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ABSTRACT Recombinant (r)AAV2.5T was selected from the directed evolution of an 
adeno-associated virus (AAV) capsid library in the human airway epithelium (HAE). The 
capsid gene of rAAV2.5T is a chimera of the N-terminal unique coding sequence of 
AAV2 VP1 unique (VP1u) and the VP2- and VP3-coding sequences of AAV5 with a single 
amino acid mutation of A581T. We conducted two rounds of genome-wide CRISPR 
guide (g)RNA library screening for host factors limiting rAAV2.5T transduction in HeLa 
S3 cells. The screening identified several genes that are critical for rAAV2.5T, including 
the previously reported genes KIAA0319L, TM9SF2, VPS51, and VPS54, as well as a novel 
gene WDR63. We verified the role of KIAA0319L and WDR63 in rAAV2.5T transduction of 
polarized HAE by utilizing CRISPR gene knockouts. Although KIAA0319L, a proteinaceous 
receptor for multiple AAV serotypes, played an essential role in rAAV2.5T transduction 
of polarized HAE either from the apical or basolateral side, our findings demonstrated 
that the internalization of rAAV2.5T was independent of KIAA0319L. Importantly, we 
confirmed that WDR63 is an important player in rAAV2.5T transduction of HAE while not 
being involved in vector internalization and nuclear entry. Furthermore, we identified 
that the basal stem cells of HAE can be significantly transduced by rAAV2.5T.

IMPORTANCE The essential steps of successful gene delivery by recombinant adeno-
associated viruses (rAAVs) include vector internalization, intracellular trafficking, nuclear 
import, uncoating, double-stranded (ds)DNA conversion, and transgene expression. 
rAAV2.5T has a chimeric capsid of AAV2 VP1u and AAV5 VP2 and VP3 with the mutation 
A581T. Our investigation revealed that KIAA0319L, the multiple AAV serotype recep
tor, is not essential for vector internalization but remains critical for efficient vector 
transduction to human airway epithelia. Additionally, we identified that a novel gene 
WDR63, whose cellular function is not well understood, plays an important role in vector 
transduction of human airway epithelia but not vector internalization and nuclear entry. 
Our study also discovered the substantial transduction potential of rAAV2.5T in basal 
stem cells of human airway epithelia, underscoring its utility in gene editing of human 
airways. Thus, the knowledge derived from this study holds promise for the advance
ment of gene therapy in the treatment of pulmonary genetic diseases.
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A deno-associated viruses (AAVs) are members of the genus Dependoparvovirus of the 
Parvoviridae family (1). AAV is non-enveloped and has a single-stranded (ss)DNA 

genome of 4.7 kb. It is nonpathogenic to humans and replication-deficient per se. 
It requires a helper virus, e.g., adenovirus (Ad), to replicate. Recombinant (r)AAVs are 
considered a safe transduction vector for in vivo gene transfer in the application of 
human gene therapy (2, 3). Since the late 1990s, rAAVs have been used in a number 
of clinical trials to treat a wide variety of monogenetic disorders across target organs, 
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including the lung, eye, liver, and skeletal muscle (4–8). So far, the US Food and 
Drug Administration (FDA) has approved four rAAV-based gene therapy medi
cines, LUXTURNA, ZOLGENSMA, HEMGENIX, and ELEVIDYS, for the treatment of Leber 
congenital amaurosis, spinal muscular atrophy, hemophilia B, and Duchenne muscular 
dystrophy, respectively.

One major hurdle in rAAV-based gene therapy is the requirement of a high vector 
dose. Although rAAVs have been extensively used in biomedical research and gene 
therapy, there is still limited understanding of how they enter cells and deliver their 
cargo to the nucleus. Additionally, the essential host factors that facilitate transgene 
expression vary depending on the specific AAV serotype and the type of cells being 
targeted (9). The cell and tissue tropism of an AAV is determined by its capsid structure, 
which is composed of viral proteins VP1, VP2, and VP3 at a molar ratio of ~1:1:10 (10), 
and by its interaction with the specific surface receptors and host factors present on or 
within the target cells. In general, the cell attachment of most AAV serotypes is mediated 
by capsid-specific glycan moieties on the cell surface that have been studied extensively 
(11). After attachment, AAVs are internalized into the target cell through receptor-medi
ated endocytosis. Previously, a genetic screening identified a highly conserved AAV 
entry factor, KIAA0319L, as a cellular receptor for certain naturally occurring AAVs (AAV1, 
3, 5, 6, 8, and 9) (12). However, it is important to note that AAV4-like AAVs (AAV4, 
AAV11, and AAV12) do not utilize KIAA0319L for vector transduction (13). KIAA0319L 
is classified as a type I transmembrane protein. The purified recombinant KIAA0319L 
or an anti-KIAA0319L antibody effectively inhibits transduction of rAAV1-3, 5, 6, 8, and 
9, and the knockout of KIAA0319L in in vitro cultured cell lines or mice resulted in 
resistance to rAAV transduction (12). Although KIAA0319L was characterized as an N- and 
O-glycosylated cell membrane protein, glycosylation does not contribute to AAV binding 
and transduction (14). It appears transiently on the cell surface but localizes primarily 
to the perinuclear trans-Golgi network (TGN). While the native role of KIAA0319L is 
presumed to involve acting as a recycling receptor for an unidentified ligand, it has 
been identified as a proteinaceous receptor for certain AAV serotypes. AAV has evolved 
to exploit the retrograde trafficking of KIAA0319L. However, the precise mechanism by 
which KIAA0319L facilitates rAAV transduction remains elusive, specifically its involve
ment in AAV cell surface binding, AAV internalization, intracellular trafficking, potential 
interacting partners, and its recycling route from the cell surface to the TGN.

Even though it remains unclear how AAV capsids differentially interact with host 
factors, AAV capsids can be engineered to modify their cell/tissue tropism by introducing 
specific mutations that enhance or alter their interactions with receptors and/or cellular 
factors relevant to the desired target cells or tissues. AAV2.5T is an airway tropic AAV 
variant identified from the directed evolution of an AAV capsid library in polarized 
human airway epithelia. The VP1 of AAV2.5T is a chimeric protein composed of the AAV2 
VP1u region [amino acids (aa) 1–118] with the remaining aa 119–725 from AAV5 VP1, 
along with a key point mutation (A581T), and the VP2 and VP3 of AAV5 bearing the same 
mutation (15). The rAAV2.5T vector demonstrated a greater than 10-fold improvement 
over AAV2 and AAV5 in the transduction of human airway epithelia (15). It efficiently 
transduces cystic fibrosis (CF) human airway epithelia from the apical side. rAAV2.5T 
successfully delivered the expression of the CF transmembrane conductance regulator 
minigene (CFTRΔR) with a 156-bp deletion in the regulatory (R) domain (16) to correct 
the deficient transepithelial transport of chloride anions in polarized human airway 
epithelia derived from CF lung donors (15, 17).

