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Despite significant advances in cystic fibrosis (CF) treatments,
a one-time treatment for this life-shortening disease remains
elusive. Stable complementation of the disease-causing muta-
tion with a normal copy of the CF transmembrane conductance
regulator (CFTR) gene fulfills that goal. Integrating lentiviral
vectors are well suited for this purpose, but widespread airway
transduction in humans is limited by achievable titers and de-
livery barriers. Since airway epithelial cells are interconnected
through gap junctions, small numbers of cells expressing
supraphysiologic levels of CFTR could support sufficient chan-
nel function to rescue CF phenotypes. Here, we investigated
promoter choice and CFTR codon optimization (coCFTR) as
strategies to regulate CFTR expression. We evaluated two pro-
moters—phosphoglycerate kinase (PGK) and elongation factor
1-a (EF1a)—that have been safely used in clinical trials. We
also compared the wild-type human CFTR sequence to three
alternative coCFTR sequences generated by different algo-
rithms. With the use of the CFTR-mediated anion current in
primary humanCF airway epithelia to quantify channel expres-
sion and function, we determined that EF1a produced greater
currents than PGK and identified a coCFTR sequence that
conferred significantly increased functional CFTR expression.
Optimized promoter and CFTR sequences advance lentiviral
vectors toward CF gene therapy clinical trials.

INTRODUCTION
Since mutations in cystic fibrosis (CF) transmembrane conductance
regulator (CFTR) were identified as the cause of CF,1 gene addition
has held the promise of a one-time definitive treatment for this com-
mon life-shortening disease. Several CF gene therapy clinical trials us-
ing adenovirus,2,3 adeno-associated virus (AAV),4,5 or plasmid-based
vectors6–8 have taken place, but none progressed to phase III. Lenti-
viral vectors are well suited for CF gene therapy because of their large
packaging capacity, long-term expression, safety profile, and prom-
ising results in CF animal models.9–11 Despite these attractive fea-
tures, clinical trials using lentiviral vectors have yet to be initiated.

The use of lentiviral vectors for the treatment of CF airway disease has
been limited, in part, by the transduction efficiency of airway epithelial
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cells. Most lentiviral vectors used for clinical applications are pseudo-
typed with the vesicular stomatitis virus glycoprotein (VSV-G)
because it produces high titer vectors with broad cell tropism.12 How-
ever, VSV-G receptors in airway epithelial cells are located predomi-
nantly on the basolateral surface13,14 and require additional steps,
such as disruption of tight junctions,15–17 to achievemeaningful trans-
duction. Alternative glycoproteins from filoviruses,18,19 baculovi-
rus,14,20 influenza,21 and Sendai virus22–24 confer improved apical
surface tropism. Compared to adenoviral or AAV vectors, however,
the maximum achievable lentiviral vector titers with current
manufacturing methods are lower. The achievable lentiviral titers,
combined with the large surface area of human airway epithelium,
are a driving force for alternative strategies to increase lentiviral-based
CFTR expression.

The airway epithelium is a complex tissue consisting of a variety of
cell types that are interconnected and electrochemically coupled
through gap junctions.25–28 Ciliated cells, one of the most abundant
cell types, were previously thought to collectively produce the
majority of CFTR function in surface airway epithelium, with low
abundance per ciliated cell.29 The recent discovery of pulmonary ion-
ocytes, however, revealed that this rare cell type, which comprises
�1% of all proximal airway epithelial cells, produces �50% of all
CFTR messenger RNA (mRNA) transcripts.30,31 Although the phys-
iologic role and function of pulmonary ionocytes are under investiga-
tion, the natural occurrence of a rare cell type with high CFTR
abundance supports the notion of vector-conferred gene addition
as a therapeutic strategy. Additionally, a recent study provided
detailed analysis of the regional distribution of FOXI1-expressing cells
and also presented evidence that basal cells and secretory cells express
CFTR transcripts.32 Thus, we reasoned that increasing CFTR expres-
sion in a small proportion of cells successfully transduced by lentiviral
vectors could provide sufficient protein function to correct CF
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Figure 1. Schematic of the vectors used in this study

The integrated forms of the HIV-based lentiviral vectors are shown. Two versions of

vectors expressing wild-type (WT) cystic fibrosis (CF) transmembrane conductance

regulator (CFTR), codon-optimized CFTR version 3 (coCFTR3), or GFP were

compared. (A and B) Only the promoters used to drive transgene expression differ

between the two versions, either (A) human phosphoglycerate kinase (PGK), or (B)

human elongation factor 1-a (EF1a). A human ankyrin 1 (Ank) insulator element in

the reverse orientation is present within the self-inactivating (SIN) 30 LTR. Vectors
shown are not to scale.
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phenotypes. Gene expression can be modulated through promoter
choice and codon usage. To develop a lentiviral vector that provides
optimal CFTR expression, a direct comparison of these two vector
components in a relevant cell culture model is needed.

Promoter strength varies among different species and cell types.33,34

Overexpression of CFTR with a strong constitutive promoter, such
as cytomegalovirus (CMV), can cause protein mis-sorting to the ba-
solateral membrane.35 Alternative promoters include human phos-
phoglycerate kinase (PGK) and elongation factor 1-a (EF1a), which
are associated with reduced rates of gene silencing and low genotoxic
risk when used with integrating vectors.36–38 In addition, they were
used in clinical trials with no adverse effects reported to date,39–41

making them ideal candidates for cell-based pre-clinical studies.

