linked with a given gene in an existing, wild-type genome.
An exogenous or heterclogous promoter/enhancer is one that is linked {o a gene by means of genetic
manipulation {e.g., molecular biological techniques, including cloning and gene synthesis) such that
transcription of that gene is directed by the linked promoter/enhancer.

The activity of a promuoter and/or enhancer can be measured by dstecting directly or
indirectly, the level of transcription arising from the element(s). A strong promoter with high activity or
a weak promoter with low activity may be used to drive transgeneg exgression. Direct detection may
involve guantitating the level of the RNA transcripts produced from that promoter and/or enhancer.
indirect detection may involve quantitation of the level of a protein produced from RNA transcribed
from the promoter and/or enhancer. A commonly employed assay for promoter or enhancer activity
utilizes a reporter gene (e.g., the chioramphenicol acetyliransferase (CAT) gene, luciferase, green
fluorescent protein (GFP), or other reporter proteins known in the art). A promoter and/or enhancer is
inserted upstream from the coding region for the reporier gene (e.g., a CAT gene), which may be
located on a plasmid; which may be introduced into g cell line. The levels of the reporter gene are
measured. For embodiments utilizing a CAT reporter gene, the level of enzymatic activity is
proportional to the amount of CAT RNA transcribed by the cell line. Such reporter assays therefore
allow a comparison to be made of the relative strength of different promoters or enhancers in a given
cell fine.

Promoters and enhancers may be naturally ocourring sequences, or functional mutanis
thergof, including chimeras of natural sequsnces and mutanis thereof. For exampile, a tissue-
specific, development-specific, or otherwise regulatable slament of one promoter may be
introduced into another promoter,

Enhancer elements can be used {0 increase exprassion of modified DNA muolscules or
increase the lentiviral integration sfficiency. In some embodiments, a lentiviral vector used in the
methods and compositions described herein may include a nef sequence. In some embodiments, a
lentiviral vector used in the methods and compositions described herein may include a central
polypuring tract (cPPT) and central termination sequence (CT8) which snhancs vector integration.
The cPPT acts as a second origin of the (+)-strand DNA synthesis and introduces a partial strand
overtap in the middle of the native HIV genome, while the CTS marks the termination of strand
synthesis. The introduction of the cPPT sequence into a transfer vector backbone may increase the
nuclear transport and the otal amount of the genome integrated into the DNA of target celis. A
fentiviral vector used in the methods and compositions described herein may include a Rev response
element (RRE), which promotes the export of any unspliced, viral genomic RNA from the nucleus and
may resuilt in increased titers,

Any of the vectors described herein may include an element that permits expression of

multiple polypeptides from a single nucleic acid molecule. For example, any of the veclors disclosed
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herein may include an internal ribosome entry site (JRES) sequence that permits the expression of
muitiple polypeptides from a single promeoter. In addition to IRES sequences, other elements which
permit expression of multiple polypeptides are known in the art. Any of the veciors disclosed herein
may include multiple promoters that permit expression of more than one polypeptide. The veclor
used in the methods and compositions described herein may include a protein cleavage site that
allows expression of more than one polypeplide. Examples of protein cleavage sites that allow
expression of more than one polypeptide are described in Klump et al., Gene Ther.; 8:811 (2001),
Osborn et al., Molecular Therapy 12:568 (20085}, Szymozak and Vignali, Expert Opin Biol Ther. 5:827
{2008}, and Szymczak et al., Nat Biotechnol. 22:588 (2004). 1t will be readily apparent to one skilled
in the art that other elements that permit expression of multiple polypeptides identified in the future
are useiul and may be utilized in the vectors suitable Tor use with the compositions and methods
described hersin.

The vector used in the methods and compositions described hergin may be a clinical grade

vector or a curent good manufacturing practice (CGMP) vector.

Post-franscriptional Regulgtory Elements

A lentiviral transfer vector of the disclosure may include a post-transcriptional regulatory
element (PRE). PREs are nucleic acid sequences that contribute to regulation of expression of a
DNA sequence within which the PRE is focated. For example, a PRE may be transcribed along with
the rest of the DNA sequence. The portion of the resulting mRNA moilecule transcribed from the PRE
may form a tertiary structure that enhances exprassion of the gene product. A PRE may include, in
some instances, three components (alpha, beta, and gamma). The activity of the PRE may depend
on how many of the components are present. For example, a full fripartite PRE may be more active
than the alpha component alone. PREs suitable for inclusion in the lentiviral transfer vectors of the
disclosure include, for example, woodchuck hepatilis B virus PRE (WPRE) and/or human hepatitis B
virus PRE (HPRE).

Polyadenyliafion Signals

A lentiviral transfer vector of the disclosure may include a polyadenylation signal. Efficient
gxpression of recombinant DNA sequences in sukaryotic cells may be improved by signals that
direct efficient termination and polvadenyiation of the resulting transcript. Transcription
termination signals are generally found downstream of a polyadenyiation signal and are a few
hundred nucleotides in length. A polyadenyiation (also referred 1o as “polyA”) signal or a polvA
sequence denotas a DNA sequance that directs both the termination and polyadenylation of the
nascent RNA transcript. Efficient polyadenyiation of the recombinant transcript may be desirable
as transcripts lacking a polyA tail are generally unstable and rapidly degraded. Any suitable polvA
signal may be utilized in the vectors disclosed herein. The polyA signal utilized in a vector may be
heterologous or endogenous. An endogenous polyA signal is one that is found naturgly at the ¥
end of the coding region of a given gene in the genome. A heleroiogous polyA signal is one that
is isclated from one gene and placed at the 3' end of ancther gene. Commonly used polyA
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signals for mammalian gene expression include SV40 polyA, human growth hormone (hGH)
poiyA, and rabbit beta-globin (tbGlob) polyA.

insulators

Any of the lentiviral veclors disclosed herein may include one or more insulators. Insulalors
are commonly used to protect transgenes from sitencing and/or positional effects, resulting in
improved efficiency and increased stability of the fransgene. In this way, insulators may act in the
lentiviral system {o protect the delivery of the transgene (2.g., CFTR, e.g., codon-optimized CFTR}
while also increasing the efficiency of transcription of the fransgene. In some embodiments, an
insulator, such as a chicken hypersensitivity site 4 (HS4) insulator, a human hypersensitivity site 5
{HS38} insulator, or a fragment of any one of these insulators may be inserted in the lentiviral transfer
vector to protect the delivery of the transgens (g.g. CTFR) and/or to increass the expression of the
transgene in the target cells.

Host Cells for Lentivirus Production

A lentiviral transfer vecior of the disclosure may be introduced info a host cell (packaging
cell). The lentiviral fransfer vector is generally co-transfectad inio the host cell together with one or
more additional vectors {e.g., one or more packaging vectors). The one or more additional veciors
may encoede viral proteins and/or regulatory proteins. Co-fransfection of the lentiviral transfer vector
and the one or more additional vectors enables the host cell to produce a lentivirus (g.g., a lentivirus
encoding a heterologous nucleic acid sequence from the lentiviral transfer vector). Lentiviruses
produced by a hosi cell as described herein may be used o infecl another cell. The heterologous
nucieic acid and/or one or more additional elements {(e.g., promoters and viral elements) may be
integraied into the genome of the infecled cell, thereby permilting the cell and its progeny to express
gene(s) originating from the lentiviral transfer vecior.

A packaging cell suitable for transfection with the lentiviral transfer vector {(and one or more
packaging vectorsy may be a sukaryolic cell, such as a mammalian cell. The host cell may originaile
from a cell line (e.g., an immorialized cell line).

A target cell is the cell which is infected {transduced) with the lentiviral vector (lentivirus}
encoding the transgene of interest. After transduction, the transgene of interest is stably inserted into
the target cell genome and can be detected by molecular biclogy methods such as PCR and
Southern biot. A transgene can be expressed in a targst cell and detected by flow cytometry or
Western blot. In some instances, a target cellis a human cell. In certain instances, the hostcellis a
particular cell type of interest, e.q., a primary T call, SupT1 cell, Jurkat celi, or 2837 call.

it is contemplated that packaging may be inducible, as well as non-inducible. in inducible
packaging cells and packaging cell lines, lentiviral particles are produced in response {0 at least one
inducer. In non-inducible packaging cell lines and packaging cells, no inducer is needed in order for
lentiviral particle production {o occur,
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Methods of Producing Lentiviruses

The lentiviral transfer vectors of the disclosure may be useful for producing lentiviruses in
cells {&.g., a host cell as described herein). A method of producing a lentivirus using a lentiviral
transter vector described herein will generally invohlve introducing the lentiviral transfer vector and one
or move additional veclors {e.g., a lentiviral packaging vector) into the cell. The veclors may be
introduced into the cell using transfection methods well known in the art. Afier transfection, the cell
may be permitted 10 sxprass viral proteins encoded by the lentiviral transfer vector and/or the one or
more additional vectors {e.g., by incubating the cell under standard conditions known in the art for
inducing viral gene expression). In some instances, the viral genes are expressed under the control
of a constitutive or inducible promoter. In the lalter case, viral gene expression may be selectively
induced by incubating the cell under conditions suitable for activating the inducible promoter. Viral
proteins produced by the cell may subsequently form a viral particle, which bud from the cell surface
and can be isclated from the solution (e.g., according to methods well known in the art). During
formation of the virus, a polynuclestide including the sequence of the heterologous nucleic acid may
be incorporated into the viral particle. Thus, this process yields a lentivirus that includes the

heterologous nucleic acid sequence originating from the lentiviral transfer vecior,

Pharmaceutical Compositions

Provided herein are pharmaceutical compositions that include any of the polynuclectidas,
lentiviral vectors, or virions described herein. The pharmaceutical compositions may include one or
more pharmaceutically acceplable carriers. The polynucleotides, vectors, and virions described
herein may be incorporated inlo a vehicle for administration into a patient, such as a human patieni
suffering from cystic fibrosis, as described herein. Pharmaceutical compositions containing
polynucieotides that encode a polypeptide described herein can be prepared using any methods
known in the art. Pharmaceutical compositions containing vectors, such as lentiviral veciors, that
contain a nucleic acid sequence encoding a polypeptide described herein can be prepared using
methods known in the art. For exampile, such compositions can be prepared using physiologically
acceplable carriers, excipients, or stabilizers (Remington's Pharmaceutical Scignces 16th edition,
Csol, A. Ed. (1880); incorporated herein by reference}, and in the form of lyophilized formulations or
agueous solutions.

Mixtures of the polynuclestides or vectors {e.g., lentiviral veciors) described herein may be
prepared in water suitably mixed with one or more excipients, cariers, or diluents. Dispersions may
also be prepared in glycerol, liguid polyethylene glycols, and midures thereof and in oils. In some
embodiments, these preparations may contain a preservative to prevent the growth of
microorganisms. The pharmaceutical forms suitable for injeciable use include sterile aquecus
solutions or dispersions and sterile powders for the exdemporaneous preparagtion of sterile injeciable
solutions or dispersions {(e.g., U.8. 5,466 468). In any case, the formulation may be sterile and may
be fluid. Formulations may be stable under the conditions of manufacture and storage and may be
preserved against the contaminating action of microorganisms, such as bacteria and fungl. The

carrier can be a solvent or dispersion mediurm containing, for example, water, ethanol, polyol (8.g.,

25



WO 2021/222222 PCT/US2021/029365

glycerol, propylene glycol, and liguid polyethylene glycol, and the like), methyicellulose, suitable
mixtures thereof, and/or vegetable oils. Proper fluidity may be maintained, for example, by the use of
a coating, such as lecithin; by the mainienance of particle size in the case of dispersion; and by the
use of surfactants (e.g., a poloxamer such as PLURONIC®). The prevention of the action of
microorganisms can be broughi about by various antibacterial and anlifungal agenis, for example,
parabens, chiorobutanol, phenol, sorbic acid, thimerosal, and the like. In many cases, it may include
isotonic agents, for example, sugars or sodium chioride. Prolongsd absorption of the injectable
compositions can be brought about by the use in the compositions of agents delaving absorption, for
example, aluminum monostearate and gelatin. In some smbodiments, the composition includes
methyicellulose. In some embodiments, the compeosition includes a surfactant {e.g., a poloxamer
such as PLURONIC®).