Similar to its parent AAV5, AAV2.5T uses cell surface α2,3 N-linked sialic acid (SA) 
as the primary attachment receptor (18). The SA-binding sites of AAV5 were mapped 
to M569, A570, T571, G583, T584, Y585, N586, and L587, and the binding pocket has 
a contact distance of 2.4–3.6 Å to interact with SA (19). While the A581T mutation is 
close to the SA binding site, its impact on SA binding is minimal due to the fact that 
the binding affinities of AAV5 and AAV2.5T to α2,3 N-linked SA remain similar (18), 
suggesting that both use the same mechanism to bind SA.
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Understanding the important host factors that facilitate rAAV2.5T transduction in 
human airway epithelia is crucial to fully exploit the potential of this novel vector in 
CF gene therapy. In this study, we first undertook a genome-wide CRISPR screening 
in HeLa S3 cells. We found that guide (g)RNAs targeting the gene KIAA0319L had the 
highest enrichment score from the analysis of the screening. Importantly, our study also 
identified that the gene WDR63 is important for AAV2.5T transduction of human airway 
epithelia. Interestingly, our vector internalization assays demonstrated that neither 
KIAA0319L nor WDR63 plays a role in the internalization of rAAV2.5T into the cells 
of human airway epithelia. Thus, our findings indicate that KIAA0319L may function 
differently in different types of cells and tissues for rAAV transduction.

RESULTS

Genome-wide CRISPR screening identifies novel essential factors of rAAV2.5T 
transduction

The capsid of AAV2.5T differs from that of AAV5 by only a single amino acid (A581T) 
in VP2 and VP3, while the N-terminus of VP1, which is replaced by the VP1u of 
AAV2, remains concealed inside the capsid. While AAV5 interacts with KIAA0319L to 
promote transduction in HeLa cells (14), it has been reported that rAAV2.5T transduction 
in HeLa cells or apical transduction of polarized human airway epithelia is independ
ent of KIAA0319L (20), suggesting that rAAV2.5T and rAAV5 exploit different mecha
nisms for transduction. To explore the specific receptors and co-receptors involved 
in rAAV2.5T entry into human airway epithelia, we utilized a genome-wide CRISPR 
pooled gRNA library for high-throughput screening to identify the significant host 
factors that restricted rAAV2.5T transduction in HeLa S3 cells. To facilitate the screening, 
suspension HeLa S3 cells were transduced with a lentiviral vector to incorporate the 
expression of Streptococcus pyogenes (sp)Cas-9. These spCas9-expressing HeLa S3 cells 
were transduced with the lentiviral-based pooled gRNA library (Brunello) for human 
gene knockouts at a multiplicity of infection (MOI) of 0.25 transduction units/cell to 
ensure that each cell was transduced by no more than one gRNA-expressing lentivirus. 
Following the selection of cells with puromycin at 2 µg/mL, the spCas9 and single 
(s)gRNA-expressing HeLa S3 cells were extracted for genomic DNA (gDNA), designated 
as gDNACtrl. For the screening, we transduced the spCas9 and sgRNA library-expressing 
HeLa S3 cells with mCherry-expressing rAAV2.5T (rAAV2.5T.F5tg83luc-CMVmCherry) at 
an MOI of 20,000 DNase-resistant particles (DRPs)/cell, by which a transduction efficiency 
of 96.4% (mCherry positive) was achieved. Using flow cytometry, we sorted ~1 million 
mCherry-negative cells and amplified them for the second round of transduction of 
rAAV2.5T at the same MOI. Again, ~1 million mCherry-negative cells were sorted, 
expanded, and subjected to extraction of gDNA that was designated as gDNAScreen 

(Fig. 1A). Both gDNACtrl and gDNAScreen were subjected to next-generation sequencing 
(NGS) to probe the sgRNAs enriched in the transduction-restricted cells. Analysis using 
the bioinformatics software MAGeCK highlighted the sgRNAs that were significantly 
enriched in the second round of sorted mCherry-negative cells compared to unselected 
control cells (Table S1; Fig. S1). The genes that have an enrichment score of >3.25 
are shown in Fig. 1B. Most notably, KIAA0319L, which was previously reported as a 
multi-serotype AAV receptor (12), was the top selected gene (Fig. 1B). Gene ontology 
(GO) classification showed many potential rAAV2.5T host essential factors identified in 
our screening, including TM9SF2, VPS51, and VPS54, which were previously identified as 
the host essential factors for rAAV transduction (11).

HeLa cell screening identifies KIAA0319L, TM9SF2, and WDR63 as important 
host genes

We selected the top 27 candidates with an enrichment score of >3.25 (Fig. 1B) and 
available antibodies to verify their roles in rAAV2.5T transduction in HeLa cells. We first 
used shRNA-expressing lentiviruses to selectively silence the expression of these 
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FIG 1 Genome-wide guide RNA (gRNA) library screening of essential factors of rAAV2.5T transduction 

in HeLa S3 cells. (A) A diagram of the genome-wide gRNA library screening. HeLa S3 suspension cells 

were transduced with a spCas9-expressing lentivirus. Blasticidin-resistant spCas9-expressing cells were 

transduced with the Brunello lentiCRISPR gRNA lentiviral library. The library-selected HeLa S3 cells were 

expanded to ~200 million, of which ~100 million were extracted for genomic DNA (gDNA) as the 

non-selected control gDNA (gDNACtrl), and another 100 million were transduced with mCherry-expressing 

rAAV2.5T. At 3 days post-transduction, ~1 million mCherry-negative cells were sorted and expanded. 

Approximately 100 million cells were transduced with rAAV2.5T, followed by sorting of the top 1% 

mCherry-negative cells. The sorted mCherry-negative cells were expanded to ~100 million for extraction 

of gDNAScreen. The gDNA samples were subjected to NGS analysis and bioinformatics analysis. Created 

with BioRender. (B) Hits of host genes from the second round of screening of mCherry-negative cells. 

This panel shows the entry screening hits from the second-round selection of mCherry-negative cells 

transduced with rAAV2.5T. The x-axis shows genes within the target of the Brunello library that are 

(Continued on next page)
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candidate genes, respectively, in HeLa cells. The 27 candidate genes were silenced to 
different extents, as shown by Western blotting (Fig. S2). The dual-reporter rAAV2.5 
vector, rAAV2.5T.F5tg83luc-CMVmCherry, was used to transduce these individually gene-
silenced HeLa cells at an MOI of 20,000. At 3 days post-infection, the transduction 
efficiencies were assessed for mCherry expression and luciferase activity using flow 
cytometry and firefly luciferase activity assays, respectively. After normalization of 
mCherry expression with scramble (non-target) shRNA control cells, the data showed 
that silencing of KIAA0319L, KYAT3, TM9SF2, NPHP3, WDR63, and ZNF320 decreased 
mCherry expression by >50% (Fig. 2A, columns in red). Silencing of CCDC92, CDCP2, 
MSMO1, OR51M1, PDE4A, and GPR174 decreased mCherry expression by >25% but <50% 
(Fig. 2A, columns in green). Similarly, we found that silencing of KIAA0319L, TM9SF2, 
WDR63, and ZNF320 decreased luciferase expression by >50% (Fig. 2B, columns in red) 
and that silencing of KYAT3, OR51M1, NPHP3, and PDE4A decreased luciferase expression 
by >25% but <50% (Fig. 2B, columns in green).