Codon optimization is another strategy to increase transgene expres-
sion in clinical trials for genetic diseases.41–47 The genetic code is
degenerate; therefore, multiple nucleotide sequences can yield the
same final amino acid sequence. Codon optimization utilizes this
feature of the genetic code to improve gene expression. Several factors
related to nucleotide sequence influence gene expression, including
tRNA abundance,48 total GC content,49 GC content at the third
nucleotide position of a codon (GC3),

49–51 and CpG content.52 A
combination of these and other factors, such as predicted secondary
structure, translation speed, and cryptic splice sites, are used by pro-
prietary and publicly available algorithms to codon optimize genes. In
addition, most codon optimization algorithms increase the codon
adaptive index (CAI), a measure of how closely the codons in a
gene match those of highly expressed genes in a particular species.53
Molecu
Because each algorithm uses different parameters and produces a
unique final sequence, we compared three different codon-optimized
sequences for efficacy in a model cell line. We then validated the best
performing sequence in primary human airway epithelial cells
derived from CF donors.

RESULTS
To compare the amount of protein produced by vectors with expres-
sion driven by the PGK or EF1a promoters, we cloned GFP into
HIV-based lentiviral vectors that differed only in the promoter
(HIV-PGK-GFP and HIV-EF1a-GFP) (Figure 1) and produced
VSV-G-pseudotyped vectors. Basal cells, a progenitor cell type of the
conducting airways, from human non-CF donors were transduced
with these vectors at MOIs of 0.04, 0.4, and 4 and analyzed by flow cy-
tometry. Similar numbers of GFP+ cells were observed with both vec-
tors, ranging from <1% to >80%, among the differentMOIs, 3�5 days
post-transduction (Figure 2A), and after 4 weeks of differentiation in
air-liquid interface culture conditions (Figure 2B). Cells transduced
with HIV-EF1a-GFP, however, showed higher mean fluorescence in-
tensity (MFI) at every dose tested compared to cells transduced with
HIV-PGK-GFP, and this difference was statistically significant at
MOI 4 (Figures 2A, p < 0.0006, and 2B, p < 0.002).

We next transduced basal cells from CF donors with HIV-PGK-wild-
type (WT)CFTR, HIV-EF1a-WTCFTR, or HIV-PGK-GFP. In these
experiments, cells were seeded onto permeable filters at the time of
transduction and allowed to differentiate at an air-liquid interface
for a minimum of 4 weeks. The number of transduced cells present
after differentiation was estimated by quantifying GFP+ cells by
flow cytometry and ranged from <1% to 85% (Figure 2C). The
CFTR-mediated chloride current was measured in Ussing chambers
(Figure 2D). First, epithelial sodium channel (ENaC) and non-
CFTR chloride channels were sequentially inhibited using amiloride
and 4,40-diisothiocyano-2,20-stilbenedisulfonic acid (DIDS), respec-
tively. CFTR was then stimulated with forskolin and 3-isobutyl-1-
methylxanthine (F&I), and the change in short circuit current
(DISC) was calculated. Finally, CFTR was inhibited with GlyH-101
(GlyH). At all MOIs tested, HIV-EF1a-WTCFTR produced more
CFTR current, on average, compared to HIV-PGK-WTCFTR, but
the difference was not statistically significant (Figure 2E). A condition
using HIV-EF1a-GFP was not included in these experiments due to
the limited number of primary cells available from each CF donor.

CFTR is composed of two sets of transmembrane domains (TMD1
and TMD2), two nucleotide-binding domains (NBD1 and NBD2),
and a regulatory domain (RD) (Figure 3A). To investigate the efficacy
of different codon-optimization strategies, we codon optimized CFTR
(coCFTR) using three different methods. Previous studies suggest that
codon usage affects CFTR co-translational folding, and these effects
may be domain specific.54 Therefore, to determine the effect of codon
optimization on a single domain, only the first domain, TMD1, was
codon optimized in coCFTR1. The entire gene was optimized for
coCFTR2 and coCFTR3 (Figure 3B). A proprietary algorithm (Gen-
Script) was used for coCFTR2 and a publicly available algorithm
lar Therapy: Methods & Clinical Development Vol. 21 June 2021 95
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Figure 2. EF1adrives higher transgene expression in

primary human airway epithelial cells compared to

PGK

(A and B) Basal progenitor cells from five human donors

without CF (non-CF) donors were transduced with lenti-

viral vectors HIV-PGK-GFP or HIV-EF1a-GFP at MOI

0.04, 0.4, or 4. GFP+ cells and mean fluorescence in-

tensity (MFI) were quantified by flow cytometry (A),

3�5 days post-transduction and (B) after 4 weeks of dif-

ferentiation. 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-EF1a-GFP compared to HIV-PGK-

GFP at MOI 4 at both time points (*p < 0.0006, **p <

0.002). Similarly, basal cells from four human CF donors

were transduced with lentiviral vectors HIV-PGK-

WTCFTR,HIV-EF1a-WTCFTR, or HIV-PGK-GFP. (C) After

4 weeks of differentiation under air-liquid interface con-

ditions, the number of remaining transduced cells was

estimated through quantification of GFP+ cells by flow

cytometry. (D) Transepithelial Cl� current was measured

in Ussing chambers. ENaC and non-CFTR chloride

channels were inhibited with sequential addition of ami-

loride and 4,40-diisothiocyano-2,20-stilbenedisulfonic acid

(DIDS), respectively, prior to activation of CFTR channels

with cyclic AMP (cAMP) agonists forskolin and 3-isobutyl-

1-methylxanthine (F&I). CFTR-specific current was verified

by addition of CFTR inhibitor GlyH-101 (GlyH). (E) The

short circuit current change (DISC) in response to F&I and

GlyH was calculated. No significant difference between

the two vectors was observed at any dose. Current

measurements in cultures from one donor in two treat-

ment groups (HIV-EF1a-WTCFTR MOI 0.04 and 4) could

not be completed due to unsuccessful differentiation.