For example, a solution containing a pharmaceutical composition described hersin may be
suitably buffered, if necessary, and the liquid diluent first rendered isotonic with sufficient saline or
glucose. These particular agueous solutions are especially suitable for intravenous, intramuscular,
subcutaneous, and intraperitoneal administration. In these solutions, sterile agueous media that can
be employed will be known 1o those of skill in the art in light of the present disclosure. For example,
one dosage may be dissolved in 1 mb of isotonic NaCl solution and either added to 1000 mk of
hypodermoclysis fluid or injected at the proposed site of infusion. Some variation in dosage may
occur depending on the condition of the subject being freated. The person responsible for
administration will, in any event, determine the appropriate dose for the individual subject. Moreover,
for human adminisiration, preparations may meet sterility, pyrogenicity, general safety, and purity
standards as required by FDA Office of Biologics standards,

The pharmaceutical compositions described herein may include any of the polynuclectides,
lentiviral vectors, or virions described herein in combination with one or more additional therapeutic
agents. Exemplary additional therapeutic agents include, without limitation, an antibiotic (e.g.,
azithromycin (ZITHROMAX®), amoxiciliin and clavulanic acid (AUGMENTIN®), cloxaciliin and
dicloxacillin, ticarciilin and clavulanic acid {TIMENTIN®), cephalexin, cefdinir, cefprozil, cefacior;
sulfamethoxazole and trimethoprim (BACTRIM®), srythromycin/sulfisoxazole, erythromycin,
clarithromycin, tetracycline, doxycycline, minocycline, tigecycline, vancomycin, imipenem, meripenem,
Colistimethate/COLISTIN®, linezolid, ciprofloxacin, levofloxacin, or a combination thereof), a mucus
thinner {g.g., hypertonic saline or domase alfa (PULMOZYME®)), a CFTR modulator {s.g., ivacattor
{(KALYDECO®), lumacaftor, lumacafior/ivacafior (ORKAMBI®), tezacaftor/ivacattor (SYMDEKO®}, or
TRIKAFTA® {slexacattorivacafioriezacafion), a mucolytic (e.g., acetylcysteine, ambroxol,
bromhexine, carbocisteing, erdosteing, mecysteine, and dornase alfa), normal saline, hyperionic
saline, or & combination thersof.

Typically, the viral vectors are in a pharmaceutically suitable pyrogen-free buffer such as
Ringer's balanced salt sclution (pH 7.4). Although not required, pharmaceutical compaositions may
optionally be supplied in unit dosage form suitable for administration of a precise amount.

Pharmaceutical compositions are generally sierile.
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Cystic Fibrosis

Cystic fibrosis is an autosomally recessive disease that leads to persistent lung infections and
an increasingly limitad ability {o breathe as the disease progresses over time. Cystic fibrosis is
caused by a mutation in the CFTR gene leading to a dysfunctional CFTR protein. Over 2,500
mutations in the CFTR protein leading to cystic fibrosis have been identified. These mutations have
been divided into five classes based upon the problematic effect they cause, including Class |, protein
production mutalions; Class i, protein processing mutations; Class i, galing mulations; Class IV,
conduction mutations; and Class V, insufficient protein mutations. However, 70% of patienis with CF
have the Class I, F508 deletion which affects one of the two nuclectide binding domains in the CFTR
protein. Additionally, the G5351D mutation is a Class Il mutation that affects about 3% of COF patients
and prevents ATP binding in ong of the two ATP binding pockets of the CFTR protein, abolishing ATR
dependent gating. The well-understood genetic basis for the disease and resulting dysfunctional
CFTR makes OF an keal candidate for gene therapy. The CFTR mutations associated with CF
typically lead 1o a basic chioride flux defect in the respiratory ciliated epithelial cells, as the
dysfunctional CFTR cannot transport chioride 1o the cell surface, leading to an insufficient amount of
water at the celi surface, and thus causing a thick, sticky mucus at the celi surface. As a resuit, the
CFTR dysfunction causes chronic infection and inflammation of the respiratory tract and leads to high
morbidity and mortality in CF patients.

CFTR ¢cDNA gene transfer by adenoviral vectors or liposomes has demonstrated partial
correction of the defective CFTR channel activity in the nasal epithelium of CF patienis. Recent
studies suggest that gene therapy may offer great benefits to CF patients even if only partial
correction of CFTR gene function is achieved. The larget celis of CF patients may be
undifferentiated, proliferating and differentiated, non-profiferating lung epithelial cells. For example,
both the dividing and non-dividing lung epithelial cell types can be targeted by pseudolyped retroviral
vectors carrying a wild-type CFTR cDNA.

Methods of Treating Cystic Fibrosis

The disclosure provides methods of treating and/or preventing CF. In one aspedt, provided
herein is a method of treating CF, the method including administering {0 a subject in need thersof a
therapeutically effective amount of any of the polynucleotides, lentiviral vectors, virions, and
compositions {e.g., pharmaceutical compositions) described herein. The recombinant lentiviral vector
may include any of the polynucleoctides described herein. The lentiviral vector may be partof a
pharmaceutical composition, including a pharmaceutically acceptable carrier and any of the lentiviral
vectors or virions described herein. The polynucieotide may be part of a pharmaceutical composition,
including a pharmaceutically acceptabie carrier and any of the polynuciestides described herein.

Compositions described herein {e.g., polvnuciectides, lentiviral veciors, virions, or
compositions {e.g., pharmaceutical compositions) thereof) may be used in vivo as well as ex vivo. In
vive gene therapy comprises administering the vectors of this disclosure directly to a subject.
Pharmaceutical cormnpositions can be supplied as liquid solutions or suspensions, as emulsions, or as

solid forms suitable for dissolution or suspension in liquid prior 1o use.
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A compaosition described herein (e.g., polynucleotides, lentiviral vectors, virions, or
pharmaceutical compaositions) can be administered by any suitable roule, e.g., by inhalation,
nebulization, agrosolization, intranasally, intratracheally, intrabronchially, orally, parenterally {e.g.,
intravenously, subculanesously, or intramuscularly), orally, nasally, rectally, topically, or buceally. They
can also be administered locally or systemically. For administration into the respiratory tract, one
mode of administration is by aerosol, using a composition that provides either a solid or tiquid aerosol
when used with an appropriale aerosolubilizer device. Another mode of administration inlo the
respiratory tract is using a flexible fiberoptic bronchoscope to instill the vectors. In soms
embodiments, a composition is administered in aerosolized particles intratracheally and/or
intrabronchially using an atomizer sprayer {e.g., with a MADgic® laryngo-tracheal mucosal
atomization device). In other embodimsnis, a composition is administered in aerosolized particles
intratracheally and/or intrabronchially using a nebulizer. In some embodiments, the composition is
administered parentally. In other embodiments, the composition is administered systemically.
Vectors can also be introduced by way of bioprostheses, including, by way of illustration, vascular
grafts (PTFE and dacron), heart valves, intravascular stents, infravascular paving as well as other
non-vascular prostheses. General techniques regarding delivery, frequency, composition, and
dosage ranges of vecior solutions are within the skill of the art.

For administration to the upper (nasal) or lower raspiratory fract by inhalation, the
compositions described herein {(e.g., polynucieotides, lentiviral vactors, virions, or pharmaceutical
compositions) are conveniently delivered from an insufflator, nebulizer, or a pressurized pack or other
convenient means of delivering an aerosol spray. Pressurized packs may comprise a suitable
propeliant such as dichlorodifiuoromethane, trichioroflusromethane, dichloroietrafluoroethane, carbon
dioxide, or other suitable gas. In the case of a pressurized agrosol, the dosage unit may be
determined by providing a valve {0 deliver a metered amount. Alternatively, for administration by
inhalation or insufilation, the composition may take the form of a dry powder, for example, a powder
mix of the agent and a suitable powder base such as lactose or starch. The powder compaosition may
be presented in unit dosage form in, for example, capsules or cartridges, or gelatine or blisier packs
from which the powder may be administered with the aid of an inhalator, insufflator, or a metered-
dose inhaler. For intranasal administration, the agent may be administered via nose drops, a liquid
spray, such as via a plastic botile atomizer, or metered-dose inhaler. Typical of alomizers are the
Mistometer (Wintrop) and the Meadihaler (Riker).

Administration of the compeositions described herein (e.g., lentiviral vectors, virions, or
pharmaceutical compositions) may be continuous or intermittent, depending, for example, upon the
recipient’s physioclogical condition, whether the purpose of the adminisiration is therapeutic or
prophyiactic, and other factors Known to skilled practitioners. The compositions described herein can
be administered once, or mulliple times (8.9., 2, 3, 4, 5,8, 7, 8, 9, 10, 20, or more times), at the same
or at different sites. The administration of the agents of the disclosure may be essentially continuous
over a preselected period of fime or may be in a series of spaced doses.

The compositions described herein (e.q., polynucleotides, lentiviral vectors, virlons, or

pharmaceutical compositions) may be administered as a monotherapy. The compositions described
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herein (&.g., lentiviral vectors, virions, or pharmaceutical compositions) can aiso be administered in
combination with one or more additional therapeutic agents. Any suitable additional therapeutic
agent{s) may be used including standard of care therapies for CF. Additional therapeutic agenis may
include but are nol limited to an antibiotic, a mucus thinner, a CFTR modulator, a mucolytic, normal
saling, hyperionic saling, or a combination thereof. In some embodiments, the one or more additional
therapeutic agents includes an antibiolic, such as azithromycin (ZITHROMAX®), amoxicillin and
clavulanic acid (AUGMENTIN®), cloxaciliin and dicloxacillin, ticarciliin and clavulanic acid
{TIMENTIN®), cephalexin, cefdinir, cefprozil, cefaclor; sulfamethoxazole and trimethoprim
(BACTRIM®), ervthromycin/sulfisoxazole, erythromycin, clarithromycin, tetracycline, doxyeoycline,
minocycline, tigecycling, vancomycin, imipenem, meripenem, Colistimethate/COLISTIN®, linezolid,
ciprofloxacin, levofioxacin, or a combination thereof. In some embodiments, the additional therapeutic
agent includes a mucus thinner, such as hypsrtonic saling or dornase alfa (PULMOZYME®). In some
embodiments, the additional therapeutic agent includes a CFTR modulator, such as ivacaftor
(KALYDECO®), lumacattor, lumacattor/ivacattor (ORKAMBI®), TRIKAFTA®
{elexacaftor/ivacaftorfiezacaiion), and tezacaftor/ivacaftor (SYMDEKG®R). In some embaodiments, the
additional therapeutic agent includes a mucolytic, such as acetyloysieine, ambroxol, bromhexine,
carbocisteine, erdosteine, mecysieing, and dornase alfa. in other embodiments, the additional
therapeutic agents are normal saline, hypertonic saline, or a combination thereof.

The compositions described herein (e.q., polynuciectides, lentiviral vectors, virions, or
pharmaceutical compositions) may be administered to a mammal alone or in combination with
pharmaceutically acceptable carriers. As noted above, the relative proportions of active ingredient
and carrier are determined by the solubility and chemical nature of the compound, chosen route of
administration, and standard pharmaceutical praclice.

The dosage of the present compositions will vary with the form of administration, the
particular compound chosen, and the physiological characieristics of the particular patient under
treatment. it is desirable that the lowest effective conceniration of virus be utilized in order {0 reduce

the risk of undesirabls effects, such as {oxicity.

Examples

The invention will be more fully understood by reference to the following exampies. They
should not, however, be construed as limiting the scope of the invention. It is understood that the
examples and embodiments described herein are for illustrative purposes only and that various
modifications or changes in light thereof will be suggested 1o persons skilled in the art and are {0 be
included within the spirit and purview of this application and scope of the appended claims.

Exampile 1: Codon-optimization of CFTR gene
in order {o advance lentiviral gene therapy and achigve full correction of CF phenotypes in the
airways, we investigated the effects of CFTR codon optimization on fransgene expression and

function. Since airway epithelial cells are inferconnecied through gap junctions, we hypothesized
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that, without wishing o be bound by any one particular theory, a small number of cells expressing

high levels of CFTR could perform sufficient anion transport to rescue CF phenotypes.