We plotted relative expression values (−log2) of both luciferase and mCherry expres
sions (Fig. 2C). The genes whose silencing decreased both expressions are shown in 
quadrant I, with KIAA0319L being the highest and TM9SF2 being the second-highest hit. 
Both have been shown to be essential entry factors of transduction in whole-genome 
gRNA library screens using rAAV2 (12, 21). We finally narrowed the candidate essential 
factor genes down to 11, i.e., KIAA0319L, TM9SF2, ZNF320, WDR63, KYAT3, NPHP3, PDE4A, 
OR51M1, CCDC92, MSMO1, and GPR174. Then, we looked back to our NGS data for these 
11 genes (Fig. S3) and found that most of the genes showed an average of >2,000-fold 
enrichment in sgRNA reads compared to the unselected control, indicating that these 
candidates are highly likely to play a role in rAAV2.5T transduction.

Next, we examined the role of these 11 candidate genes in rAAV2.5T transduction in 
gene knockout HeLa cells. To this end, HeLa cells were transduced with individual sgRNA-
expressing lentiviral vectors and underwent single-cell expansion. Western blotting 
demonstrated a drastic decrease in the expression of all the selected candidate genes 
(Fig. 3A). Then, each line of the gene knockout cells was infected with rAAV2.5T. The 
results showed that the KIAA0319L knockout decreased luciferase expression by >90%, 
and the TM9SF2 and WDR63 knockouts decreased luciferase expression by >60% (Fig. 
3B). Notably, the WDR63 knockout decreased luciferase expression to the same level as 
the TM9SF2 knockout. In addition, the PDE4A and GPR174 knockouts showed ~50% 
decreases in luciferase expression. However, the ZNF320, KYAT3, and CCDC92 gene 
knockouts did not show any significant decrease in luciferase expression when com
pared to the non-target control (Fig. 3B).

Collectively, we confirmed that KIAA0319L, TM9SF2, and WDR63 are the top three host 
genes important for transduction and that PDE4A and GPR174 also play a significant role 
in rAAV2.5T transduction in HeLa cells.

KIAA0319L and WDR63 knockouts significantly decrease AAV2.5T transduc
tion in HAE-ALI cultures

Since rAAV2.5T has a high tropism to human airway epithelia (15, 18), we investigated 
the function of KIAA0319L and WDR63 in rAAV2.5T transduction of the polarized human 
airway epithelium cultured at an air-liquid interface (HAE-ALI). To this end, we used 
gRNA-expressing lentiviruses to knock out KIAA0319L and WDR63, respectively, in an 
immortalized human airway epithelial cell line, CuFi-8. CuFi-8 cells maintain a phenotype 

FIG 1 (Continued)

grouped by gene ontology analysis. Each circle represents a gene with the size corresponding to the fold 

change of sgRNA reads by comparison of gDNAScreen to gDNACtrl. The y-axis shows the enrichment score 

(−log10) of each gene based on MAGeCK analysis of the sgRNA reads in gDNAScreen vs gDNACtrl. Only genes 

that have an enrichment score of >3.25 are shown. The bubble colors indicate different gene ontology 

classifications as shown.
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of airway basal cells in proliferating cultures and can undergo differentiation into 
pseudostratified HAE when cultured at an ALI (22) (Fig. 4A). After confirmation of the 
gene knockout in proliferating CuFi-8 cells by Western blotting and genomic DNA 

FIG 2 rAAV2.5T transduction in the 28 top-ranking gene-silenced HeLa cells. (A and B) Relative 

expression of luciferase and mCherry in gene-silenced cells. HeLa cells seeded in 24-well plates were 

transduced with a shRNA-expressing lentiviral vector. After selection in puromycin, the cells were 

transduced with rAAV2.5T at an MOI of 20,000 DRPs/cell. At 3 days post-transduction, mCherry expression 

was imaged under a fluorescence imager (A), and the luciferase activity was measured using a firefly 

luciferase detection reagent (B). All data had three repeats and were normalized to the non-target (NT) 

control. The green and red dashed lines indicate 75% and 50% of the NT control, respectively. Data shown 

are means with a standard deviation (SD) from three replicates. (C) Ranks of the candidates in quadrant 

I. The x-axis shows −log2 luciferase intensity, and the y-axis shows −log2 mCherry intensity. All the cells 

silenced with gene names shown in quadrant I had decreases in both luciferase and mCherry expressions.
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sequencing (Fig. 4B), we seeded the gene knockout CuFi-8 cells on collagen-coated 
transwells to differentiate them into HAE-ALI cultures. The maturation of epithelial 
differentiation is indicated by a value >1,000 Ω·cm2 of transepithelial electrical resistance 
(TEER). After 3 weeks of differentiation at ALI, the TEER of the HAE-ALI∆KIAA0319L and HAE-
ALI∆WDR63 cultures, as well as the non-target (NT) control cultures, was measured. The TEER 
readings of these cultures approached ~2,000 Ω·cm2, indicating that the HAE-ALI cultures 
were fully differentiated (Fig. 4C). We also examined epithelial tight junction formation 
and cilial development by immunofluorescence staining for the tight junction protein 
ZO-1 and the cilial development marker β-tubulin IV. As shown in Fig. 4D, both the 
KIAA0319L and WDR63 knockouts did not obviously change the structure of ZO-1 and 
cilia. Thus, we successfully developed HAE-ALI cultures with the KIAA0319L or WDR63 
gene knockouts with retained tight junction and cilia structures, as well as normal 
epithelial barrier function.

Next, the HAE-ALI∆KIAA0319L and HAE-ALI∆WDR63 cultures were infected with rAAV2.5T at 
an MOI of 20,000 from the apical side (Fig. 5A) or the basolateral side (Fig. 5B). Infection 
of HAE-ALINT was included as the NT control. At 5 days post-transduction, the rAAV2.5T 
transduction efficiency was assessed by mCherry fluorescence and luciferase activity. 
HAE-ALI∆KIAA0319L and HAE-ALI∆WDR63 showed a significant decrease in both mCherry and 
luciferase expressions from the transduction at either the apical or basolateral side 
compared to the NT control (Fig. 5A through D). The luciferase quantification demonstra
ted that the knockouts of KIAA0319L and WDR63 decreased apical transduction 
by >70% and 71%, as well as basal transduction by >88% and 64%, respectively, 
compared to the NT control (Fig. 5C and D). For all three types of HAE-ALI cultures, 
transduction at the apical side was higher than that at the basolateral side.

FIG 3 rAAV2.5 transduction of individual gene knockout HeLa cells. Eleven candidate genes (KIAA0319L, TM9SF2, ZNF320, KYAT3, NPHP3, WDR63, PDE4A, 

OR51M1, GPR174, CCDC92, and MSMO1) were selected based on the shRNA knockdown screening. A gRNA-expressing lentiviral vector was applied to HeLa 

cells, and single-cell cloning was carried out to generate a knockout cell line. (A) Western blotting. Western blots show the knockout efficiency at 3 days 

post-transduction. β-Actin was used as a loading control. (B) Luciferase activities in gene knockout HeLa cells. Gene knockout cells were transduced with 

rAAV2.5T at an MOI of 20,000 DRPs/cell. At 3 days post-transduction, the luciferase activities were measured. The red dashed line indicates 50% of the luciferase 

activity in non-target control HeLa cells. Data shown are means with an SD from three replicates.
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As KIAA0319L was reported to function as a multi-serotype AAV receptor (12–14), we 
carried out a vector internalization assay to examine the role of KIAA0319L and WDR63 in 
vector endocytosis. The internalization assay showed that both HAE-ALI∆KIAA0319L and HAE-
ALI∆WDR63 did not have a significant decrease in the levels of internalized vectors 