Points on the graph represent the average of 1�3

epithelia. Each donor is represented by a unique symbol.

Mean ± SE is shown.
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(JCat)55 for coCFTR3. As expected, all strategies increased the CAI
compared to WT CFTR, but the amino acid sequence remained the
same (Table 1). The total GC content increased in all codon-opti-
mized sequences compared toWT CFTR, but coCFTR3 had the high-
est increase (from 42% to 64%; Figure 3C). The GC3 content also
increased compared to WT CFTR in the single codon-optimized
domain of coCFTR1 and throughout all domains of coCFTR2 and
96 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2021
coCFTR3, with coCFTR3 having a GC3 content
of nearly 100% (Figure 3D).

WT CFTR and all coCFTR cDNAs were each ex-
pressed from the mammalian expression vector
pcDNA3.1(+) to compare their expression. Hu-
man embryonic kidney (HEK)293 cells were
transfected, and 72 h later, total cellular
mRNA and protein were collected. A GFP
expression plasmid served as a control. Different
forms of CFTR can be detected by western blot
based on their glycosylation patterns, including
bands B and C.56 Band C is the fully glycosylated form and was the
most abundant form found in cells transfected with WT CFTR (Fig-
ure 4A). Bands B and C abundance increased in cells transfected with
any of the coCFTR sequences, but only band B was significantly more
abundant (p < 0.007), leading to a decrease in C/B ratio (p < 0.02).
mRNA abundance was measured by qRT-PCR. Although all coCFTR
sequences resulted in higher average mRNA content over WT CFTR,



Figure 3. Comparison of three different coCFTR

sequences

Different approaches to codon optimization were used to

generate coCFTR1, coCFTR2, and coCFTR3. (A) CFTR is

composed of five distinct protein domains, including two

transmembrane domains (TMD1 and TMD2), two nucle-

otide-binding domains (NBD1 and NBD2), and a regula-

tory domain (RD). (B) The percent similarity of codons

compared to WT CFTR is shown by protein domain. (C)

The individual nucleotide content for each sequence was

quantified. (D) The percentage of codons using a G or C at

the third nucleotide position (GC3) for each sequence is

shown by protein domain.
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the fold increases were not statistically significant for any sequence
(Figure 4B).

To investigate the effect of codon optimization on protein function, a
cell line that formed a polarized epithelium was required. Fischer rat
thyroid (FRT) cells are a useful model for the study of CFTR function,
because they express no endogenous CFTR and form a polarized
epithelium when grown at air-liquid interface culture conditions.57

These epithelia are then used to measure transepithelial anion cur-
rents in Ussing chambers. FRT cells were electroporated with the
pcDNA3.1(+) plasmids expressing WT CFTR, one of the coCFTR se-
quences, or a GFP control plasmid and seeded onto semipermeable
membranes. 1 week later, transepithelial chloride current was
measured under apical low chloride gradient conditions (Figure 4C).
Compared toWT CFTR, coCFTR1 did not increase function, whereas
coCFTR2 showed a modest increase, and coCFTR3 led to a significant
increase (Figure 4D; p < 0.0001). Western blots performed in trans-
fected FRT cells revealed a similar expression pattern as that observed
in HEK293 cells, with all coCFTR sequences producing more CFTR
compared to WT CFTR (Figure S1). Densitometry analysis, however,
was not reliable due to the low abundance of WT CFTR.

Since expression of coCFTR3 produced the greatest increase in pro-
tein function in the FRT cell assay, we next sought to determine if
similar effects would be achieved in primary CF human airway
epithelial cells. We introduced coCFTR3 into the same lentiviral vec-
tor backbone used in the promoter comparison experiments (Fig-
ure 1A). Given the significant increase in ISC observed with coCFTR3
compared to WT CFTR in FRT cells, PGK was chosen since it pro-
duced lower currents than EF1a, on average, and would allow us to
more easily detect any effects of codon optimization. For the same
reason, based on the ISC dose response observed in the promoter com-
parison experiments (Figure 2E), MOIs % 1 were used. Basal cells
Molecular Therapy: Methods
from human CF donors were transduced with
HIV-PGK-WTCFTR, HIV-PGK-coCFTR3, or
HIV-PGK-GFP at four different MOIs (0.1,
0.25, 0.5, and 1). Epithelial cultures were trans-
duced at the time of seeding and allowed to
differentiate for four weeks (Figure S2).58 We
predicted these doses would achieve a range of
transduction efficiencies, allowing us to determine an optimal MOI
to achieve non-CF levels of anion current. GFP+ cells were quantified
by flow cytometry in epithelia transduced with the GFP vector to es-
timate the number of transduced cells present after differentiation.
Donor-dependent differences in transduction permissiveness were
observed, resulting in �2%–91% GFP+ cells at the doses tested (Fig-
ure 5A). Epithelia transduced with CFTR vectors were mounted in
Ussing chambers and transepithelial anion currents measured (Fig-
ure 5B). HIV-PGK-coCFTR3 conferred significantly higher CFTR-
dependent transepithelial chloride current at the lowest dose (MOI
0.1, p < 0.04) and higher bicarbonate currents at the highest doses
(MOI 0.05 and 1, p < 0.02) compared to HIV-PGK-WTCFTR (Fig-
ures 5C and 5D).