Materials and Methods

Plasmids

WY CFTR and coCFTR1 (GenBank MW222115) in the pcDBNA3 1{+) vactor were used. Only
the first 356 amino acids of coCFTR1T were codon oplimized. coCFTR1T conlains a valine for
methioning substitution at position 1475 which does not affect protein funclion (see, Smit et al. (1983},
Froc Nat! Acad Sei USA 80: 9963-8867). Codon optimization and synthesis of coCFTR2 {GenBank
MW116826) was commercially performed by Genscript in the Bluescript plasmid. coCFTRZ contains
the leucine for phenviaianine substitution at position 833 present in the originally reported CFTR
sequencs, which increases protein solubility but does not affsct protein structures (see, Baker et al.
{2007y, Nat Siruct Mol Biof 14 738-745). Codon optimization of coCFTRS (GenBank MWI16827)
was performed using JCat, and was commercially synthesized by Genscript in the HIV-PGK-
coCFTR3 vector. coCFTRZ and coCFTRS were sub-cloned into pcDNA3.1(+). HIV-PGK-WTCFTR
and HIV-EF10-GFP were synthesized by Genscript and used to clone HIV-PGK-GFP, HIV-PGK-
coCFTRS and HIV-EF1a-WTCFTR. The HiV-based vectors used are second generation, salf-
inactivating (SIN}, and contain a human ankyrin 1 element in the reverse orientation within the 3 LTR

that improves long-term expression by avoiding silencing.

Codon oplimized sequence comparisons

CFTR domains were defined by the following amino acid positions: TMD1 (1-358), NBD1
(357-678), RD (879-840), TMDZ (841-11586), NBD2 (1157-1481). Nucleotide content was delermined
using SeqgBuilder Pro 17 (DNASTAR). Codon usage and GCs content was delermined using

Sequence Manipulation Suite.

Fischer raf thyroid (FRT} eleciroporation and epithelia formation

Codon optimized or wildtype versions of CFTR ¢DNAs were electroporated into FRT cells and
seeded on filters in triplicate, FRT cells were cultured in Ham F-12 Coon’s modified medium
supplemented with 5% FBS and 1% penicillin/streptomycin at 37°C in 5% CO: humidified
environment. 1.2x10° FRT cells were electroporated with 4 pg of pcDNAZ 1{+) plasmid (Amaxa
NUCLECQFECTOR™ 2, NUCLEOFECTOR™ Kit L, Lonza). The GFP plasmid included in the
electroporation kit was used to verify successiul electroporation and these cells were used as
negative controls in Ussing chamber experiments. Cells were resuspended in a total volume of 700
and 200 yi were seeded in each of three, collagen-coated polycarbonate membrane tissue culture
inserts (Corning TRANSWELL™, 8.5 mm, 0.4 um pore} with 400 ui media on the basolatergt
compariment. The next day, apical media was removad, and the basolateral media was replaced.

Seven days later transepithelial Gl transport and mRNA expression were measured.

HEK293 celf fransfection
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HEK293 celis were cultured in 5% FBS and 1% penicillin/streptomycin at 37°C in 5% CO2
humidified environment. 1x10° ceils per well were seeded on a 8-weli plale. The next day, 2 ug of
poeDNAZ 1(+) plasmid was fransfected following manufacturer instructions for Lipofectamine 2000
{Invilrogen). When confluent, cells were harvesied for mRNA or western blot analysis. A GFF control
plasmid was used {o verify successful transfection and 10 serve as a negathve control in mRNA and

western blof analyses.

Transduction and differentiation of primary human airway basal celis

All primary human airway epithelial celis were osbilained from the Universily of towa In Vilro
Models and Cell Culture Core under approval from the University of lowa Institutional Review Board.
De-identified celis isclated from donated non-CF lungs, or discarded CF lungs after transplant were
provided. 8x10° freshly isolated primary basal celis from CF donors were seeded on collagen coated
13 o plates in BRONCHIALIFE™ Epithslial Basal Medium (Lifeline). Once calls reached ~80%
confluency, cells were dissociated using TRYPLE™ (Gibeo) and 1x10° cells were seeded on
coliagen-coated polycarbonate membrane tissue culiure inserts (Corning TRANSWELL™, 6.5 mm,
0.4 pym pore) along with the viral vector and polybrene (2 ug/mib in a final volume of 200 ul. 400 i
defined culiure media (ULTROSER™ G} was maintained in the basolateral compartment throughout
the differentiation process. Cells were maintained under submerged culture conditions for 48-72
hours. Apical media was then removed, and cultures were maintained at air-liguid interface
conditions for a minimum of four weeks. Once differentiated, cells ware either mounted directiy in
Ussing chambers for electrophysiology analysis or dissociated for flow cytometry analysis using
ACCUMAX™ (Sigma).

For non-CF calls, 2x10°% celis were seeded onto collagen-coated 8-well plates along with viral
vecior and POLYBRENE® (2 ug/mil) in Bronchialife™ Epithelial Basal Medium (1 mi final volume).
Media was replaced as nesded until cells reached confluency 3-5 days post-transduction and were

harvested using TypLE for flow cylometry analysis.

Western biot analysis

Adherent cells in a S-well plate were washed with PBS and 0.5 mi RIPA buffer (Thermo
Fisher Scientific/Gibeo, Waltham, MA) with protease inhibitor (Roche COMPLETE™ ULTRA Tablets,
Mini, EDTA-free, Basel, Swilzerland) was added to each well. The plate was placed at -80°C for 10
minules, and then allowed to thaw al room lemperature. Cell lysate was collected, and cell debris
was separated by centrifugation. Protein-containing superatant was collected, and stored at -20°C.
A BCA assay (Pierce BCA Prolein Assay Kil, Thermo Fisher Scientific/Gibico, Waltham, MA) was
performed prior to each western blot to quaniify protein. 20 yg of protein per sample were lpaded in a
3-8% CRITERION XT™ Tris-Acetate Gel (Bio-Rad) and ran at 128 V for 90 minutes in
Tris/Tricine/SDS Running Buffer (Bio-Rad). Transfer to IMMOBILON™.FL PYDF membrane
{Millipore) was performed at 110 pA, 4°C, overnight in high glycing transfer buffer (120 g glycine, 8 g
Tris-base in 2 L water). The membrang was blocked with 0.1% Hammarsten casein in PBES for 1

hour. Primary antibodies (mouse-anti-human CFTR UNGC-586, and rabbit-anti-human vinculin Thermo
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Fisher Scientific/Gibeo, Waltham, MA) were diluted 1:2000 and incubaled at room temperature for 2
hours. Secondary IRDYE™ antibodies (LI-COR donkey-anti-rabbit 880RD, and donkey-anti-mouse
S00CW) were diluled 1:20,000 and incubated for 1 hour at room temperature. Three washes with
TBST for 15 minutes were performed between each siep. Membrane was imaged and analyzed
using LI-COR ODYSSEY™ sysiem,

mMRNA measurements

Adherent cells in a 6-well plate were washed with PRS. Cell contents of each well were
collected in 0.5 mi TRIzol (invitrogen). RNA was isolated following manufacturer instructions for
DIRECT-ZOL™ RNA Kit (Zymo Research). ¢DNA was generated using High-Capacity-RNA-1o-cDNA
Kit {Applied Biosystems) and gPCR {Applisd Biosystems 7900HT) was performed using Fower
SYBR™ Green PCR Master Mix (Thermo Fisher Scientific/Gibeo, Waltham, MA) using primers
directed against the polyadenylation sequence of pcDNAJ 1{+) plasmids 5'-
CTCGACTGTGCCTTCTAGTTG-3 (SEQ 1D NO8) and 5-GCACCTTCCAGGGTCAAG-3 (SEQ ID
NO7). GAPDH was used 1o normalize gene exprassion using primers 5-
GOATTTGGTCGTATTGGEG-Y (SEQ ID NO:8) and §- GGATTTGGTCEGTATTGGG-3' (SEQ 1D NO:9).

Patch clamp experiments

Experiments were performed as previously described {see, Dong et al, (2008). Biophys J 95
5178-5185). Excised, inside-out membrane patches from 2937 human embryonic kidney cells
transiently expressing WT CFTR or coCFTR3 using pcDNAJI 1{(+) vectors were used. The pipelte
{extracellular) solution contained: 140 mbd No-methyl-D-glucaming, 3 mM MgCl, 5 mM CaCle, 100 mM
L-aspartic acid, and 10 mM tricing, pH 7.3 with HCL The bath {intracellular) solution conlained 140
mid N-methvi-D-glucaming, 3 mM MgClz, 1 mM Cs ethylene glycol bis (2-aminosthyl ether) -
NN NN tetraacetic acid (CsEGTA), and 10 mM tricine, pH 7.3 with HCI Following patch excision,
CFTR channels were activaled with 22 nM protein kinase A (PKA) catalytic subunil {from bovine
heart, EMD Millipore Corporation, Billerica, MA) and 1 miM ATP (magnesium sall, Sigma-Aldrich, St
Louis, MO}, PKA catalytic subunit was present in all cytosolic solutions that contained ATP,
Experiments were performed at room temperature (23-26°C). Recordings from patches containing 2-
8 channels were digitized at 5 kHz and prior to analysis low-pass filtered at 500 Hz using an 8-pole
Bessel filter (Model 800, Frequency Devices, Inc., Haverhill, MA). Single channsl openings and
closings were analyzed with a burst delimiter of 20 ms using Clampfit software {version 10.3,
Molecular Devices, Sunnyvale, CA) (see, Carson et al. (1885). J Bicl Chem 270 1711-1717). Events
<4 ms duration were ignored. The mean interburst interval (IBl} was calculated using the formula Po =
(BD x Porus) / (BD + IBI), where P is the mean open state probability, BD is the mean burst duration
and Poaust is the mean open state probability within a burst (see, Cotion et al. (1998). J Biof Chem
273 31873-31879).

Flow cytometry
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Ceils were resuspended in 100 ul PBS containing 2% FBS with LIVE/DEAD™ Fixable Far
Red Stain Kit {Invitrogen) and incubatad for 30 minutes protected from light. Three washes with 1 ml
2% FBS in PBS were performed before resuspending cells in a final volume of 500 p for flow
cylometry analysis in ATTUNE™ NxT Flow Cytometer {Invitrogen). Doublets, and dead cells were

excluded from analysis.

Short-cireuit measurements

CFTR function was guantified in Ussing chambers by measuring the change in current (Al or
Alsc) generated across an epithelial cell laysr in response to cAMP agonists forskolin (F) and 3-
isobutyl-1-methyixanthine (IBMX). CFTR channels were isolated by inhibiting sodium and anion
exchangsrs using amiloride and 4 4'-Diisothiooyano-2,2'-stilbenedisulionic acid {(DIDS) respectively.
Based on the resulis from our cell ine model, we selected coCFTRS to compare to WT CFTR in CF
primary human airway spithelial cells. Basal progenitor cells were transduced with a lentiviral vector
carrying WT CFTR, coCFTR3 or GFP and they were then allowed to differentiate for four weeks
before maasuring transepithelial CF current.

For transepithelial chioride current measurements epithelial cultures were mounted in Ussing
chambers, submerged in a solution containing 135 mM NaCl, 5 mM HEPES, 0.6 mM KH2PQ4, 2.4 miM
KaHPQOy, 2.2 mM MgCl, 1.2 mM CaClz, and 5 mM dextrose, and bubbled with air. For bicarbonate
measurements cultures were submerged in & chioride-free solution composed of 118.9 mM Na
gluconate, 25 mM NaHCOs;, 5 mM Ca gluconate, 1 mM Mg gluconate, 2.4 miM KoHPO4, 0.6mM
KH2PO4, 5 mM dextrose, and bubbled with CO2. Amiloride, ENaC inhibitor, and DIDS, a C
gxchanger inhibilor, were sequentially added apically to a final concentration of 100 pM. CFTR was
then apically aclivated with the cyclic AMP agonists forskolin and 3-ischutyk-2-methyixanthine (IBMX)
at a final conceniration of 10 pM and 100 uM, respectively. Finally, the CFTR inhibilor GlyH-101
{Cysiic Fibrosis Foundation) was added apically to a final concentration of 100 yM. Changes in shori
circuit curent {(Alsc) in response to COFTR activation and inhibition were calculated. For FRT
fransepithelial current measurements, a Ch gradient was used. Prior o forskolin and 1BMX
stimulation, the apical solution was replaced with one in which NaClwas replaced with NaCsHn Oy,

and changes in current were calculated (Aly).