FIG 4 Generation of gene knockouts in HAE-ALI cultures (A) Knockouts of KIAA0319L and WDR63 in HAE-ALI cultures. A schematic diagram shows the generation 

of gene knockouts of CuFi-8-derived HAE-ALI cultures. CuFi-8 cells were cultured in collagen-coated 100-mm dishes until confluent, and then gRNA-expressing 

lentiviruses were added to the dishes. Under the selection of puromycin, the CuFi-8 cells were single-clone expanded for the production of a gene knockout cell 

line. Expanded gene knockout cells were transferred onto the transwell for polarization at ALI. (B) Gene knockdown efficiency. Western blotting and genomic 

DNA sequencing validated the knockouts of KIAA0319L and WDR63 in HAE-ALI cultures. Cells harvested from the transwells were extracted for proteins and 

DNA, respectively. Western blotting detected both the non-target control and knockout groups, KIAA0319L and WDR63, respectively. β-Actin was detected 

as a loading control. The genomic DNA was amplified for sequencing the mutations at the gRNA targeting sequences of the KIAA0319L and WDR63 genes, 

respectively. The gene sequences show the original gene sequence, the non-target gene sequence, and the gene knockout sequence. (C) TEER measurement. 

After 1 month of differentiation at ALI, HAE-ALI cultures, non-target NT (NT) control, KIAA0319L-KO, and WDR63-KO, were detected for TEER values. Data 

shown are means with an SD of three replicates. (D) Three-dimensional confocal imaging of ZO-1 and β-tubulin expression in gene knockout HAE-ALI. NT, 

KIAA0319L-KO, and WDR63-KO HAE-ALI cultures were fixed and co-stained with anti-β-tubulin IV (green) and anti-ZO-1 (red) antibodies. Nuclei were stained with 

DAPI (blue). A set of confocal images was taken at a magnification of ×40 (Leica SP8 STED) from the stained piece of the epithelium from the objective (z-axis) 

and reconstituted as a three-dimensional image as shown in each channel of fluorescence.
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FIG 5 Knockouts of KIAA0319L and WDR63 cause a significant decrease in the transduction efficiency of rAAV2.5T in HAE-ALI 

cultures but not vector internalization. HAE-ALI cultures were transduced with rAAV2.5T at an MOI of 20,000 DRPs/cell from 

the apical (left panels A, C, and E) and basolateral chambers (right panels B, D, and F), respectively. At 16 hours post-transduc

tion, both the apical and basolateral chambers were refreshed with culture media. (A and B) mCherry expression. Images 

were taken under a fluorescence imager at 5 days post-transduction. (C and D) Luciferase activity assay. Luciferase activity was 

measured at 5 days post-transduction. Data shown are means with an SD from three replicates. (E and F) Vector internalization 

assay. HAE-ALI cultures were incubated with rAAV2.5T at an MOI of 20,000 DRPs/cell from the apical and basolateral chambers, 

respectively, for 2 hours at 37°C. Then, the viruses were removed, and both chambers were treated with Accutase three times. 

Viral DNA was extracted using the pathogen viral DNA collection kit (Zymo) and quantified via quantitative polymerase chain 

reaction (qPCR) using an mCherry gene-targeting probe to detect the entered viral genomes. The boundary of the box closest 

to zero indicates the 25th percentile, a black line within the box marks the median, and the boundary of the box farthest from 

zero indicates the 75th percentile. Whiskers above and below the box indicate the 10th and 90th percentiles.
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compared to the HAE-ALINT control from transduction either at the apical or basolateral 
side (Fig. 5E and F). In contrast, internalization assays in HeLa cells showed that 
KIAA0319L-KO HeLa cells showed a threefold decrease in vector internalization com
pared with the control HeLa cells (Fig. S4). Therefore, our virus internalization argues 
against the role of KIAA0319L in rAAV2.5T entry into human airway epithelia.

Doxorubicin (Dox), an FDA-approved drug for cancer therapy, has been used as 
a potent agent to augment AAV-mediated transgene expression, especially in airway 
epithelia, functioning as a proteasome inhibitor to prevent the degradation of ubiquiti
nated AAV in the cytoplasm and facilitate vector nuclear import (23). We used rAAV2.5T 
to transduce HAE-ALI cultures in the presence of Dox at 2 µM during a 16-hour infec
tion period. Dox treatment significantly increased mCherry expression from rAAV2.5T 
apical and basal transduction in HAE-ALI cultures at 5 days post-transduction (Fig. 6A 
and B) compared to the no-Dox treatment control (Fig. 5A and B). From the lucifer
ase activity, Dox treatment increased the rAAV2.5T transduction by 59- and 37-fold 
from the transduction of the apical and basolateral sides, respectively (Fig. 6C and 
D). Luciferase activity was decreased in HAE-ALI∆KIAA0319L by 93% and 95%, respectively, 
from the transduction of apical and basolateral sides, and a 77% and 81% decrease in 
HAE-ALI∆WDR63 (Fig. 6C and D). Importantly, in Dox-treated HAE-ALI, we also found that 
both HAE-ALI∆KIAA0319L and HAE-ALI∆WDR63 did not show any significant decrease in vector 
internalization during either apical or basolateral transduction at 37°C for 2 hours (Fig. 6E 
and F).

Taking all these results together, although the KIAA0319L and WDR63 knockouts 
drastically reduced rAAV2.5T transduction in HAE-ALI cultures, the lack of KIAA0319L and 
WDR63 expressions did not affect vector internalization into the cells during either apical 
or basolateral transduction. Notably, the treatment with Dox did not influence the entry 
of rAAV2.5T in HAE-ALI from either the apical or basal side, consistent with previous 
observations in the transduction of other AAV serotypes in HAE-ALI, with less efficiencies 
(23).

Cellular localization of KIAA0319L and WDR63 in the major types of airway 
epithelial cells of HAE-ALI cultures

Human airways are lined by a variety of cell types (24). The surface layer is primarily 
populated with ciliated cells as well as goblet and club secretory cells, the intermediate 
cells are club cells that can be differentiated into ciliated or secretory cells, and the basal 
stem cells are secured to the basement membrane. Thus, we investigated the transduc
tion efficiency of rAAV2.5T in the four major epithelial cell types: ciliated, basal, club, and 
goblet cells. Using flow cytometry of the cells dissociated from the inserts, we first 
determined that the CuFi-8-derived HAE-ALI cultures were composed of ciliated, basal, 
club, and goblet cells at percentages of approximately 50%, 24%, 22%, and 4%, respec
tively (Fig. 7A). Next, we analyzed rAAV2.5T-transduced HAE-ALI cultures and found that 
there were ~35.4% mCherry-positive cells in the transduced cultures. Then, mCherry-
positive cells were sorted and analyzed by flow cytometry for the percentages of the four 
cell types using cell type-specific antibodies. We determined that 45%, 19.5%, 34%, and 
1.5% of the ciliated, basal, club, and goblet cells, respectively, were present in the 
rAAV2.5T-transduced HAE-ALI cultures (mCherry-positive cell population) (Fig. 7B). 
Immunofluorescence analyses using antibodies against specific cell-type markers 
revealed that the four major types of airway epithelial cells in HAE-ALI were transduced 
by rAAV2.5T, albeit at various levels (Fig. 7C).