Previous studies demonstrate that synonymous codon substitutions
may affect folding dynamics and could change protein function.59,60

Themarked increase in chloride current observed with FRT cells (Fig-
ure 4C), combined with the significant increase in the immature
(band B) form of CFTR (Figure 4A), and the increase in CFTR anion
currents in primary airway epithelia observed with coCFTR3 (Figures
5C and 5D) raised the possibility that coCFTR3 could have channel
properties different from WT CFTR. To study the single channel
properties of WT CFTR and coCFTR3, we performed patch-clamp
studies in HEK293 cells transfected with WT CFTR or coCFTR3
cDNA (Figure 6A). No significant differences were found in mean
open state probability (Figure 6B), burst duration (BD) (Figure 6C),
or interburst interval (IBI) (Figure 6D). 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 expected since pro-
tein processing mechanisms are downstream of those thought to be
affected by codon optimization. Together, these results confirmed
that coCFTR3 produces more functional CFTR in CF primary human
& Clinical Development Vol. 21 June 2021 97
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Table 1. Codon usage of CFTR sequences

WT CFTR coCFTR1a coCFTR2b coCFTR3

Ala G C

G 6 3 4 0

A 34 26 20 0

T 27 20 22 0

C 16 34 37 83

Arg

G C
G 16 13 17 0

A 37 24 22 0

C G

G 8 4 13 0

A 9 33 7 0

T 3 2 7 0

C 5 2 12 78

Asn A A
T 25 21 24 0

C 29 33 30 54

Asp G A
T 38 32 26 0

C 20 26 32 58

Cys T G
T 8 6 10 0

C 10 12 8 18

Gln C A
G 31 37 47 67

A 36 30 20 0

Glu G A
G 30 45 61 93

A 63 48 32 0

Gly G G

G 16 10 21 0

A 38 30 18 0

T 15 14 13 0

C 15 30 32 84

His C A
T 11 9 7 0

C 14 16 18 25

Ile A T

A 33 26 14 0

T 50 39 46 0

C 36 54 59 119

Leub

T T
G 34 27 29 0

A 37 29 13 0

C T

G 37 26 72 183

A 19 12 9 0

T 32 20 23 0

C 24 69 38 0

Lys A A
G 35 47 53 92

A 57 45 39 0

Meta A T G 38 39 38 38

Pheb T T
T 47 35 37 0

C 38 50 47 85

Pro C C

G 1 0 5 0

A 13 21 12 0

T 20 15 13 0

C 11 9 15 45

(Continued on next page)
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Table 1. Continued

WT CFTR coCFTR1a coCFTR2b coCFTR3

Ser

A G
T 19 15 18 0

C 24 20 28 123

T C

G 4 3 9 0

A 29 22 24 0

T 30 23 26 0

C 17 40 18 0

Thr A C

G 3 3 6 0

A 33 31 18 0

T 32 29 26 0

C 15 20 33 83

Trp T G G 23 23 23 23

Tyr T A
T 22 15 15 0

C 18 25 25 40

Vala G T

G 36 46 48 89

A 12 11 9 0

T 23 17 12 0

C 18 14 20 0

Stop T

G A 0 0 0 0

A
G 1 1 1 0

A 0 0 0 1

Total 1481 1481 1481 1481

CAI 0.74 0.76 0.80 0.99

The codon adaptive index (CAI) is higher in all coCFTR sequences compared to WT CFTR. coCFTR1 and coCFTR2 were codon optimized with single amino acid changes that do not
affect protein function.
acoCFTR1 substitutes methionine for valine at position 1475.
bcoCFTR2 substitutes leucine for phenylalanine at position 833.
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airway epithelial cells, reaching the range of non-CF anion currents at
MOIs < 1 without changing CFTR channel properties.

DISCUSSION
Several studies have attempted to approximate the proportion of airway
epithelial cells that needs to express functional CFTR to correct CF
phenotypes, with results ranging from 5% to 50%.35,61–64 Achieving a
transduction efficiency as high as 50% in intact airway epithelia with
lentiviral vectors is challenging. In vivo studies in the CF pig model
demonstrate that some phenotypic tissue correction is achievable,
even if transgene expression was below detectable levels by mRNA
quantification.10 Because airway epithelia are electrochemically coupled
through gap junctions, we postulated that supra-physiologic levels of
CFTR expression in a small number of cells could be therapeutic.

Promoter choice and codon optimization are two strategies that are
often employed to increase transgene expression in gene therapy appli-
cations. We compared two constitutive promoters, PGK and EF1a,
which are effective at driving expression of mammalian genes and
are safely used in clinical trials.39–41 In CF airway epithelia, the
CFTR currents achieved using the EF1a promoter trended higher
Molecu
than those attained with PGK, on average, but did not reach statistical
significance. Of note, approximately 50% transduction efficiency was
obtained with both vectors at MOI 4, and the CFTR-dependent cur-
rents at this dose reached non-CF levels. This is likely related to anion
movement through gap junctions. Additionally, others have shown
that the rate-limiting step for CFTR-dependent chloride secretion is
the abundance of the NKCC1 cotransporter at the basolateral mem-
brane.35,63,65 When quantifying GFP expression in non-CF cells,
similar numbers of GFP+ cells were obtained with PGK or EF1a, and
the MFI achieved with the EF1a promoter was higher on average at
every dose, reaching statistical significance at thehighest dose. Thepro-
portion of GFP+ non-CF cells, measured 3�5 days post-transduction,
was within expected levels based on a similar transduction protocol.58

The proportion of GFP+ cells present in CF and non-CF cells after
4weeks of differentiation, however, represents differences in individual
cell division rates over that time, which may explain why some values
exceed the theoretical maximum for a givenMOI and why the number
of transduced cells appears to change over time in some epithelia.