Stalistics

All data were analyzed using GraphPad Prism 8 software. Statistical significance was
delermined using one-way ANOVA with Dunn’s mulliple comparison test, one-way ANCVA on ranks
{Kruskal-Wallis test) with Dunn’s mullipls comparisons test, or multiple t-tests with Bonferroni-Dunn
correction as appropriate. Error bars represent mean £ SE.

Resuffs
CFTR is composed of two sets of iransmembrane domains (TMD1 and TMD2}, two
nucieotide binding domains (NBD1 and NBD2), and a regulatory domain (RD) (Fig. 14). Different

approaches for codon optimization were used to generate codon optimized CFTR (coCFTR) genes

33



WO 2021/222222 PCT/US2021/029365

coCFTR2 (SEQ 1D NQ: 1), coCFTR2 (SEQ D NG: 2), and SEQ 1D NO:3. These codon-optimized
CFTR genes were compared {o coCFTRT (Kim et al,, Science, 348; 6233, 444-448). As shown in
Fig. 1B, only ransmembrane domain 1 (TMD1) of coCFTRT was optimized. The remaining domains,
including nucleotide binding domains 1 and 2 (NBE1/2), regulstory domain (RD) and transmembrane
domain 2 {(TMD2) relained the wildtype (WT) sequence. Except for coCFTR1, codon changes did not
segregate by CFTR proiein domain. The entire gene was optimized for coCFTRZ and coCFTR3 (Fig.
18). A propriglary algorithm (Genscript) was used for coCFTR2 and a publicly available algorithm
{JCat) (see, Grote et al. (2005). Nucleic Acids Res 33: W526-531.) for coCFTRS. Fig. 1C shows the
percentage of nuclectides in WT CFTR, coCFTRT, coCFTRZ (SEQ ID NO: 1), and coCFTRI (SEQ ID
NC:2) that are guanine (3), adenine {A), thymine (T}, or cytosine (C). The total GC content increased
in all codon optimized sequences compared to WT CFTR, but coCFTRS had the highest increase
{from 42% 1o 84%) (Fig. 1C). An increase in the GC content of SEQ 1D NO: 2, compared to the other
sequences was apparsni, as shown in Fig. 1D, with coCFTRS having a GCs content of nearly 100%.
Codons using a G or C at the third nucleotide position (GC,) were also increased in the single codon
optimized domain of coCFTRY, and throughout alf domains of coCFTR2 (SEQ 1D NO: 1) and
coCFTR3 (SEQ D NO: 2). The divergence of coCFTR sequence from wildlype (WT) CFTR is
summaiized in Table 1, which shows that coCFTR sequences differ from WT CFTR in their codons by
16-88% and in thelr nucleotide sequence by 8-35%. The codon adaptive index (CAl is higher in all
coCFTR sequences compared o WT OFTR.

Table 1. Summary of codon optimization of CFTR

Sequence CAl Codon Divergence Sequence Divergence

WT CFTR 0.74 - -

coCFTR 1 078 18% (355/1481) 8% (276/4443)

coCFTR 2 .80 85% (861/1481) 32% (1426/4443)
(SEQIDNO: 1)

coCFTR 3 0.99 88% (1001/1481) 35% (1561/4443)
(SEQ ID NO: 2)

As expected, all strategies increased the CAl compared 1o WT CFTR, but the amino acid

sequence remainead the same (Table 2).

Table 2. Codon Usage of CFTR Seguences
WT CFTR § coCFTR12 § coCFTR2 § coCFTR3S

G 8 3 4 0
) A 34 26 20 0
Ala G C 5 27 20 22 0
C 16 34 37 83
. G 16 13 17 {
G C oy 37 24 22 0
Arg 3 8 4 13 0
C G A g 33 7 0
T 3 2 7 0
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c 5 2 12 78

T 55 21 24 o

Asn A c 29 33 30 54
T 38 32 26 D

Asp G c 20 26 32 58
T 8 ) 10 B

Cys T c 10 12 3 18
o 31 37 47 87

G C A 36 30 20 g
o o e 30 45 81 53
A 83 48 32 0

G 16 10 21 ®

oy G A 38 30 18 0
T 15 14 13 0

c 15 30 a2 84

) T 11 S 7 5
His  C c 14 16 18 25
A 33 26 14 o

e A T 50 39 46 o
c 36 54 59 119

. e T4 37 55 2

A 7 20 13 0

& 37 26 72 183

Leu? o A 19 12 9 0
T 32 20 23 a

c 24 89 38 0

e A a 35 37 53 02
A 57 45 20 o

Rote A & 38 39 38 38
, T 57 35 37 0
Phet T C 38 50 47 35
& . 6 3 D

A 13 21 12 D

Pro. C T 20 15 13 0
c 11 g 15 45

N T 19 15 Te 5

c 24 20 28 123

a 4 3 9 o

Ser T A 29 22 24 0
T 30 23 26 0

c 17 40 18 0

e 3 3 5 ?

A 33 31 18 0

The A T 32 20 26 0
c 15 20 33 83

Trp & 33 53 33 33
Tyt T 52 15 15 5
c 18 25 25 40

e % 46 48 59

. A 12 11 9 0
vaF G T 23 17 12 0
c 18 14 20 0

A D ) o D

Stop T G 1 3 1 o
A o 0 0 1

Total | 1481 1451 481 1481

cal | o074 0.76 0.80 0.99
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3coCFTRY substitutes methionine for valineg at position 1475,

bcoCFTRZ substitutes leucine for phenylalanine at position 833.

To test the therapeutic polential of CFTR codoen oplimization, three different CFTR ¢DNA
seqguences were compared in a model cell line. Each codon oplimized CFTR (coCFTR) sequence
was cloned into the polDNAS. 1 expression vecior and eleclroporated into Fischer rat thyroid (FRT)
cells. FRT cells do not express endogenous CFTR and can form a polarized epithglium. One week
later the transepithelial Cl transport was measured and found that each codon optimized sequence
provided a different degree of improved CFTR expression and function as evidenced by CF
transepithelial transport. To confirm this was not a cell ling specific effect, mMRNA and protein
production in transfected HEKZ293 cells was measured after 72 hours, A GFP expression plasmid
served as a control. The protein concentration of WT CFTR, coCFTR1, coCFTR2 {encoded by SEQ
D NG 1), and coCFTRS3 (encoded by SEQ 1D NO: 2}, was measured by Western Blot as shown in
Fig. 2A, with GFP as a control. Different glycosylation patterns, including bands B and C, were
detected, and vinculin was used as a lcading control. Densitometry analysis demonstrated no
significant increase for CFTR band C, a significant increase in CFTR band B Fp < 0.007), and a
decrease in G/B ratio (*p < 8.02) with coCFTRY, coCFTRZ (SEQ ID NG: 1}, and coCFTRI(BEQ ID
NCO: 2) compared o WT CFTR (Fig. 2A). CFTR mRNA was quantified by gRT-PCR using primers
that target g portion of the polyadenyiation sequence present in all plasmids. While all coCFTR
sequences resulted in higher average mRNA content over WT CFTR, the fold increases were not
statistically significant for any sequence as shown in Fig. 2B,

To test protein funclion, Fischer rat thyroid (FRT) celis were electroporated with the same

plasmids and grown under air-liquid interface conditions. One week later, transepithelial CIF current
was measured under apical low chioride gradient conditions. Fig. 2D shows the change in current
(&l,) in response to the cAMP agonists forskolin and IBMX. Compared to WT CFTR, coCFTRY did

not increase function, while coCFTRZ showed a modest increase. A significant increase with
coCFTRS (SEQ D NO: 2) was observed compared to WT CFTR ("p<0.0001) (Figs. 2C-20). Western
blots performed in transfected FRT cells revealed a similar expression pattern as that observed in
HEK283 cells, with ali coCFTR sequences producing more CFTR compared to WT CFTR (Figs. 8A-
86C).

To confirm that the channel properties were not affected by codon optimization, paich clamp
studies were performed in HEK 293 celis transfected with WT CFTR or coCFTR3. Representgtive
fracings are shown in Fig. 2E. The channel open probability, burst duration, and inter-burst intervals
were not different between WT CFTR and coCFTRI (SEQ D NG: 2), indicating that codon
optimization does not change CFTR channel properties (Fig. 2E). These findings indicate that the
CFTR channels produced by coCFTR2 have the same properties as those produced by WT CFTR.
Furthermore, the increase in CFTR band B associated with coCFTR might be expecied since protein
processing mechanisms are downstream of those thought to be affected by codon optimization.

Since expression of cOCFTRS produced the grestest increase in protein funclion in the FRT

cell assay, it was investigated if similar effects would be achieved in primary CF human airway
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epithelial cells. Given the significant increase in short-circuit current observed with coCFTR3
compared to WT CFTR in FRT celis, PGK was chosen as the promoler since it produced lower
currents than EF 1o on average (see Example 2) and would allow any effects of codon optimization to
be more easily detected. For the same reason, based on the short circuit current dose response
observed in the promoler comparison experiments (see Example 2) (Fig. 4E8), MOls <1 were used.
CF progenitor basal cells from five donors were transduced with lentiviral vectors carrying wildtype
{(WT} CFTR, coCFTR3 (SEQ ID NO: 2, or GFP at MOL 0.1, 0.25, 0.5 and 1 and seeded on
polycarbonate membranes. Epithelial cultures were transduced at the time of seeding and allowed to
differentiale for four weeks in air-fiquid interface culture conditions (see also Figs. 7A and 7B}, These
doses were predicted {o achieve a range of ransduclion efficiencies, allowing an optimal MOl to
achieve non-CF levels of anion current to be determined. GFP* cells were quantified by flow
cytomestry in epithelia transduced with the GFP vector (o estimate the number of transduced celis
present after differentiation. Donor-dependent differences in transduction permissivensss werg
observed, resulting in ~2-81% GFP* cells at the doses tested (Fig. 34). Epithelia transduced with
CFTR vectors were mounted in Ussing chambers and transepithelial anion currents were measured.
Sodium and anion exchange channels were inhibited with amiloride and DIDS respectively, priorto
activation of CFTR channels with cCAMP agonisis forskalin and IBMX (Fig. 3B). The lentiviral vector
encoding coCFTRS conferred significantly higher transepithelial chioride current at the lowest dose
(MQi C.1, p<0.04) and higher bicarbonate currents at the highest doses (MO1 0.65 and 1, p<0.02)
compared to the lentiviral vector encoding WT COFTR (Figs. 3C and 3D).

The marked increase in chioride current observed with FRT cells (Fig. 20), combined with the
significant increase in the immature (band B) form of CFTR (Fig. 24), and the increase in CFTR anion
currents in primary airway epithelia observed with coCFTR3 (Fig. 2B) raised the possibility that
coCFTR3 could have channel properties different from WT CFTR. To study the single channel
properties of WT CFTR and coCFTRS3, we performed patch-clamp studies in HEK283T cells
fransfected with WT CFTR or coCFTR3 cDNA (Fig. 2E). No significant differences were found in
mean open channel probability, burst duration, or interburst interval (Fig. 2E). These findings indicate
that the CFTR channels produced by coCFTR3 have the same properties as those produced by WT
CFTR. Furthermore, the increase in CFTR band B associated with coCFTR might be expecled since
protein processing mechanisms are downstream of those thought to be affected by codon
optimization. Together, these results confirmed that coCFTRS produces more functional CFTR in CF
primary human airway epithelial cells, reaching the range of non-CF anion currants at MOls<1 without
changing CFTR channel properties.

Conclusions

Different codon optimizatlion strategies of CFTR desciibed herein increased mRNA and
protain production, feading (o increased CFTR function as evidenced by increased transepithelial Cl
transport. Each codon optimization strategy vielded different levels of improved CFTR expression.
Lentiviral transduction with coCFTR3 increased transepithelial Cl current in primary CF human airway

gpithelial cells compared to WT CFTR. Codon optimization of CFTR can overcome some of the
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obstacles of CF gene therapy. Codon optimization of a single protein domain failed io improve
exprassion over WT CFTR. A CFTR codon optimization strategy was identified that significantly
increased CFTR-mediated anion transport. Of iwo different strategies (o codon optimize the entire
gene, the one thal resulted in higher GC and GCs content, coCFTRS, also yielded the highest
increase in protein function; without wishing to be bound by theory, these may be characieristics of
codon splimization for CFTR.