Knowing the localization of KIAA0319L and WDR63 in cells is critical to understand 
their functions during rAAV2.5T transduction of HAE-ALI. We carried out immunofluores-
cence staining to reveal the cellular localization of KIAA0319L and WDR63. The results 
showed that KIAA0319L localized on both the cell surface and in the cytoplasm of the 
four types of epithelial cells of HAE-ALI treated with Dox and apically transduced with 
rAAV2.5T (Fig. 8A), indicating that KIAA0319L is likely to participate in the intracellular 
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FIG 6 Knockouts of KIAA0319L and WDR63 cause a significant decrease in the transduction efficiency of rAAV2.5T in 

Dox-treated HAE-ALI cultures but not vector internalization. HAE-ALI cultures were transduced with rAAV2.5T at an MOI of 

20,000 DRPs/cell from the apical (left panels A, C, and E) and basolateral chambers (right panels B, D, and F), respectively. 

Dox was added to rAAV2.5T at 2.0 µM. At 16 hours post-transduction, both the apical and basolateral chambers were 

refreshed with culture media. (A and B) mCherry expression. Images were taken under a fluorescence imager at 5 days 

post-transduction. (C and D) Luciferase activity assay. Luciferase activity was measured at 5 days post-transduction. Data 

shown are means with an SD from three replicates. (E and F) Vector internalization assay. HAE-ALI cultures were transduced 

with rAAV2.5T from the apical and basolateral chambers, respectively, for 2 hours at 37°C. Then, the vectors were removed, 

and both chambers were treated with Accutase three times. Viral DNA was extracted and quantified via qPCR. The boundary 

of the box closest to zero indicates the 25th percentile, a black line within the box marks the median, and the boundary of the 

box farthest from zero indicates the 75th percentile. Whiskers above and below the box indicate the 10th and 90th percentiles.
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FIG 7 Analysis of rAAV2.5T-transduced cell types in HAE-ALI cultures. HAE-ALI cultures were transduced with rAAV2.5T at 

an MOI of 20,000 DRPs/cell from the apical chamber or mock transduced. Dox was added to rAAV2.5T at 2.0 µM. (A) Flow 

cytometry of airway cell types in HAE-ALI cultures. The cells of the mock-transduced HAE-ALI cultures were digested off 

the transwell membranes, fixed, and permeabilized, followed by immunostaining with the primary antibody against each 

cell marker and an Alexa 488-conjugated secondary antibody. The stained cells were subjected to flow cytometry, and 

the percentage of each cell type was calculated. (B) Flow cytometry of airway cells transduced with rAAV2.5T. At 7 days 

post-transduction, the cells of the rAAV2.5T-transduced HAE-ALI cultures were digested off the transwell membranes and 

sorted on a BD FACSAria III Cell Sorter. mCherry-positive cells were sorted by FACS, fixed, and permeabilized, followed by 

immunostaining with the primary antibody against each cell marker and an Alexa 488-conjugated secondary antibody. The 

stained cells were subjected to flow cytometry, and the percentage of each cell type was calculated. (C) Immunofluorescence 

assays. At 7 days post-transduction, the cells of rAAV2.5T-transduced HAE-ALI cultures were digested off the transwell 

membranes, cytospun to slides, fixed, and permeabilized, followed by immunostaining with an antibody against each cell 

marker. The stained cells were subjected to imaging under confocal microscopy at a magnification of ×100 (CSU-W1 SoRa, 

Nikon).
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trafficking of rAAV2.5T (25). Strikingly, WDR63 localized in both the nucleus and the 
cytoplasm with a preference for the nucleus (Fig. 8B).

Lastly, we investigated rAAV2.5T capsid distribution in HAE-ALI cells using immuno
fluorescence assays. In ciliated cells, the nuclear entry of rAAV2.5T vectors was observed 
in non-target control and HAE-ALI∆WDR63 cultures, but vector particles were scarcely found 
within the nuclei of cells in HAE-ALI∆KIAA0319L cultures (Fig. 9A). We also observed that 
no vector particles entered the nuclei of the club cells of the HAE-ALI∆KIAA0319L, but 
more vector particles entered the nuclei of the cells of the non-target control and 
HAE-ALI∆WDR63 cultures (Fig. 9B). We also fractionated the nucleus and cytosol of the 
three types of HAE-ALI cultures and quantified the vector genome in both fractions. We 
found that vector genomes in the nuclei of HAE-ALI∆KIAA0319L were significantly decreased 
from 63.5% to 40.3% but significantly increased in the nuclei of HAE-ALI∆WDR63 from 
63.5% to 70.5% compared with the NT control (Fig. 9C), suggesting that WDR63 may 

FIG 8 Localization of KIAA0319L and WDR63 in airway epithelial cells of HAE-ALI cultures. The cells of 

HAE-ALI cultures were digested off the transwell membranes with Accutase, fixed, and permeabilized, 

followed by co-immunostaining with an antibody against each cell marker and anti-KIAA0319L (A) or 

anti-WDR63 (B), followed by staining with a corresponding secondary antibody. The stained cells were 

subjected to imaging under confocal microscopy at a magnification of ×100 (CSU-W1 SoRa, Nikon).
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prevent the nuclear import of the vector. Notably, immunofluorescence assays found a 
significant absence of the vector particles within the nuclei of the cells in transduced 
HAE-ALI∆KIAA0319L, but substantial viral genomes (40.3%) were still detectable in the nuclear 
fraction extracted from the transduced HAE-ALI∆KIAA0319L. We reason this to the limitation 
of the fractionation method, as the results align with similar experiments carried out in a 
previously published study (26).

Taken together, our results suggest that KIAA0319L and WDR63 are essential host 
factors for rAAV2.5T transduction in HAE-ALI cultures. KIAA0319L-KO did not impact the 
internalization of the rAAV2.5T vector but decreased the nuclear import of the vector in 
HAE-ALI. Thus, the critical role of KIAA0319L is confined to the intracellular trafficking 
of the vector to the nucleus. In contrast, WDR63-KO significantly increased the nuclear 
import of rAAV2.5T, suggesting that WDR63 may prevent the nuclear import of the 
vector.

FIG 9 Localization of the AAV2.5T capsid in transduced HAE-ALI cultures. AAV2.5T was used to apically transduce HAE-ALI cultures as indicated at an MOI of 

20,000. (A and B) rAAV2.5T capsid staining. At 3 days post-transduction, cells were digested off the transwell membranes and cytospun onto slides. The slides 

were fixed and permeabilized, followed by co-immunostaining of the ciliated cell marker (tubulin, panel A) or club cell marker (SCGB1A1, panel B) with the 

AAV2.5T capsid. The stained cells were subjected to imaging under confocal microscopy at a magnification of ×100 (CSU-W1 SoRa, Nikon). (C and D) rAAV2.5T 

genome distribution. At 3 days post-transduction, cells in the transwell were washed with Accutase three times and then dissociated by incubation with 

Accutase for 1 hour. After washing, a cell fraction extraction kit (Thermo Fisher) was used to extract the cytosol and nucleus. (C) Western blotting of the cytosol 

and nucleus fractions extracted from the non-target control HAE-ALI cultures using anti-tubulin and anti-histone H3, respectively. (D) Quantification of the viral 

genome in each fraction. Viral DNA was extracted from each fraction and quantitated using qPCR. Error bars represent the standard error of the mean (SEM) from 

three transwell replicates.