Codon optimization has been used to increase expression of other
genes in several therapeutic applications66–68 and has been
lar Therapy: Methods & Clinical Development Vol. 21 June 2021 99
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Figure 4. coCFTR increases protein, mRNA, and transepithelial chloride current

293T human embryonic kidney cells (HEK293) cells were transfected with pcDNA3.1(+) plasmid expressing WT CFTR, coCFTR1, coCFTR2, coCFTR3, or a GFP control.

Protein andmRNAwere isolated from transfected cells. (A) CFTR abundance was quantified by western blot. Bands B and C glycosylation forms were detected, and vinculin

was used as a loading control. Densitometry analysis demonstrated 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 to WT CFTR. (B) CFTR mRNA quantification by qRT-PCR was performed

using primers that target a portion of the polyadenylation sequence present in all plasmids, and GAPDHwas used to normalize expression. No statistically significant increase

in mRNA abundance compared to WT CFTR was observed with any of the codon-optimized sequences. To test protein function, Fischer rat thyroid (FRT) cells were

electroporated with the same plasmids and grown at air-liquid interface culture conditions. 1 week later, transepithelial chloride current was measured in Ussing chambers.

(C) Apical low chloride gradient was established, and once stable, CFTR channels were activated with cAMP agonists F&I. CFTR-specific current was verified by inhibiting

CFTR with GlyH. (D) The change in current (DIT) in response to F&I and GlyH was measured. We observed a significant increase in CFTR-dependent current only with

coCFTR3 compared to WT CFTR (***p < 0.0001). Mean ± SE is shown. See also Figure S1.
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investigated as a strategy to improve non-viral approaches to CF
gene therapy.69 Here, we compared different codon optimization
strategies in cell line models and determined that each strategy
conferred a unique increase in mRNA, protein, and protein func-
tion, evidenced by a CFTR-dependent transepithelial chloride cur-
rent. Codon optimization of a single protein domain failed to
improve expression over WT CFTR. Of two different strategies to
codon optimize the entire gene, the one that resulted in higher
GC and GC3 content, coCFTR3, also yielded the greatest increase
in protein function, suggesting that these may be important charac-
teristics for coCFTR.

When comparing WT CFTR and coCFTR3 in primary human CF
airway epithelia transduced with a lentiviral vector, HIV-PGK-
coCFTR3 significantly increased chloride currents at the lowest vector
dose tested (MOI 0.1). As expected, we observed a dose-dependent in-
crease in the chloride current with HIV-PGK-WTCFTR, but very
100 Molecular Therapy: Methods & Clinical Development Vol. 21 June 2
similar chloride currents were observed at all doses tested with
HIV-PGK-coCFTR3. This is consistent with previous studies indi-
cating that chloride currents generated by epithelia composed entirely
of non-CF cells can be achieved in epithelial sheets consisting of
�50% non-CF and 50% CF cells and remain stable even when
more non-CF cells are added.63 This suggests that the maximum chlo-
ride current for a given epithelium was achieved at MOI 0.1, explain-
ing why no additional increase is seen at higher MOIs. Likewise, this
could also explain why the chloride current difference between HIV-
PGK-WTCFTR and HIV- EF1a-WTCFTR was not significant at any
dose, but GFP expression was significantly higher with EF1a at the
highest dose. That is, CFTR-mediated chloride current as a measure
of CFTR expression has a lower maximum limit than MFI for GFP
expression. CFTR bicarbonate currents, however, continued to
increase with CFTR abundance,63 which is consistent with the
dose-dependent increase observed with HIV-PGK-WTCFTR and
HIV-PGK-coCFTR3, and the difference between the two was
021



Figure 5. coCFTR increases transepithelial anion

current in human CF primary airway epithelial cells

CF progenitor basal cells from six donors were trans-

duced with lentiviral vectors HIV-PGK-WTCFTR, HIV-

PGK-coCFTR3, or HIV-PGK-GFP at MOI 0.1, 0.25, 0.5,

and 1 and seeded on polycarbonate membranes. Cells

were allowed to differentiate for 4 weeks in air-liquid

interface culture conditions. (A) Epithelia that received

GFP were used to estimate the proportion of cells

expressing the transgene after differentiation by flow

cytometry. (B) CFTR transepithelial chloride and bicar-

bonate short circuit current was measured in Ussing

chambers. Changes (DISC) in response to (C) F&I and

(D) GlyH were quantified. HIV-PGK-coCFTR3 resulted in

significantly higher chloride current at MOI 0.1 (*p < 0.04)

and higher bicarbonate current at MOI 0.5 and 1 (**p <

0.02) compared to HIV-PGK-WTCFTR. Points on the

graph represent the average of 2�3 epithelia. Each

symbol represents cells from an individual donor. Mean ±

SE is shown. See also Figure S2.
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significant at the highest doses. Achieving transepithelial anion cur-
rents within the range of non-CF at MOI 0.1 with HIV-PGK-
coCFTR3 is highly relevant for in vivo studies since we anticipate
likely transducing less than 50% of surface epithelia.