Exampile 2: Promoler selection for CFTR gene expression

To compare the amount of protein produced by vectors with expression of CFTR driven by
the PGK or EF1a promoters, GFP was cioned into HiV-based lentiviral vectors that differed only in the
promoter (HIV-PGK-GFP and HIV-EF 10-GFP) (Figs. 5A and 5B}, and VSV-G pssudotyped veciors
were produced. Basal celis, a progenitor cell type of the conducting airways, from four human cystic
fibrosis {CF) donors were transduced with these vectors at MOIls of 0.04, 0.4, and 4 and were
analyzed by flow cytometry. Similar numbers of GFP* cells were observed with both vectors, ranging
from <1-88%, among the different MOls 3-5 days post fransduction (Fig. 4A) and after 4 weeks of
differentiation in air-liquid interface culture conditions (Fig. 4B). Celis transduced with HIV-EF1a-GFP,
however, showed higher mean fluorescence intensity (MFI) at every dose tested compared o cells
transduced with HIV-PGK-GFP and this difference was statistically significant at MOI 4 (Fig. 4A,
p<0.0006 and Fig. 48, p <0.003).

We next transduced basal cells from CF donors with HIV-PGK-WTCFTR, HIV-EF1a-
WTCFTR, or HIV-PGK-GFP. In these experiments cells were seaded onio permeable filters at the
time of transduction and allowed to differentiate at an air-liquid interface for a minimum of four weeks,
The number of transduced cells present after differentiation was estimated by quantifying GFP* cells
by flow cylometry, and ranged from <1-85% (Fig. 4C). CFTR-mediated chioride current was
measured in Ussing chambers (Fig. 40). First, epithelial sodium channels (ENaC) and non-CFTR
chioride channels were sequentially inhibited using amiloride and 4,4 -dilsothiocyano-2,2'-
stitbenedisulfonic acid (DIDS), respactively. CFTR was then stimulated with forskolin and IBMX, and
the change in short circuit current was calculated (Alse). Finally, CFTR was inhibited with GlyH 101
{GiyH). At all MOIls tested, HIV-EF 1a-WTCFTR produced more CFTR current, on average, compared
to HIV-PGK-WTCFTR, but the difference was not statistically significant (Fig. 4E). A condition using
HIV-EF 10-GFP was not included in these experiments due to the limited number of primary calis
available from each CF donor.

Discussion

Several studies have attemptied {0 approxirate the proportion of ainway epithelial celis that
need 1o exprass functional CFTR to correct OF phenotypes, with results ranging from 5-50%.
Achiaving transduction efficiency as high as 50% in intact airway epithelia using lentiviral veciors is
challenging. /n vivo studies in the CF pig model demonstraie that some phenotypic tissue correction
is achievable, even if transgene expression was below detectable levels by mRNA guantification (see,

Caooney el al. (2018}, JCI Insight 1). Because airway epithelia are electrochemically coupled through
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gap junctions, supra-physiologic levels of CFTR expression in a small number of cells could be
therapeutic.

Promoter choice and codon optimization are two strategies evaluated herein 1o increase
fransgene expression. Two conslitulive promoters were compared, PGK and EFtg, which are
effeciive at driving exprassion of mammalian genes and are safely used in clinical trials. In CF airway
epithelia, the CFTR currents achieved using the EF{a promoter trended higher than those attained
with PGK on average bul did not reach statistical significance. When gquantifying GFF expression in
non-CF cells, similar numbaers of GFP* celis were obiained with PGK or EF{q, and the MFI achisved
with the EF{a promoter was higher on average at every dose, reaching statistical significance at the
highest dose. The proportion of GFP* non-CF cells, measured 3-5 days post-transduction, was within
expecied levels based on a similar transduction protocol. The proportion of CF GFP* celis, however,
reprasent cells present afier the differentiation process and differsnces in individual cell division rates
over that tims, which may explain why some values exceed the theoretical mexdmum for a given MOL

When comparing WT CFTR and coCFTRS in primary human CF airway epithelia transduced
with a lentiviral vector, HIV-PGK-coCFTR3 significantly increased chioride currents at the lowest
vector dose tested (MOI0.1) (see Example 1). A dose-dependent increase in chioride current with
HIV-PGK-WTCFTR was observed, but very similar chioride currents were observed gt alf doses
tested with HIV-PGK-coCFTRS (see Example 1). This is consistent with previous studies indicating
that chioride currenis generated by epithelia composead entirely of non-CF cells can be achievad by
epithelial sheets consisting of ~50% non-CF and 50% CF cells, and remain stable even when more
non-CF cells are added (see, Shah et al. (2016) Froc Natf Acad Sci USA 113 5382-5387). This
suggests that the maximum chioride current for a given gpithelial sheet is achieved at MOQ{ 0.1,
explaining why no additional increase is seen at higher MOIs. Likewise, this could also explain why
the difference between HIV-PGIK-WTCFTR and HIV-EF1o0-WTCFTR was not significant at any lowest
dose, but GFF expression was significantly higher with EF1q at the highest dose. That is, CFTR-
mediated chioride current as a measure of CFTR expression has a lower maximum limit than MFI for
GFP expression. CFTR bicarbonate currents, however, continued 1o increase with CFTR abundance,
which Is consistent with the dose-dependent increase observed with HIV-PGK-WTCFTR and HiV-
FGK-coCFTRS, and the difference between the two was significant al the highest doses (Fig. 3C).
Achieving transepithelial anion currents within the range of non-CF at MO! 0.1 with HIV-PGK-
coCFTR3 Is highly relevant for in vive studies since likely transducing less than 50% of surface
epithelia is anticipated (Fig. 3D).

While EF 1a conferred greater WT CFTR-mediated chioride currents and GFP expression, #
was noted that its sequence is over twice the length (~1.1 ki) of PGK (~0.5 kb). Thisis a
consideration when coupled with a large cDNA such as CFTR (~4.5 kb) since thera is an inverse
refationship belween lentiviral vectior titer and insert length. 11 is contemplated that the EF1a promoter
could be used 1o drive expression of either wild-type CFTR or codon-optimized CFTR (e.g.,
cCFTR3). Alternatively, codon-optimized CFTR (e.g., coCFTR3) can be operably linked to other
promoters {8.g., PGK). it is anticipated that incorporating EF1a, coCFTRS or both could lower the
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proportion of cells that need to be successfully targeted by & lentiviral vector and facilitate sufficient

gene delivery to provide clinically relevant CF phenotype correction.

Materials and Methods

Plasmids

HIV-PGK-WTCFTR and HIV-EF1a-GFP were synthesized by Gensceript and used 1o clone
FIV-PGK-GFP, HIV-EF1a-coCFTR3 and HIV-EF10-WTCFTR. The HiV-basad vectors used are
second generation, self-inactivating (8IN), and contain a human ankyrin 1 element in the reverse

orientation within the 3" LTR that improves long-term expression by avoeiding silencing.

Viral vector production

All viral vectors wers produced by the University of lowa Viral Vector Core. Brigfly, a triple
transfection {(psPAX2, VSV-G, and HIV vector) was performed in HEK283 FT cells using TRANSIT®-
Lenti Reagent (Mirus). Cells were cultured in DMEM supplemented with 5% fetal boving serum FBS)
and 1% penicillin/streptomycin. Vector-containing supematant was collected at 48 and 72 hours.
After filtration (0.2 ym) vector was concentrated 750-fold by overnight centrifugation (7000 rpm, 4°C).
The vector pellet was resuspended in 4% D-lactose and stored at -80°C. Veciors were titered in
HT1080 cells by flow cylometry for GFP vectors or by TAQMAN® gPCR/digital droplet POR for CFTR
vectors using primers: 8-CGACTGGTGAGTACGCCAAA-3 (SEQ ID NO:10), 5
CGCACCCATCTCTCTCCTTCT-3' (B8EQ 1D NO:11), and probe 8-ATTTTGACTAGCGGAGGC-3

(SEQ 1D NO:12).

Transduction and differentiation of primary human airway basal celis

Al primary human airway epithelial cells were obiained from the Universily of lowa In Vilro
Models and Cell Culture Core under approval from the University of lowa Institutional Review Board.
De-identified cells isclated from discarded CF lungs after iransplant were provided. 8x10° frashly
isolated primary basal cells from CF donors were seeded on collagen coated 10 cim plates in
BRONCHIALIFE® Epithelial Basal Medium (Lifeling). Once cells reached ~80% confluency, celis
were dissociated using TRYPLE® (Gibeo) and 1x10° cells were seeded on collagen-coated
poiycarbonate membranes tissue culture inserts (Corning TRANSWELL®, 8.5 mm, 0.4 um pore} along
with ths viral vaector and POLYBRENE® 2 pg/mil) in a final volume of 200 yl. 400 yi defined culture
media (ULTROSER™ () was maintained in the basolateral compartment throughout the
differentiation process. Cells were maintained under submerged culture conditions for 48-72 houwrs.
Apical media was then removed, and cultures were maintained at air-figuid interface conditions for a
minimum of four weeks., Once differentiated, celis were either mounted directly in Ussing chambers

for electrophysiology analysis or dissociated for flow cylometry analysis using ACCUMAX® (Sigma).
Transduction of HBE cells

18HBE140- cells were cultured in MEM supplemented with 10% FBS, 1%

penicillin/streptomycin, and 2mM L-glutamine. Cells were seeded in 8-well plates and cultured until
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they reached ~80% confluency. On the day of fransduction, cells in one well were counted fo
calculate vector volume needed for each MOL The virus was diluted in 1 mil media with
POLYBRENE® (2 ug/mi) and incubated overnight. Three days post transduction cells were

harvested for flow cytomelry analysis.

Flow cyfomelry

Ceils were resuspended in 100 yl PBS conlaining 2% FBS with LIVE/DEAD™ Fixable Far
Red Stain Kit {invitrogen) and incubated for 30 minutes protected from light. Three washes with 1 mlL
2% FBS in PBES were performed before resuspending cells in a final volume of 5300 y for flow
cytometry analysis in ATTUNE™ NxT Flow Cytometer (Invitrogen). Doublets, and dead cells were

exciuded from analysis.

Short-circuit measurements

For transepithelial chioride current measurements epithelial cultures were mountad in Ussing
charnbers, submearged in a solution containing 135 mM NaCl, 5 mM HEPES, 0.6 mM KHaPGs, 2.4 mi
KoHPQy, 2.2 mi MgClz, 1.2 mM CaClz, and 5 mM dextrose, and bubbled with gir. For bicarbonate
meagsurements culiures were submerged in g chioride-free solution composad of 118.9 mM Na
gluconate, 25 mM NaHCO;, 5 mM Ca gluconate, 1 mM Mg gluconate, 2.4 mM KoHPG4, 0.6mM
KH2PO4, 5 mM dextrose, and bubbled with COz. Amiloride, ENaC inhibifor, and DIDS, a CF
exchanger inhibitor, were sequentially added apically to a final concentration of 100 uM. CFTR was
then apically aclivated with the oyclic AMP agonists forskolin and 3-isobulyl-2-methyixanthine (IBMX)
at a final conceniration of 10 uM and 100 pM, respectively. Finally, the CFTR inhibitor GlyH-101
{Cysiic Fibrosis Foundation) was added apically t¢ a final concentration of 100 gM. Changes in shori
circuit current {Alsc) in response to CFTR activation and inhibition were calculated. For FRT
fransepithelial current measurements, a Cl gradient was used. Prior o forskolin and IBMX
stimulation, the apical solution was replaced with one in which NaClwas replaced with NaCsH11 07,

and changes in current were calculated (Aly).

Statistics

All data were analyzed using GraphPad Prism 8 software. Statistical significance was
determined using one-way ANOVA with Dunn’s mulliple comparison test, one-way ANOVA on ranks
{Kruskal-Wallis test) with Dunw’s muitiple comparisons test, or multiple t-tests with Bonferroni-Dunn

correction as appropriate. Error bars represent mean & SE.