Full-Length Text Journal of Virology

December 2023  Volume 97  Issue 12 10.1128/jvi.01330-23 14

https://doi.org/10.1128/jvi.01330-23


DISCUSSION

rAAVs enter cells and exhibit tissue tropism through a multistep process involving viral 
attachment, internalization, trafficking, and productive transduction (nuclear import, 
uncoating, and transgene expression). The exact mechanisms can vary depending on 
the AAV serotype and the target cell type. While the tropism is considered broad in 
general, rAAVs inefficiently transduce lung airways from the apical side. rAAV2.5T is an 
AAV variant developed from directed evolution for the treatment of CF lung disease 
via gene therapy. It has demonstrated a higher efficiency in correcting the deficient 
Cl− transportation in the HAE-ALI cultures derived from the lung donors of CF patients 
following apical transduction when compared to rAAV1 (27), which is the most efficient 
airway transduction vector from naturally occurring AAV serotypes (28). rAAV1 uses both 
α2,3 and α2,6 sialic acid residues that are present on N-linked glycoproteins as primary 
attachment receptors for transduction (29), but rAAV2.5T utilizes only α2,3 N-linked 
sialic acid residues, like AAV5 (18). While a previous study found the lack of endoge
nous KIAA0319L expression on the apical surface membrane of HAE-ALI, suggesting 
that efficient rAAV2.5T transduction is accomplished with a KIAA0319L-independent 
pathway (20), nothing is known about the mechanism underlying the highly efficient 
gene delivery of rAAV2.5T into human airway epithelia. In this study, we identified 
that KIAA0319L is a critical factor for rAAV2.5T transduction of airway epithelia but not 
for vector internalization by acting as the proteinaceous cellular receptor. In addition, 
we confirmed that WDR63, a less studied WD repeat domain-containing protein, is an 
essential host factor for rAAV2.5T transduction in human airway epithelia. Similar to 
KIAA0319L, WDR63 does not contribute to vector internalization. Importantly, we also 
identified that novel host factors, PDE4A and GPR174, play a moderate role in rAAV2.5T 
transduction in HeLa cells.

AAVs bind to proteoglycans as a primary attachment receptor, which facilitates 
cellular uptake/internalization (30); for example, AAV2 binds to heparan sulfate 
proteoglycans (HSPGs) (31, 32). Post attachment, AAVs are thought to employ a 
proteinaceous receptor(s) to mediate cellular entry. The identification of proteinaceous 
receptors for AAV uptake has been a focus of AAV research for a long time (33, 34). 
A 150-kDa AAV-binding protein was initially revealed by Mizukami et al. in 1996 on a 
virus overlay assay (35). In 2016, Carette and Chapman’s labs collaboratively identified 
KIAA0319L as a multi-serotype AAV receptor (AAVR) and demonstrated the physical 
interaction between KIAA0319L and AAV2 (12). KIAA0319L is both an N- and O-glycosy
lated protein with a size of 150 kDa (14), and the glycosylation of KIAA0319L is not 
essential for AAV2-AAVR interactions or AAV2 transduction. KIAA0319L is significantly 
involved in the transduction of AAV1-3 and AAV5-9; however, it is not essential for AAV4 
transduction (13).

The capsid of AAV2.5T only has one mutation of A581T that differed from AAV5 
in the major capsid protein VP3; however, rAAV2.5T transduction exhibits a tropism 
to human airway epithelia much higher than that of its parent AAV5 (15). Molecular 
modeling of AAV2.5T showed that the A581T mutation occurs at the mouth of the 
predicted AAV5 sialic acid binding pocket. An anti-KIAA0319L antibody blocked the 
transduction of AAV2 from the basolateral side but not AAV2.5T from the apical side, 
suggesting that there is an unknown unique apical receptor for AAV2.5T (20). Since the 
anti-KIAA0319L polyclonal antibody was used at a single dose (50 µg/mL), it remains 
possible that KIAA0319L plays a role in the apical transduction of HAE. In this study, 
we used an sgRNA library and performed two rounds of screening in HeLa S3 cells to 
identify AAV2.5T receptors and host essential factors, as monolayer airway epithelial cells, 
e.g., CuFi-8, are less transducible. Our screening results showed that KIAA0319L is the 
top-ranking gene restricting rAAV2.5T transduction in HeLa cells. When knocked out in 
human airway epithelia, a nearly 95% reduction in rAAV2.5T transduction was observed 
from both apical and basolateral infections. However, in our study, the knockout of 
KIAA0319L did not significantly decrease vector internalization, regardless of whether 
a high or low MOI was used (data not shown). Interestingly, rAAV2.5T internalization 
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FIG 10 A model of rAAV2.5 transduction of HAE-ALI. (A) Well-differentiated HAE-ALI model. Human 

airway epithelial cells are differentiated on Transwell inserts at an air-liquid interface (ALI) for 3–4 weeks. 

Four major types of epithelial cells in the well-differentiated polarized HAE-ALI cultures, basal, ciliated, 

goblet, and club cells, are diagrammed in the Transwell insert. rAAV2.5T transduces the four major types 

of airway epithelial cells. (B) AAV2.5T entry of HAE. Represented is a ciliated cell diagram with the nucleus 

surrounded by the trans-Golgi network (TGN) and endoplasmic reticulum (ER). AAV2.5T binds glycans on 

and enters into airway epithelial cells of the HAE-ALI cultures from either the apical or basolateral side 

through an unknown proteinaceous receptor (marked with “?”) independent of KIAA0319L. The capsid 

likely interacts with KIAA0319L during entry and localizes to the TGN, followed by nuclear input. WDR63 

likely plays a role in transgene expression in the nucleus, and its role in rAAV transduction is likely both 

serotype- and cell type-independent. Created with BioRender.
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decreased by ~50% after knocking out KIAA0319L in HeLa cells compared to WT HeLa 
cells, suggesting that the function of KIAA0319L might differ based on the cell type. 
We propose that KIAA0319L plays an important role in the intracellular trafficking 
of rAAV2.5T in airway epithelia (Fig. 10). After internalization, AAV2.5T interacts with 
KIAA0319L in the endocytosed vesicle, which then facilitates vector escape from the TGN 
or late endosome. This could be the physiological function of KIAA0319L, by binding to 
an unknown ligand and recycling from the cell surface and endosome to the perinuclear 
TGN. Thus, our study suggests that there are other cell surface proteins that are required 
for rAAV2.5T internalization of airway epithelia, which have not been selected in the 
CRISPR screening in HeLa cells.