Although EF1a conferred greater WT CFTR-mediated chloride cur-
rents and GFP expression, it is important to note that its sequence is
over twice the length (�1.1 kb) of PGK (�0.5 kb). This is an impor-
tant consideration when coupled with a large cDNA, such as CFTR
(�4.5 kb), since there is an inverse relationship between lentiviral vec-
tor titer and insert length.70,71 The extent to which the extra length of
EF1a affects CFTR lentiviral vector titers remains to be determined
and, if significant, weighed against the increase in CFTR production
it provides.
Molecular Therapy: Methods &
One limitation of this work is that VSV-G-pseu-
dotyped lentiviral vectors were used to transduce
progenitor basal cells. It is reassuring that CF
basal cells expressing exogenous CFTR under
regulation of a constitutive promoter can differ-
entiate, form epithelia, and support CFTR-medi-
ated transepithelial anion movement, suggesting
this could be an effective therapeutic strategy to
achieve long-term CFTR expression. This strat-
egy could also be used for cell-based therapies.72

The apical transduction efficiency of intact well-
differentiated airway epithelia with VSV-G-pseu-
dotyped lentiviral vectors is low.13,14 In future
studies, lentiviral vectors pseudotyped with an
envelope that allows more efficient apical trans-
duction of differentiated epithelia will be
required.

Having identified two independent methods to
increase CFTR expression, it is tempting to sug-
gest a combinational approach, using EF1a and coCFTR3 in the same
vector, and we will test that strategy in future studies. However, we
speculate that if the effects of each of these strategies are additive,
then we may reach the counterproductive threshold. When CFTR
was overexpressed with the CMV promoter in a large proportion of
cells using an adenoviral vector, it led to aberrant localization to the
basolateral membrane.35 If this happens in a small number of cells,
then the anion concentration gradient would drive net movement
in the desired direction. But, as the proportion of cells with both api-
cal and basolateral CFTR expression increases, the driving force for
anion secretion would dissipate.

We identified a promoter and coCFTR strategy that significantly in-
creases CFTR-mediated anion transport. Questions remain regarding
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Figure 6. Codon optimization of CFTR does not change CFTR single channel properties

Patch-clamp studies were performed using inside-out membrane patches from HEK293 transiently expressing WT CFTR or coCFTR3. (A) Representative tracings are

shown. PKA catalytic subunit (22 nM) and ATP (1mM) were present throughout. Holding voltage was�70mV. For illustration purposes, traces were digitally low-pass filtered

at 50 Hz. c, closed state; o, open state. (B�D) Mean channel open probability, burst duration, and interburst intervals were not different between WT CFTR and coCFTR3.

Mean ± SE is shown.
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the effects of combining both features in a single vector and the effect
of promoter length on vector titers. Ultimately, testing coCFTR3 in
CF animal models will be needed to determine its efficacy at correct-
ing CF phenotypes.We anticipate that incorporating EF1a, coCFTR3,
or both could lower the proportion of cells that needs to be success-
fully targeted by a lentiviral vector and facilitate sufficient gene deliv-
ery to provide clinically relevant CF phenotype correction.

MATERIALS AND METHODS
Plasmids

WT CFTR and coCFTR1 (GenBank: MW222115) in the
pcDNA3.1(+) vector were kind gifts from Drs. Jae Seok Yoon
and William R. Skach. Only the first 356 amino acids of coCFTR1
were codon optimized. coCFTR1 contains a valine-for-methionine
substitution at position 1475, which does not affect protein func-
tion.73 Codon optimization and synthesis of coCFTR2 (GenBank:
MW116826) were commercially performed by GenScript in the
Bluescript plasmid. coCFTR2 contains the leucine-for-phenylala-
nine substitution at position 833 present in the originally reported
CFTR sequence,1 which increases protein solubility but does not
affect protein structure.74 Codon optimization of coCFTR3
(GenBank: MW116827) was performed using JCat55 and was
commercially synthesized by GenScript in the HIV-PGK-coCFTR3
vector. coCFTR2 and coCFTR3 were subcloned into pcDNA3.1(+).
HIV-PGK-WTCFTR and HIV-EF1a-GFP were synthesized by
GenScript and used to clone HIV-PGK-GFP, HIV-PGK-coCFTR3,
and HIV-EF1a-WTCFTR. The HIV-based vectors used are second
generation, self-inactivating (SIN), and contain a human ankyrin 1
element in the reverse orientation within the 30 long terminal
repeat (LTR) that improves long-term expression by avoiding
silencing.75,76

Codon-optimized sequence comparisons

CFTR domains were defined by the following amino acid positions:
TMD1 (1�356), NBD1 (357�678), RD (679�840), TMD2
(841�1,156), and NBD2 (1,157�1,481). Nucleotide content was
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determined using SeqBuilder Pro 17 (DNASTAR; Lasergene, Madi-
son,WI, USA). Codon usage and GC3 content were determined using
Sequence Manipulation Suite (bioinformatics.org).

Viral vector production

All viral vectors were produced by The University of Iowa Viral Vec-
tor Core. Briefly, a triple transfection (psPAX2, VSV-G, and HIV vec-
tor) was performed in 293FT (Thermo Fisher Scientific/Gibco, Wal-
tham, MA, USA) cells using the TransIT-Lenti Reagent (Mirus,
Madison, WI, USA). Cells were cultured in DMEM, supplemented
with 5% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
Vector-containing supernatant was collected at 48 and 72 h. After
filtration (0.2 mm), vector was concentrated 750-fold by overnight
centrifugation (7,000 rpm, 4�C). The vector pellet was resuspended
in 4% D-lactose and stored at �80�C. Vectors were titered in
HT1080 cells by flow cytometry for GFP vectors or by TaqMan
qPCR/digital droplet PCR for CFTR vectors using primers: 50-CG
ACTGGTGAGTACGCCAAA-30 and 50-CGCACCCATCTCTCT
CCTTCT-30 and probe 50-ATTTTGACTAGCGGAGGC-30.