Immunohistochemistey

Epithelia were fixed overnight in 4% paraformaldehyde at 4°C. SuperBlock™ (Thermo
Fischer Scientific/Gibeo, Waltham, MA)Y with 0.2% TRITON® X-100 was used to block. Epithelia were
incubated with an acetylated a-lubulin antibody diluted 1:200 (Cell Signal D20GS K40, Danvers, MA),
before incubating with the secondary antibody ALEXA FLUOR® 568 diluted 1:600 (Invitrogen
A11038, Carishad, CA). A conjugaled phalloidin ALEXA FLUOR® 647 {invitrogen A22287, Carlsbad,

CA}Y was then used at 1:100 dilution. All incubation steps were done at room temperature for 1 hour,
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and 3 washes for 10 minutes with TBST were performed between each step. Finally, epithelia were
mounted on microscope slides in VECTASHIELD® mounting media with 4’ 8-diamidino-2-
phenylindeole (DAPH (Vecior Laboratories, Burlingame, CA).

Sequence Listing
BSEG D NO

ATGCAGCGTAGTCCTCTTGAGAAAGCCAGCEGTGGTGAGTAAACTGTTTTTCTCATGGACAAGGL
CCATCCTGUECAAAGGGTATCGTCAGAGGCTCCAGCTCAGCGACATCTATCAGATACCCTOCGT
TGACTCTGCCCATAACTTGAGTGAAAAACTGCAGCGAGAGTGGGATCGGGAACTGGCATCTAAG
AAGAATCCCAAGCTCATCAACGCCCTCAGAAGATGCTTCTTTTGGAGATTCATGTTTTATGGGATT
TTCCTGTACCTCCGGCGAGGTGACCAAGGCAGTGCAGCCTCTTCTTCTGGGCCGGATAATTIGCTA
GTTACGACCCAGACAACAAGGAGGAGCGGTCTATAGCCATCTACCTGEGOATTGGGCTCTGTCT
COTGTTTATCGTGCGTACCCTTOTGCTGCACCCTGCTATTTTCGGCCTGCATCACATCGGGATGO
AGATGCGAATCGCAATGTTCAGCCTAATCTACAAGAAAACACTGAAGCTATCATCCAGAGTGTTG
GATAAGATCAGTATCGGGCAGCTCGTATCCTTGTTIGTCTAATAACCTTAATAAGTTCGATGAGGG
CTTAGCACTCGCACACTTTGTATCGATCGCACCACTCCAGETGGCECTECTAATGGGCTTGATAT
GGGAACTTCTCCAGGCTTCAGCATTTTGTGGCCTGGETTTCTTAATCGTGCTGGCCTTGTTTCAA
GUTGGUTTCGGCAGAATGATGATCAAATACAGAGACCAGACGAGCCEGCAAAATCAGCGAGAGG
CTGGTCATCACATCAGAAATGATCCAAAATATCCAATCGGTAAMGGCCTACTCGUTGCGAGGAGSG
CTATGGAGAAGATGATTGAGAACCTCACACAAACCGAACTCAAGUTAACCCGGAAGGCCETATA
CGTCCBOTATTTCAACTCAAGTGCCTTCTTCTICTCCGGCTTICTTTGTCGTTTTCOTGTCTEGTTCT
TCCTTACGCATTAATCAAAGGTATTATACTCAGGAAGATTTTTACAACCATTTCTTTTTGTATTIGTC
TTCAGGATGGCOGTAACACGACAATTCOCTTGCGUTGTCCAGACTTGETACGACTCCCTGGGTG
COATTAACAAGATCCAGCACTTCOTTCAGAAGCACGAGTACAAAACCCTGGAATACAATCTTACS
ACCACAGAGGTGGTCATGGAAAATGTTACCGCTTTCTGGRAGGAGGGTTTTGGCGAATTATTTGA
GAAAGCTAAACAGAACAACAATAATCGCAAGACTAGCAATGGCGATGACAGCCTTTTCTTCTCAA
ACTTCTCATTGCTGGGCACTCCGGTCCTGAAGGACATCAACTTTAAGATTGAGCGTGGTCAGCTA
TTGGCCGTTGCCGGAAGCACCOCAGCGGGCAAGACTAGCCTGUTCATGATCGATAATGGGCGAG
CTCGAACCCTCAGAGGGAAAAATTAAGCATTCCGGACGCATTAGCTTTTGTTCCCAATTCTCGTG
GATTATGOCCGGCACGATCAAACAGAACATCATATTCGCGAGTUTOTTACCACGAGTACAGGTACC
GOTCTCGTAATTAAGGCTTGTCAGCTTGAGCAGGACATTTCTAAATTCGCOGAGAAGGATAATATT
GTGTTAGGAGAAGGCGGGATAACCCTGAGTCCGGGCCAGAGAGCCAGAATAAGTCTCGCACGC
CCTCTGTACAAAGACGCTGACCTCTACCTGTTAGACTCCCCTTTTGGATACCTGGACGTCTTGAC
CGAAAAGGAGATTTTCGAGTCTTGCOTTTGCAAACTCATGGCCAACAAAACCCGCATACTGGTGA
CTAGCAAAATGGAGCACCTGAAGAAGGCAGATAAGATCCTCGATCCTTCACGAGGGCAGCTCTTA
TTTCTACGGCACGTTTTCTGAACTACAGAACCTGCAGCCAGACTTCAGTTCAAAGCTCATGGGTT
GTGATTCCTTTGACCAGTTTTCAGCAGAACGGAGAAACAGTATTCTCACAGAAACTCTCCACAGE
TTCTCCTTAGAGGGGGACGCCCCGGTGAGCTGGACCGAAACTAAAAAACAATCATTCAAGCAGA
CTGGCGAGTTCGGTCGAGAAGAGAAAGAACTCCATTCTGAACCCCGATCAACTCAATCCGAAAATTC
TCTATTGTGCAGAAGACCCCTTTGCAGATGAACGGUATAGAAGAAGATAGCCGATGAGCCATTGE
AGCGCAGACTATCTCTGETGCCCGATTCCCAGCAGGETCGAAGCTATT T TGCOGAGAATCAGCGT
CATTAGTACCGGTCCAACACTCCAGGCCAGGCGGCGCUAGTCTGTGCTGAATCTGATGACACAC
AGCGTCAATCAGCGTCAAAACATCCACAGAAAGACCACAGCCTCCACTAGAAAGGTTAGTTTAGC
GCCTCAAGCTAACCTCACAGAGCTCGATATCTACTCAAGACGCCTCAGTCAAGAAACGGEATTG
GAGATCAGCUGAGGAAATTAATGAGGAGGACTTGAAGGAGTGCCTTTTCGATGACATGGAAAGTA
TCCCCGOCGTCACCACATGGAATACATATCTGCOGGTATATCACTCTGCACAAATCTTTGATCTTO
GTGCTGATCTGGTGTCTGGTTATCTTTTTGGCCGAGGTCGCCGCTICACTGGTGGTTICTTITGEGTT
GCTCGBCAATACCCCOCTOCAGGATALAGGGAACTCAACTCACTCAAGAAACAATAGTTATGCC
GTGATAATTACAAGCACTICGTCTTATTACGTGTTCTACATCTATGTGGGTGTGGCCBACACTCTA
CTTGCTATGGGATTTTTCCOTGGGCTGCCCCTTGTOCACACATTGATTACCGTAAGCAAAATCCET
CCACCATAAAATGCTGCACTCAGTGCTGCAGGCTCCAATGAGCACTCTCAACACTTTGAAGGCC
GGAGGAATCCTTAATAGGTTTTCTAAGGACATTGCCATTTTGGATGATCTGCTCCCACTGACCATT
TTCCATTTCATTCAACTCCTOCTGATCCGTGATTGGCGCAATTGCCGTGETTGCTGTGTTACAGCC
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CTATATTTTCGTGGCGACAGTGCCCGTTATTGTGGCTTTICATCATGCTGCGTGCCTACTTICCTTC
AGACCAGTCAACAACTCAAGCAGCTTCGAGTCAGAGGGCCGCTCCCCGATTTTCACCCATCTGET
CACGTCTCTTAAAGGCCTGTGGACCCTGAGGGCCTTTGGGAGGCAGCCCTATTTITGAAACCCTC
TTTCACAAGGCTCTGAATTTGCACACTGCCAATTGGTTCCTCTACTTGTCAACTCTCAGGTGGTTC
CAGATGAGAATCGAAATGATCTTTGTGATCTTTTTCATCGCAGTCACTTTTATAAGCATCCTGACC
ACCGGCGAAGGGGAGGECCEECTCECAATCATCTTAACTCTGGCCATGAATATTATGAGCACTC
TACAATGGGCCOTGAATAGUTCAATTCATGTGCACTCGCTCATCAGAAGCGTGAGCCGCGTCTT
TAAATTCATTGACATGCCAACTGAAGGCAAGUCAACGAAGAGTACTAAGCCTTATAAAAACGGCT
AACTGTCAAAGGTCATCATTATCGAAAATTCCCATGTGAAGAAAGACGACATTTGGCCCTCTGGA
GGACAGATCACCETCAAGGATCTCACCGCAAAATATACTGAGGECGGGAACGCCATTTTGGAAA
ACATCTCGTTTTCTATCAGCCCCGGTCAGAGAGTCGGTCTGUTCGGCAGGACTGGATCTGGGAA
ATCCACTTTGTTATCCGCTTTICCTCCECCTTCTGAACACCGAGGGGGAGATCCAGATTGATGGAG
TGAGCTGGGATTCGATCACTCTGCAGCAGTGGUGBAAGGCCTTTGGCETGATCCCTCAGAAAGT
GTTTATCTTTTCCGGGACCTTTCGAAAGAATCTCGATCCTTACGAGCAGTGGTCTGACCAAGAAA
TCTGGAAAGTCGCTGACGAGGTGGGGECTCAGGTCTGTAATCGAGCAGTTCCCTGGGAAALCTCG
ATTTTGTGCTTGTGBACGGCGCATGTGTACTGTCTCATGCACACAAGCAATTGATGTGCCTGGCA
COCAGCGTGCTCTCGAAGGCTAAGATACTTCTGCTGGACGAACCATCAGCACACTTAGATCCAG
TCGACATATCAAATCATCAGGCGAACCUTGAAACAAGCATTCGCAGATTGTACCCTCGATCCTGTGT
GAACATCGGATTGAGGCCATGCTCGCAGTGCCACCAGTTTCTGGTCATTGAGGAAAACAAGGETTC
GUCAGTACGATTCGATCCAAAAATTACTGAATGAGAGATCACTGTTTAGGCAGGBUCATTTCACCT
AGCGACCGTCTAAAGTTGTTTCCTCACCGAAACTCCGAGTAAATGCAAATCTAAGUCACAGATTGO
AGCCUTGAAAGAGBAGATAGAGGAGGAGGETGCAAGACACCAGGTTETAG