We identified novel host factors, WDR63, PDE4A, and GPR174, that play a significant 
role in rAAV2.5T transduction in HeLa cells, among which WDR63 is confirmed to be 
essential for rAAV2.5T transduction in human airway epithelia. WDR63 is a WD repeat-
containing protein that plays roles as a negative regulator of cell migration, invasion, and 
metastasis by inhibiting actin polymerization (36). WDR63 has also been shown to be a 
positive enhancer of osteogenic stem cell differentiation and enhances the expression 
of BSP, OSX, and RUNX2 (37), indicating that WDR63 might be a transcription factor that 
enhances transgene expression in the nucleus (Fig. 10B). WDR63 is localized in both 
the nucleus and the cytoplasm and did not colocalize with the vector in cells (Fig. S5). 
Therefore, it is possible that WDR63 may influence the expression of another host factor 
that is crucial for rAAV transduction. WDR63 is not required for vector internalization 
but plays a negative role in AAV2.5T nuclear entry (Fig. 10B). The involvement of WDR63 
in rAAV transduction of HAE-ALI was also validated using rAAV2 and rAAV5 (Fig. S6), 
thereby confirming that the role of WDR63 in rAAV transduction is independent of VP1u 
and essential for both rAAV2 and rAAV5 transduction. Thus, the role of WDR63 in rAAV 
transduction is likely both serotype- and cell type-independent. Additional efforts are 
apparently required to verify the role of PDE4A and GPR174 in rAAV2.5T transduction in 
human airway epithelia.

HAE cultures derived from primary bronchial epithelial cells isolated from the airways 
of human lung donors or patients undergoing lung transplantation have been exten
sively used to study the biology of the respiratory epithelium (38). However, limited 
by the difficulty of gene knockouts in primary cells with limited proliferative capacity, 
the HAE-ALI cultures we used were differentiated/polarized from CuFi-8 cells, which 
are immortalized human airway epithelial cells that were isolated from a cystic fibrosis 
patient and express hTERT and HPV E6/E7 genes (22). CuFi-8-derived HAE is composed 
of 50% ciliated cells, 24% basal cells, 22% club cells, and 4% goblet cells, which have 
a similar composition to the results of single-cell RNA sequencing of nasal epithelial 
cultures (39). In rAAV2.5T-transduced HAE at an MOI of 20,000 DRPs/cell, about one-third 
(35.4%) of the airway epithelial cells expressed mCherry, supporting the high transduc
tion efficiency of airway cells. Among all the mCherry-positive (transduced) cells, club 
cells accounted for 34% and basal cells accounted for ~20%. Both club cells and basal 
cells are progenitors of the airway epithelium (38, 40). Importantly, basal and club cells 
can be differentiated into ciliated and goblet cells under certain conditions, such as 
pathogenic viral infection (41, 42). For cystic fibrosis gene therapy, it is more beneficial to 
transduce the stem-like cells rather than the ciliated cells (43).

AAV has emerged as a prominent viral vector platform for gene therapy, holding 
great promise in the treatment of genetic diseases and cancers. However, the underlying 
biological processes remain largely unexplored. Gaining a comprehensive understanding 
of the mechanistic basis of rAAV transduction biology will enable us to take advantage 
of its full potential. The human airway epithelia are composed of multiple cell types, 
including basal stem cells. AAV transduction of various airway epithelial cells may use 
different cellular receptors and pathways, which is important for airway gene delivery 
using AAV vectors. Notably, the requirement of KIAA0319L for highly efficient airway 
epithelial gene delivery, regardless of basal or apical infection, but not for vector 
internalization, highlights the unique feature of rAAV2.5T-mediated airway gene delivery.
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MATERIALS AND METHODS

Cells and cell culture

Cells

Both HEK293FT (Thermo Fisher) and HeLa cells (ATCC CCL-2) were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM; HyClone #SH30022.01, Cytiva, New York, NY, USA) 
supplemented with 10% fetal bovine serum (FBS) and 100 units/mL penicillin-streptomy
cin in a humidified incubator with 5% CO2 at 37°C. HeLa S3 cells (ATCC CCL-2.2) were 
grown in Ham F-12 (#10-080-CV; Corning, Corning, NY, USA) supplemented with 10% FBS 
(#F0926; MilliporeSigma, St. Louis, MO, USA) and 100 units/mL penicillin-streptomycin. 
Cells were cultured in shaking flasks on an orbital shaker platform at 120 rpm in a 
humidified incubator with 5% CO2 at 37°C. The cells were maintained at a low density of 
0.1–0.3 million/mL. CuFi-8 cells were immortalized from human primary airway epithelial 
cells isolated from a cystic fibrosis patient by expressing hTERT and HPV E6/E7 genes (22). 
They were cultured on collagen-coated 100-mm dishes in PneumaCult-Ex Plus medium 
(#05040; StemCell, Vancouver, BC, Canada).

Human airway epithelium cultured at an air-liquid interface

Proliferating CuFi-8 cells dissociated from flasks were directly loaded on collagen-coated 
Transwell permeable supports (#3470; Costar, Corning) with PneumaCult-Ex Plus in 
both apical and basal chambers. One day after seeding, the media were replaced with 
PneumaCult-ALI medium (#05001; StemCell) for 1–2 days, and then, the media in the 
apical chamber were removed. The cells were then differentiated/polarized in Pneuma
Cult-ALI medium at an ALI for 3–4 weeks (44). The maturation of the polarized HAE-ALI 
cultures derived from CuFi-8 cells was determined by TEER measured with a Millicell 
ERS-2 volt-ohm meter (MilliporeSigma, Burlington, MA, USA). ALI cultures with a TEER 
value of >1,000 Ω·cm2 were used for experiments.

Production of rAAV2.5T vectors

The dual-report rAAV2.5T vector, rAAV2/2.5T.F5tg83luc-CMVmCherry, was produced 
using a triple-plasmid transfection method using calcium phosphate (28). Briefly, the 
AAV2 Rep and AAV5 capsid-expressing plasmid pRep2Cap2.5T (15), the adenovirus 5 
helper pAd4.1 (45), and the AAV2 transgene plasmid pAV2F5tg83luc-CMVmCherry (46) 
were transfected at a molar ratio of 1:1:1 into HEK293 cells cultured in 150-mm plate 
flasks. rAAV2.5T vectors were purified in cesium chloride density gradients, following 
a method as previously described (28). Vector titers were determined by real-time 
quantitative polymerase chain reaction (qPCR) using primers and probes specific to the 
mCherry transgene as DNase I-resistant particles per milliliter (46).

Genome-wide CRISPR screening

HeLa S3 cells were transduced with a Streptococcus pyogenes (sp)Cas9-expressing 
lentivirus (#52962; Addgene, Watertown, MA, USA) at an MOI of 20 transduction units 
(TUs)/cell. At 3 days post-transduction, Blasticidin S, hereafter referred to as “blasticidin” 
(Thermo Fisher, Waltham, MA, USA), was added at 10 µg/mL to select spCas9-expressing 
cells. Western blotting and immunofluorescence staining were performed to confirm 
spCas9 expression. After the cells were expanded to 100 million, human CRISPR Brunello 
lentiviral pooled libraries (#73179-LV; Addgene) were added to the cell culture at an MOI 
of 0.25 in the presence of polybrene (Santa Cruz, Dallas, TX, USA). At 24 hours post-trans
duction, puromycin was added at a concentration of 2 µg/mL to select sgRNA-expressing 
cells for 1 week to select the blasticidin and puromycin double-resistant (gene edited) 
cells for proliferation. One hundred million cells were harvested for extraction of gDNA 
as the unselected control (gDNACtrl). Another 100 million cells were transduced with 
rAAV2.5T at an MOI of 20,000 DRPs/cell, ensuring that over 95% of HeLa S3 cells were 
transduced. At 3 days post-transduction, the cells were subjected to sorting on a BD 
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FACSAria III Cell Sorter to select the top 1% mCherry-negative cells at the Flow Cytometry 
Core Laboratory of the University of Kansas Medical Center. Approximately 1 million 
mCherry-negative cells were collected and expanded to ~100 million, which underwent 
the second round of rAAV2.5T transduction and sorting process. Again, ~1 million 
mCherry-negative cells were collected and expanded to ~100 million cells and were 
subjected to extraction of gDNA, which was designated as gDNAScreen.