FRT electroporation and epithelia formation

FRT cells were cultured in Ham F-12 Coon’s modified medium, sup-
plemented with 5% FBS and 1% penicillin/streptomycin at 37�C in a
5% CO2 humidified environment. 1.2� 106 FRT cells were electropo-
rated with 4 mg of pcDNA3.1(+) plasmid (Amaxa Nucleofector 2b,
Nucleofector Kit L; Lonza, Basel, Switzerland). The GFP plasmid
included in the electroporation kit was used to verify successful elec-
troporation, and these cells were used as negative controls in Ussing
chamber experiments. Cells were resuspended in a total volume of
700 mL, and 200 mL was seeded in each of three, collagen-coated poly-
carbonate membrane tissue-culture inserts (6.5 mm, 0.4 mm pore;
Corning Transwell, Corning, NY, USA) with 400 mL media on the
basolateral compartment. The next day, apical media were removed,
and the basolateral media were replaced. After 7 days of culture in air-
liquid interface conditions, cells were mounted in Ussing chambers
for electrophysiology measurements.
021
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HEK293 cell transfection

HEK293 cells were cultured in 5% FBS and 1% penicillin/strepto-
mycin at 37�C in a 5% CO2 humidified environment. 1 � 105 cells
per well were seeded on a 6-well plate. The next day, 2 mg of
pcDNA3.1(+) plasmid was transfected following the manufacturer’s
instructions for Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). When confluent, cells were harvested for mRNA or western
blot analysis. A GFP control plasmid was used to verify successful
transfection and to serve as a negative control in mRNA and western
blot analyses.

Transduction and differentiation of primary human airway basal

cells

All primary human airway epithelial cells were obtained from The
University of Iowa In Vitro Models and Cell Culture Core under
approval from The University of Iowa Institutional Review Board.
De-identified cells isolated from donated non-CF lungs or discarded
CF lungs after transplant were provided. 8 � 105 freshly isolated pri-
mary basal cells from CF donors were seeded on collagen-coated
10 cm plates in BronchiaLife Epithelial Basal Medium (Lifeline, Carls-
bad, CA, USA). Once cells reached �80% confluency, cells were
dissociated using TrypLE (Thermo Fisher Scientific/Gibco, Waltham,
MA, USA), and 1� 105 cells were seeded on collagen-coated polycar-
bonate membrane tissue-culture inserts (Corning Transwell; 6.5 mm,
0.4 mmpore), along with the viral vector and polybrene (2 mg/mL) in a
final volume of 200 mL. 400 mL defined culture media (Ultroser G;
Crescent Chemical, Islandia, NY, USA) were maintained in the baso-
lateral compartment throughout the differentiation process.77 Cells
were maintained under submerged culture conditions for 48�72 h.
Apical media were then removed, and cultures were maintained at
air-liquid interface conditions for a minimum of 4 weeks. Once differ-
entiated, cells were either mounted directly in Ussing chambers for
electrophysiology analysis or dissociated for flow cytometry analysis
using Accumax (Sigma-Aldrich, St. Louis, MO, USA). The following
mutations were represented in the CF samples used in these studies:
DF508, R75X, and 3,849 + 10 kb C > T.

For non-CF cells, 2� 105 cellswere seeded onto collagen-coated 6-well
plates, along with viral vector and polybrene (2 mg/mL) in Bronchia-
Life Epithelial Basal Medium (1 mL final volume). Media were
replaced as needed until cells reached confluency 3�5 days post-trans-
duction and were harvested using TypLE for flow cytometry analysis.

Western blot analysis

Adherent cells in a 6-well plate were washed with PBS, and 0.5 mL
radioimmunoprecipitation assay (RIPA) buffer (Thermo Fisher Sci-
entific/Gibco, Waltham, MA, USA) with protease inhibitor (cOm-
plete ULTRA Tablets, Mini, EDTA-free; Roche, Basel, Switzerland)
was added to each well. The plate was placed at �80�C for 10 min
and then allowed to thaw at room temperature. Cell lysate was
collected, and cell debris was separated by centrifugation. Protein-
containing supernatant was collected and stored at �20�C. A bicin-
choninic acid (BCA) assay (Pierce BCA Protein Assay Kit; Thermo
Fisher Scientific/Gibco, Waltham, MA, USA) was performed prior
Molecul
to each western blot to quantify protein. 20 mg of protein per sample
was loaded in a 3%–8% Criterion XT Tris-Acetate Gel (Bio-Rad, Her-
cules, CA, USA) and ran at 125 V for 90 min in Tris/tricine/SDS
Running Buffer (Bio-Rad, Hercules, CA, USA). Transfer to Immobi-
lon-FL polyvinylidene fluoride (PVDF) membrane (Millipore,
Burlington, MA, USA) was performed at 110 mA, 4�C, overnight in
high glycine transfer buffer (120 g glycine, 6 g Tris-base in 2 L water).
The membrane was blocked with 0.1%Hammarsten casein in PBS for
1 h. Primary antibodies (mouse anti-human CFTR UNC-596 and
rabbit anti-human vinculin; Thermo Fisher Scientific/Gibco,
Waltham, MA, USA) were diluted 1:2,000 and incubated at room
temperature for 2 h. Secondary IRDye antibodies (donkey anti-rabbit
680RD and donkey anti-mouse 800CW; LI-COR Biosciences,
Lincoln, NE, USA) were diluted 1:20,000 and incubated for 1 h at
room temperature. Three washes with Tris-buffered saline with
Tween 20 (TBST) for 15 min were performed between each step.
Membrane was imaged and analyzed using the LI-COR Biosciences
Odyssey system.