SEQ D NO:Z

ATGCAGCGCAGCCCCOTGGAGAAGGCCAGCETGGTGAGCAAGCTGTTCTTCAGCTGGBACCLGC
CCCATCCTGCGCAAGGRCTACCGCCAGCGCCTGGAGCTGAGCGACATCTACCAGATCCCCAGC
GTGGACAGCGCCGACAACCTGAGCGAGAAGCTGGAGCGUGAGTGGGACCGCGAGBCTEGECCAG
CAAGAAGAACCCUAAGCTGATCAACGCCCTECGUUGCTGCTTCTTCTGGBOGCTTCATGTTCTAL
GGCATCTTCCTGTACCTGGGCCAGGTCACCAAGGOCGTGCAGCCCOTGUTGCTGGGCUGLATC
ATCGCCAGCTACGACCCCCACAACAACCAGGAGCECAGCATCGCCATCTACCTGGGLATCGGT
CTGTGCCTGCTGTTCATCGTGCGOACCCTGCTGCTGCACCCOCGCCATCTTCGGCOTGCADCATA
TCGGCATGCAGATGCGCATCGCCATGTTCAGCUTCATCTACAAGAAGACCCTGAAGCTGAGCAG
CCEOGTEUTCGACAAGATCAGCATCGGCCAGCTGGTGAGCOTGUTCAGCAACAATCTGAACAA
CTTCGACGACGCUCTGGCCCTGGCCCACTTCGTEGTGGATCEUCCCOCTGCACGTGGCCCTEOT
GATGGGCOTGATCTGRBAGCTEGCTGCAGBCCAGCECCTTICTGCGGCUTAEGCTTCCTGATCET
GUTGGCCCTETTCCAGGCCEGCCTGGGCCBCATGATGATGAAGTACCBCGACCAGCGLOBLCaG
GCAAGATCAGCGAGCGCCTGGTGATCACCAGCGAGATGATCCAGAACATCCAGAGCGTGAAGE
CCTACTGCTGGGAGGAGGUCATGGAGAAGATGATCGAGAACCTGCGCCAGACCGAGCTGAAGC
TGACCCBCAAGGCCGCCTACGTGCGCTACTTCAACAGCAGCGCCTTCTTICTTCAGCGGCTTCTT
CCTGGTGTTCOTCAGCETGCTGCLCUCTACGUUCTGATCAAGGGECATCATCCTGCGCAAGATCTTC
ACCACCATCAGCTTCTCCATCOTGCTGCGUATGGCCGTGACCCGLCAGTTCCCOTEGECCGTS
CAGACCTGETACGACAGCCTGEEUGOCATCAACAAGATCCAGCGACTTCCTGCAGAAGCAGGAG
TACAAGACCCTGGAGTACAACCTGACCACCACCCAGGTGETCATGBAGAACCTGACCGCCTTCT
GGGAGCGAGGGCTTCGBCGACCTETTCCAGAAGGCCAAGCAGAACAACAACAACCGCAAGACCA
GOAACGGCGACGACAGCCTGTTCTTCAGCAACTTCAGOCTGCTGGGCACCCCUETGUTCAARG
ACATCAACTTCAAGATCGAGCGCGRGCCAGCTECTGGCCGTGGCLGGCAGCACCGGELGLCGEGT
AAGACCAGCCTGCTGATGATGATCATGGGCGAGCTGGAGCCCAGCGAGGGCAAGATCAAGCAL
AGCOGCCGCATCAGCTTCTGCAGCCAGTTCAGCTGGATCATGCCCGGCACCATCAAGGAGAAC
ATCATCTTCGGCGTGAGCTACGACGAGTACCGCTACCGCAGCGTGATCAAGBCCTGCCAGCTG
CGAGGAGGACATCAGCAAGTTCGCCGAGAAGGACAACATCGTGCTGBGUGAGGGLGGCATCACC
CTGAGCGGCGGCCAGCGCGCCCGCATCAGCCTEGCCCGCECCEGTEGTACAAGGACGCCGACCT
CTACCTGCTGGACAGCOCCTTCGGCTACCTGGACGTEUTCACCCAGAAGGAGATCTTCGAGAG
CTGCGTGTGCAAGCTGATGGCUAACAAGACCCGCATCCTGGTGACCAGTAAGATGGAGCACCT
CAAGAAGGUCGACAAGATCCTCATCCTGCACGACGGCAGCAGCTACTTCTACGGCACCTTCAGC
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GAGCTGCAGAACCTGECAGCCCGACTTCAGCAGCAAGCTGATGGGCTGCGACAGCTTCGACCAG
TTCAGCGCCGAGCGCCGCAACAGCATCCTGACCGAGACCCTBCACCGCTTCAGCCTGGAGGGC
GACGCCCCCETCAGCTGBACCBAGACCAAGAAGCAGAGCTTCAAGCAGACCGGCGAGTTCEGC
GAGAAGCGCAAGAACAGCATCCTGAACCCCATCAACAGCATCCGCAAGTTCAGCATCGTGCAGA
AGACCCCCCTGCAGATGAACGGCATCGAGGAGGACAGCGACGAGCCCCTGGAGCGCCRLOTG
AGCCTGGTGUCCGACACGCGAGCAGGGCGAGGCCATCUTGUCCCECATCAGCGTGATCAGCAC
CGGUCCCACCCTGCAGGUUCGCLEUCGCCAGAGUETCGUTGAAUCTGATGACCCACAGUGTGA
ACCAGGGEUCAGAATCATCCACCEUAAGACCACCGCCAGCAUCCGLAAGGTGAGCCTGGCLCOUCL
AGGCCAACCTGACCGAGCTGGACATCTACAGCCGCUGCCTGAGCCAGGAGACTGBUCTGGAGA
TCAGCGAGGAGATCAACGCAGGAGCACCTGAAGGAGTECTTCTTCCACGACATGGAGAGCATCC
CCGCCGTGACCACCTGGAACACCTACCTGCGCTACATCACCGTGCACAAGAGCCTGATCTTICGT
GCTGATCTGGTGCCTGGTGATCTTCCTGGBCCCGAGGTGECCBCCAGCCTAGTEGTGCTGTGGCT
GUTGGGCAACACCCCCCTGCAGGACAAGGGCAACAGCACCCACAGCCGCAACAACAGCTACGC
CGTGATCATCACCAGCACCAGCAGCTACTACGTGTTCTACATCTACGTGGGCGTGGCCGACACC
CTECTGGCCATGGGCTTCTTCCGCGGCCTGCCCCTGGTGCACACCCTGATCACCGTGAGCAAG
ATCCTGCACCACAAGATGCTGCACAGCGTGCTGCAGGCCCCCATGAGCACCCTGAACACCCTGA
AGGCCGGCGGCATCCTGAACCGCTTCAGCAAGGACATCGCCATCCTGGACGACCTGCTGLCCC
TGACCATCTTCGACTTCATCCAGCTGCTGCTGATCEGTGATCGEOGCCATCGCCGTGGTGGOCGT
GCTGCAGCCCTACATCTTCETGGCCACCGTEGCCCGTGATCETGGCCTTCATCATECTGOGCGCC
TACTTCCTGCAGACCAGCCAGCAGCTGAAGCAGCTGBAGAGCGAGGGCUGLAGCCCCATCTTC
ACCCACCTGGTGACCAGCCTCAAGGGLCTGTERACCCTEUGCGCCTICGGCOBUCAGOCCTAL
TTCCGAGACCCTGTTOCADAAGGCCCTGAACCTGCACACCGUCAACTGGTTCCTGTACCTGAGCA
CCCTEUGCTGETTCCAGATEGCGCATCGAGATGATCTTCGTGATCTTCTTCATCGCCGTGACCTIC
ATCAGCATCCTGACCACCGGCBAGGGCGAGEGCCACETGRGCATCATCCTGACCCTGGCCATG
AACATCATGAGCACCCTGCAGTEGGECCGTGAACAGCAGCATCGACGTGGACAGCCTGATGCGO
AGCGTGAGCCGCGTGETTCAAGTTCATCGACATGCCCACCGAGGGCAAGCCCACCAAGAGCACC
AAGCCCTACAAGAACGGCCAGCTGAGCAAGGTGATGATCATCGAGAACAGCCACGTGAAGAAG
GACGACATCTGGCCCAGCGGUGRCCAGATGACCGTCAAGGACCTGACCGCCAAGTACACCGAG
GGCGGCAACGCCATCCTGGAGAACATCAGCTTCAGCATCAGCCCCGGCCAGCGLETGGGLLTG
CTGGGCCGLACCGGCAGCOECAAGAGCACCCTEUTCAGCGCCTTCCTEGCGCCTGCTGAACACC
CAGGGCGAGATCCAGATCCGACGGCCETGAGCTEGCACAGCATCACCCTGUAGCAGTGGCGCAA
GGCCTTCGGCETGATCCCCOAGAAGETGTTCATCTTCAGCGGCACCTTCCGLAAGAACCTGGAD
CCCTACGAGCAGTGGAGCCACCAGGACATCTGGAAGGTEGCCCGACGAGGTGGGCCTGCGCAG
CGTGATCGAGCAGTTCCCCGRECAAGTUTGCACTTCGTGCTGGTGRACGGCEEUTECGTEUTEAG
CCACGGCCACAAGCAGCTGATGTGCCTGGCCOGCAGUGTGCTGAGCAAGGCCAAGATCCTGECT
GCTGGACGAGCCCAGCECCCACCTGBACCCCETGACCTACCAGATCATCCGBCCGCACCCTGAA
GCAGGCCTTCOCCCGACTGCACCGTGATCCTGTGCGAGBCACCGCATCGAGGCCATGCTGGAGTG
CCAGCAGTTCCTGGTGATCCAGGAGAACAAGGTGCGCCAGTACGACAGCATCCAGAAGCTGCT
GAACGAGCGCAGCCTGTTCCGCCAGGCCATCAGCCCCAGCGACCGCGTGAAGCTGTTCCCCCA
CCGCAACAGCAGCAAGTGCAAGAGCAAGCCCCAGATUGCCGCUCTGAAGBAGGAGACCBAGEG
AGGAGGTGCAGCACACCCGOCTGTAA