mRNA measurements

Adherent cells in a 6-well plate were washed with PBS. Cell contents
of each well were collected in 0.5 mL TRIzol (Invitrogen, Carlsbad,
CA, USA). RNA was isolated following the manufacturer’s instruc-
tions for Direct-zol RNA Kit (Zymo Research, Irvine, CA, USA).
cDNA was generated using a High-Capacity-RNA-to-cDNA Kit
(Applied Biosystems, Foster City, CA, USA), and qPCR (Applied Bio-
systems 7900HT, Foster City, CA, USA) was performed using Power
SYBR Green PCRMaster Mix (Thermo Fisher Scientific/Gibco, Wal-
tham, MA, USA) using primers directed against the polyadenylation
sequence of pcDNA3.1(+) plasmids 50-CTCGACTGTGCCTTC
TAGTTG-30 and 50-GCACCTTCCAGGGTCAAG-30. Glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) was used to normalize
gene expression using primers 50-GGATTTGGTCGTATTGGG-30

and 50-GGATTTGGTCGTATTGGG-30.

Flow cytometry

Cells were resuspended in 100 mL PBS containing 2% FBS with LIVE/
DEAD Fixable Far Red Stain Kit (Invitrogen, Carlsbad, CA, USA) and
incubated for 30 min protected from light. Three washes with 1 mL
2% FBS in PBS were performed before resuspending cells in a final
volume of 500 mL for flow cytometry analysis in an Attune NxT
Flow Cytometer (Invitrogen, Carlsbad, CA, USA). Doublets and
dead cells were excluded from analysis.

Short circuit measurements

For transepithelial chloride current measurements, epithelial cultures
were mounted in Ussing chambers; submerged in a solution contain-
ing 135mMNaCl, 5 mMHEPES, 0.6 mMKH2PO4, 2.4 mMK2HPO4,
2.2 mMMgCl2, 1.2 mMCaCl2, and 5 mM dextrose; and bubbled with
air. For bicarbonate measurements, cultures were submerged in a
chloride-free solution composed of 118.9 mM Na gluconate,
25 mM NaHCO3, 5 mM Ca gluconate, 1 mM Mg gluconate,
2.4 mM K2HPO4, 0.6 mM KH2PO4, and 5 mM dextrose and bubbled
with CO2. Amiloride, ENaC inhibitor, and DIDS, a Cl� exchanger
ar Therapy: Methods & Clinical Development Vol. 21 June 2021 103
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inhibitor, were sequentially added apically to a final concentration of
100 mM. CFTR was then apically activated with the cyclic AMP ago-
nists F&I at a final concentration of 10 mM and 100 mM, respectively.
Finally, the CFTR inhibitor GlyH (Cystic Fibrosis Foundation) was
added apically to a final concentration of 100 mM. DISC, in response
to CFTR activation and inhibition, was calculated. For FRT transepi-
thelial current measurements, a Cl� gradient was used. Prior to F&I
stimulation, the apical solution was replaced with one in which
NaCl was replaced with NaC6H11O7, and changes in current (DIT)
were calculated.

Patch-clamp experiments

Experiments were performed as previously described.78 We used
excised, inside-out membrane patches from HEK293T cells tran-
siently expressing WT CFTR or coCFTR3 using pcDNA3.1(+) vec-
tors. The pipette (extracellular) solution contained the following:
140 mM N-methyl-D-glucamine, 3 mM MgCl2, 5 mM CaCl2,
100 mM L-aspartic acid, and 10 mM tricine (pH 7.3) with HCl.
The bath (intracellular) solution contained 140 mM N-methyl-D-
glucamine, 3 mMMgCl2, 1 mM Cs ethylene glycol bis (2-aminoethyl
ether)-N,N,N0,N0 tetraacetic acid (CsEGTA), and 10 mM tricine
(pH 7.3) with HCl. Following patch excision, CFTR channels were
activated with a 22-nM protein kinase A (PKA) catalytic subunit
(from bovine heart; EMD Millipore, Billerica, MA, USA) and 1 mM
ATP (magnesium salt; Sigma-Aldrich, St. Louis, MO, USA). The
PKA catalytic subunit was present in all cytosolic solutions that con-
tained ATP. Experiments were performed at room temperature (23�C
�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 900; Frequency Devices, Haver-
hill, MA, USA). Single channel openings and closings were analyzed
with a burst delimiter of 20 ms using Clampfit software (version 10.3;
Molecular Devices, Sunnyvale, CA, USA).79 Events <4 ms duration
were ignored. The mean IBI was calculated using the formula Po =
(BD� Po,Burst)/(BD + IBI), where Po is the mean open state probabil-
ity andPo,Burst is the Po within a burst.80

Statistics

All data were analyzed using GraphPad Prism 8 software (San Diego,
CA, USA). Statistical significance was determined using one-way
ANOVA with Dunn’s multiple comparison test, one-way ANOVA
on ranks (Kruskal-Wallis test) with Dunn’s multiple comparisons
test, or multiple t tests with Bonferroni-Dunn correction as
appropriate. Error bars represent mean ± SE.
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