SEQID NG 3

ATGCAGCGGAGCCCTCTTCGAGAAAGCCAGCGTGGTGTCCAAGCTGTTCTTCAGCTGGACCCGG
CCTATCOTCAGAAAGGGCTACAGACAGACACTGGAACTGAGCGACATCTATCAGATCCCCAGCG
TGBACAGCGCCGACAATCTCGAGCBAGAAGCTGGAAAGAGAGTGGGACAGAGAGCTGGCCTCCA
AGAAGAACCCCAAGCTGATCAACGCCOTGCGGAGATGCTTCTICTGGCGETTTATGTTICTACGG
CATCTTCCTGTACCTGGGCGAAGTGACAAAAGCCGTGCAGCCTCTGCTGCTGGGCAGAATCATT
GCCAGCTACGACCCCGACAACAAAGAGGAACGCTCTATCGCCATCTACCTCGGCATCGGOCTGT
GCCTGCTGTTTATTCTCAGAACCCTGCTGCTGCACCCCGCCATCTTTGGACTGCACCACATCGG
CATGCAGATGCGGATCGCCATGTTCAGCCTGATCTACAAGAAAACCCTGAAGCTGTCCAGCCGA
CTGCTGCACAAGATCTCTATCGGACACGCTCGTGTCCCTGUTCAGCAACAACCTGAACAAGTTCG
ACGAAGGCCTGGCTCTGGCLCOCACTTTGTGTGCATTGUTCCTCTGCAAGTGGCCOTEUTCATGEE
ACTGATTTGGGAACTGCTGCAGGCCAGCGCCTTTTETGGCOTGCCATTTCTCATCGTGCTGGCC
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CTGTTTCAGGCCGCACTGGGAAGAATGATGATEAAGTACAGGEGACCAGAGAGCCGGCAAGATC
AGCGAGAGACTGOTCATCACCAGUGAGATGATCGAGAACATCCAGAGCGTGAAGGCCTACTGCT
GGCAAGAGGCCATGGAAAAGATCGATTGAGAATCTGCGGBLAGACCGAGCTGAAGCTGACAAGAA
AGGCCGCCTACGTGCGGTACTTCAACAGCAGCGCCTTCTTCTTCTCCGGCTTCTICOTGGTGTT
CCTGAGCGTGCTGCCCTACGCTCTGATCAAGGGCATCATCCTGUGGAAGATCTTTACGACAATC
AGCTTCTGCATTGTCGCTGUGGATGGCCOTGACCAGACAGTTTCCTTGGECTETGCAGACTTGET
ACCATAGCCTEGGCGUCATCAACAAGATCCAGGACTTOCTGCAGAAGCAAGAGTACAAGACTCT
CCGAGTACAACCTGACCACCACCGAGGTGGTCATGGAAAACGTCGACCGCCTTCTGGGAGGAAGS
CTTCGGCGAGCTETTTGAGAAGGCCAAGCAGAACAACAACAACCGCAAGADCAGTAACGGCGA
CGACAGCCTGTTCTTCTCCAATTTCTOTOCTGUTGCEGACCCCTGTEUTCAAGGACATCAACTTCA
AGATCGAGCGGGGACAGCTGCTGGCCGTTGCAGGATCTACAGGCBCCGGAAAGACAAGTCTGC
TGATGATGATCATGGGCGAGCTGGAACCCAGCGAGGGAAAGATCAAGCACAGCGGLCGEGATTA
GOTTCTGTAGCCAGTTICTCOTGGATCATECCCGGCACCATCAAAGAGAACATCATCTTCGGCGT
GTCCTACGACGAGTACAGATACAGAAGCGTGATCAAGGCCTGCCAGCTGGAAGAGGACATCAG
CAAGTTCGUCCGAGAAGGACAACATCGTGCTCGGUGAAGGCGGAATCACACTETCTGGCGGCCA
CAGGGCTAGAATCTCTCTEGGCTAGAGUCCGTGTACAAGGACGCCCGATCTGTACCTGCTGGATAGC
CCCTTTGGCTACCTGGACGTGUTGACCGAGAAAGAGATCTTCCAGAGCTGCGTGTGLAAGCTGA
TGGCCAACAAGACCAGAATCCTCGTGACCAGCAACATGGAACACCTGAAGAAGGCCGACAAGAT
CCTGATCCTGCACGAGGGCAGCAGCTACTTTTACGGUACCTTCAGCGAACTGCAGAACTTGUAG
CCTGACTTCAGCAGCAAACTCATGGGCTGCGACTOCTTCGATCAGTTCAGCGUCGAGTGBAGAA
ACAGCATCCTGACACGAGACACTGCACAGATTCAGCCTGGAAGGCGACDGCCCCTGTGTCTTGGAC
COAGACAAACAAGCAGAGCTTCAAGCAGACCGBUGAGTTTGEUGAGAAGAGAAAGAACAGCAT
TCTGAACCCCATCAACTCCATCCGGAAGTTCAGCATCGTGCAGAAAACCCCTCTGCAGATGAAL
GOCATCGAAGAGGATAGCGACGAGCCLCTGGAAAGACGACTCAGCCTGGTGCCTGATICTGAG
CAGGGLGAAGCCATCCTGCCTAGAATTTCCGTGATCAGCACTGGCCCCACACTGCAGGCTCGAA
GAAGGCAGTCTGTCCTGAACCTGATGACCCACAGCGTGAACCAGGGACAGAATATCCACAGAAA
GACCACCGCCAGCACACGGAAAGTTTCTCTGGCACCTCAGGCCAACCTGACTGAGCTGGACATC
TACAGCAGACGGUTGAGCCAAGAGACAGGCCTGGAAATCAGCGAGGAAATCAACGAAGAGGAC
CTCGAAAGAGTGCTTCTTCCACGACATGGAATCTATCCCCGACCGTCGACAACCTGGAACACATACCT
GCGGTACATCACCGTGCACAAGTCCCTCGATCTTCGTGUTCATCTGGTGCCTCGTGATCTTTCTG
COCGAAGTGBCTGCTTCTCTEETGETTCTGTGGCTGUTCGGAAACACTCCACTGCAGCATAAGG
GCAACAGCACCCACAGCAGAAACAACAGCTACGCCOTGATCATCACCTCCACCAGCTCOTACTA
COTCTTCTACATCTACGTCGGCGTGGCCEACACACTEOTGCUCATGGGCTTTTTTAGAGGACTG
CCTCTCGTGCACACCCTGATCACCGTETCCAAGATTCTGCACCATAACGATGCTGCACAGTOGTCO
TGCAGGCCCCTATGAGCACACTGAATACTCTGAAGGCTGGCGGCATCCTCAACAGGTTCAGCAA
GGACATTGCCATCCTGGACGACCTGCTGCCTCTGACCATCTTCGACTTCATCCAGCTGLTGCTG
ATCGTGATCGGAGCCATTGCTGTGGTGGCCGTGCTGCAGCCTTATATCTTITGTGGCCACCGTGE
CTGTGATCGTGGCCTTCATTATGCTGCGGGCCTACTTTCTGCAGACCTCTCAGCAGUTGAAGCA
GCTCGAGTCTGAGGGCAGAAGCCCTATCTTTACCCACCTGGTCACCAGCCTGAAAGECCTGTGE
ACACTGAGCAGCCTTCGGCAGGCAGCCTTACTTCCAGACACTGTTCCACAAGGCCCTGAATCTGE
ACACCGCCAACTCGTTCCTCTACCTGAGCACCCTGUGGTGGTTCOCAGATCAGAATCGAGATGAT
TITCGTCATCTTCTTTATCGCCGTGACCTTCATCTCCATTCTGACCACTGGUGAAGGUGAGGGCA
GAGTGGGAATTATCUTGACACTGGCCATCAACATCATGTCTACCCTCCAGTEGGUCGTGAACAL
CAGCATCGATESTGCGACAGCOUTBATGCOGGAGCGTOTCOCGGGTGTTCAAGTTICATCGATATGCCC
ACCCGAGGGUAAGCCCACCAAGAGCACCAAGCCTTACAAGAATGGCCAGCTGAGCAAAGTGATG
ATTATCGAGAACTCCCACGTGAAGAAGGACGATATCTEECCCAGCGGCGGACAGATSACCETGA
AAGATCTGACCGCCAAGTACACCGAAGGUGGECAACGCCATTCTGGAAAACATCAGCTTTAGCAT
CAGCCCTGGCCAGAGAGTCGGACTGCTTGGCAGAACAGGCAGCGGAAAGTCTACCCTGCTGTC
CGCCTTCCTGAGACTGCTGAATACCGAGGBGUGAGATCCAGATCGATGGGGTGTCCTGGGATAG
CATCACACTCCAACAGTGOCEGAAGGCCTTITGGCGTGATCCCTCAGAAGGTGTTCATTTTCAGC
GGCACCTTTCGGAAGAATCTGGACCCCTACGAGCAGTGOTCCGACCAAGAGATTTGGAAGGTG
GCCCACGAAGTGGGCCTGAGATCTGTGATCCAGCAGTTTCCUGBGUAAGCTGGATTTCGTGLTG
CTGCGATGCUGCATGTGTEUTETCTCACGCACACAAGCAGCTGATGTGCCTGGCTAGAAGCGTG
CTGTCTAAGGCCAAGATCCTCCTCUTGCACGAGCCCTCTGCACATCTGCATCCTGTGACCTACT
AGATCATCCECUGBACACTGAAGCAGCBUCTTTGCOGATTGCACCGTGATCOTETGUGAGCACA
GAATCGAGGUCATCGCTGGAATGCCAGCAGTTTCTCOTCGATCGAAGAGAACAAAGTGCGGCAGTA
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CGACAGCATCCAGAAGCTGCTGAACGAGCGRBAGCCTGTTCAGACAGGCCATCTCTCCCAGCGA
CAGAGTGAAGCTGTTCCCTCACCGGAACAGCTCCAAGTGCAAGAGCAAGCCTCAGATCGCCGELT
CTGAAAGAAGAAACCCAGGAAGAGGTGCAGBACACCAGACTCTGA

SEQID NG 4

TCGAATTCCCACGGOGTIGGGETTGCGCCTTTTCCAAGGCAGCCCTGGGTTTGCOCAGGGACE
CGGCTGCTCTGGGCGTGETTCCBGGAAACCCAGCCGGCGUCGACCCTGGGTCTCGCACATTCTT
CACGTCCGTTCGCAGCGTCACCCECATCTTCGCCGCTACCCTTGTGGBCCCCUCGGCEACGET
TCCTECTCCGCOUCTAAGTCGGGAAGGTTCCTTEUGGTTCGUGGUGTGCCGGATGTCACAAAC
GGAAGCCGUCACCTCTCACTAGTACCOTOGCACACGGACAGCGUCAGGBAGCAATGGCAGLGC
COCGACCGCGATECGCTCTGGCCAATAGCGGLCTGCTCAGCGGGGCGCRCUGAGAGCAGBLGEC
CGGGAAGGEGECGETECEECAGGLGGEETETEREECRGTAGTETGGGCCCTETTCCTGLLCE
CRCGOTGTICCOCATICTGCAAGCCTCCGGAGCGCACGTCRACAGTCEGUTCCCTCGTTGACS
GAATCACCGACCTCTCTCCCCAG

SEQIDND:S

ataTCGGCTCOGETOCCCETCAGTEGECAGAGCGCACATCGCLCACAGTCCLCGAGAAGTTGGE
GOGAGGGAGTCGGRCAATTGAACCGEGTGCCTAGAGAAGETGGCEGCGGGETAAACTEGGAAAGTG
ATGTCGTGTACTGGCTCCGLCTTTTTCCUGAGGGTGGGGGAGAACCGTATATAAGTGCAGTAGT
CECCGTGAACGTTCTTTTTICGCAACGGETTTGCCGUCAGAACACAGGTAAGTGCCGTGTETGGT
TCCCGCGGGCCTEGUCTCTTTACGGGTTATGGCCCTTGCGTGCCTTGAATTACTTCCACGCCCC
TGGCTGCAGTACGTGATTCTTGATCCCGAGCTTCRRGTTGGAAGTGEGTGGGAGAGTTCGAGG
CCTTGCGCTTAAGGAGCCCCTTCGCCTCETGCTTGAGTTGAGGLCCTEGGCCTGRGUGCTGGGGET
CRCCGCGTGCGAATCTGGTGRCACCTTCGCGCCTGTCTCGCTGCTTTCGATAAGTCTCTAGCCA
TTTAAAATTTTTGATGACCTGCTGCGACGCTTTTTTTCTGGCAAGATAGTCTTGTAAATGCGGGCC
AAGATCTGCACACTGGTATTTCGGTTTTTGGGGCCACGGGCEECGACGEAGCCCGTGECGTCCC
AGCGCACATGTTCGGCGAGGCGGGRUCTGCGAGCGLCGGCCACCCAGAATCGGACGEEGETAG
TCTCAAGCTGGCCGGCCTGCTCTGGTECCTGGCCTCGCGUCGCCETGTATCGUCCCGULOCTGG
GCGGCAAGGCTGGCCCGGTCGGCACCAGTTGCETCAGCGGAAAGATGGCCGCTTCCCGGCCC
TGCTGCAGGGAGCTCAAAATOGAGGACGCGELEBLTCGGGAGAGCGGGCGGGTGAGTCACCCA
CACAAAGGAAAAGGGCCTTTCCGTCCTCAGCCETCOUTTICATGTGACTCCACGGAGTACCGEGC
GCCGTCCAGGCACCTCGATTAGTTCTCGAGCTTTTGGAGTACGTCGTCTITAGGTTGEGGGGAG
GGGTTTTATGCGATGGAGTTTCCCCACACTCGAGTGECETGGACACTGAAGTTAGGCCAGCTTGGC
ACTTCATGTAATTCTCCTTCGGAATTTGCCOTTTTTCGAGTTTCCATCTTGGTTCATTCTCAAGCCTC
AGACAGTGGTTCAAAGTTTTTTTCTTCCATTTCAGGTGTC

SEQIDNO: g
-CTCGACTGTGCCTTCTAGTTG-S

SEGIDNO: 7
&-GCACCTTCCAGGGTCAAG-3

SEQ D NO:8
5- GGATTTGGTCGTATTIGGEE-3

SEQ D NO:9
5- GGATTTGGTCGTATTIGGEG-

SEQ D NO:D
5-CGACTGGTGAGTACGCCAAA-B
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BSEGQ D NO:1t
5-CGCACCCATCTCTCTCCTTCT-S

SEQ D NO:2
S-ATTTTGACTAGCGGAGGC-3

SEQ D NO:13

5.
tttaagaccaalgacttacaaggeagoigiagatcttagocactititaaaagaaaaggogogactygaagggetaattCACTCCCAAT
GAAGACAAGATCTGCTTTTTgC Tgtgogggeraggeccocgagggectiatcggececagaggegotigalgieguaccaad
CECICCogQeacyuatggacgoaguanigacgectgectngggAC Cgoagatiacaagageaccieoicteeraaseccaggaguce
cegeteoncaggeciongeCaGogegnaccectggtigecceggACTGGGTCTCTCTGGTTAGACCAGATCTGagedt
gagagotoiciggotaactagggaacceacigotiaagoctcaataaagottgocitgagigoticaagtagigigtaccogicigitgigigactot
golaactagagateccicagacectitiagicagigiggasaaicictagea-3’

Gther Embodiments

Various modifications and variations of the described disclosure will be apparant to those
skilled in the art without departing from the scope and spirit of the disciosure. Although the disclosure
has been described in connection with specific embodiments, it should be understood that the
disclosure as claimed should not be unduly limited 1o such specific embodiments. Indeed, various
modifications of the described modeas for camying out the disclosure that are obvious to those skilled
in the art are intended {o be within the scope of the disclosure.

Other embodiments are in the claims.
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