Genomic DNA extraction, NGS, and bioinformatics analysis

gDNA extraction

gDNA samples from the unselected control (gDNACtrl) and the second (gDNAScreen) 
selected group cells were extracted using the Blood and Cell Culture DNA Midi Kit 
(#13343; QIAGEN, Germantown, MD, USA).

NGS and bioinformatics analysis

The extracted gDNA samples were subjected to PCR-based amplification of guide 
sequences and indexed according to the protocol from the Broad Institute of MIT 
and Harvard (47). The PCR amplicons were sequenced with an Illumina NextSeq 2000 
platform. All the reads of sgRNAs were analyzed using the MAGeCK software package 
(48). Significance values were determined after normalization to the control population, 
and the data were reported as an enrichment score.

The analyzed data were visualized through GraphPad. For visualization purposes, 
genes were sorted by gene ontology terms. The hits [by −log10(enrichment score)] were 
then plotted along the y-axis and were arbitrarily scattered within their categories along 
the x-axis. The size of the dot was determined according to the selected/unselected fold 
change.

Western blotting

Cells were dissociated from the flask/transwell and solubilized with RIPA buffer [150 mM 
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 
50 mM Tris-HCl, pH 7.4]. The cell lysates were mixed with 5× protein loading buffer and 
boiled for 10 minutes. Then, the samples were subjected to SDS-10% polyacrylamide 
gel electrophoresis, followed by transferring the separated proteins onto a nitrocellulose 
membrane. After blocking with non-fat milk for 1 hour, the membrane was incubated 
with the primary antibody overnight, followed by incubation with an infrared dye-conju
gated IgG (H+L) secondary antibody for 1 hour. Finally, the membrane was imaged on a 
LI-COR Odyssey imager (LI-COR Biosciences, Lincoln, NB, USA).

rAAV transduction

For HeLa cells, they were seeded overnight in 48-well plates. rAAV2.5T was added to each 
well at an MOI of 20,000 DRPs/cell. The transduction efficiency was analyzed using a 
firefly luciferase assay and mCherry intensity at 3 days post-transduction.

For apical transduction of HAE-ALI, 400 µL of PBS-diluted rAAV2.5T was added to the 
apical chamber of the transwell at an MOI of 20,000 DRPs/cell. Then, 1 mL of culture 
media with or without 2 µM doxorubicin was added to the basolateral chamber. After 
16 hours, all liquid in the apical and basolateral chambers was removed and washed 
with D-PBS, pH 7.4 (Corning), three times. Fresh culture media were then added to the 
basolateral chamber.

For basolateral transduction of HAE-ALI, the media in the basolateral chamber were 
removed and replaced with 1 mL of culture media with or without 2 µM doxorubicin. 
rAAV2.5T was then directly added to the basolateral chamber at an MOI of 20,000 DRPs/
cell. The media in the basolateral chamber were then replaced.
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Luciferase assays

Firefly luciferase activity was detected using the Luciferase Assay System (#E4550; 
Promega, Madison, WI, USA). At 3 days post-transduction for HeLa cells or 5 days 
post-transduction for HAE-ALI cultures, cell culture media were removed, and cells 
were lysed in 200 µL per 48-well of Lysis Buffer (Promega), then frozen at −80°C. 
After thawing, firefly luciferase expression was measured in relative light units on a 
multi-mode microplate reader (Synergy H1, Agilent).

mCherry quantification

mCherry expression was visualized under an inverted fluorescence microscope (Nikon 
Ti-S), and the intensity was quantified by ImageJ.

Gene silencing using shRNA-expressing lentiviruses

All of the shRNA-expressing lentiviruses (shRNA-lenti), generated from shRNA cloned 
pLKO.1-puro, were purchased from MilliporeSigma (Table S2). HeLa cells were seeded 
in a 24-well plate with 80% cell confluence. After the culture media were removed, 
shRNA-lenti was added to each well at an MOI of ~10 TUs/cell. The plate was then placed 
in a humidified incubator with 5% CO2 at 37°C for 2 hours, followed by the addition of 
500 µL of culture media. At 2 days post-transfection, puromycin was added at 2 µg/mL 
(#P9620; MillporeSigma) to each well to select gene-silenced cells. Western blot assay 
was performed to confirm the knockdown efficiency.

Generation of gene knockout stable cell lines

pLentiCRISPRv2 constructs

sgRNAs targeting genes, listed in Table S3, were respectively cloned in the plenti
CRISPRv2 vector (49). The lentiCRISPRv2 expressing a scramble sgRNA (5′-GTA TTA CTG 
ATA TTG GTG GG-3′) was used as an NT control.

gRNA-based lentivirus production

Lentivirus was produced in HEK293FT cells by transient transfection using PEI Max 
according to a previously published protocol (49). Briefly, individual sgRNA-containing 
lentiviruses were produced in HEK293FT cells seeded at 4 × 106 cells per 150-mm dish 
one night before transfection. One hour prior to transfection, the media were changed 
with fresh media without antibiotics, followed by transfection of psPAX2, pMD2G, 
and gRNA sequence cloned lentiCRISPR v2 plasmid at a 2:1:2 ratio. PEI Max (#24765; 
Polysciences Inc.) was added at a mass ratio of 1:3 DNA to PEI Max. The supernatant was 
collected at 48 hours post-transfection, clarified by centrifugation at 3,000 rpm for 30 
minutes, and filtered through a 0.45-µm filter. The filtrated supernatant (lentivirus) was 
concentrated in a SureSpin 630 rotor in Sovall WX 80 (Thermo Fisher) at 24,000 rpm for 
2 hours at 4°C. The concentrated lentiviruses were resuspended in DMEM media and 
stored at −80°C.

Generation of stable cell lines

HeLa or CuFi-8 cells were seeded at a density of 1 × 105 cells per well in a 24-well 
plate. For CuFi-8 cells, the plates were collagen-coated. When the cells reached 80% 
confluence, lentivirus containing sgRNAs was added to each well at ~5 MOI. At 2 days 
post-transduction, puromycin was added at 2 µg/mL to select for gene knockout cells. 
The selected cells were then digested and seeded into a 96-well plate at a density of 0.5 
cells/well. Once sufficient confluence was reached, the cells in each well were reseeded 
into a 6-well plate, and Western blot analysis was performed to determine the knockout 
efficiency.
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Vector internalization assay

HAE-ALI cultures were infected with rAAV2.5T at an MOI of 20,000 from the apical or 
basolateral side. HeLa cells were infected at the same MOI. The cultures/cells were then 
incubated in a humidified incubator with 5% CO2 at 37°C for 2 hours before being 
washed with D-PBS three times. We carried out a vector internalization assay using a 
previously published method (50). Cells were washed with Accutase (#AT104; Innovative 
Cell Technologies, Inc.) three times and then incubated with Accutase at 37°C for 1 hour. 
After washing with PBS three times, viral DNA was collected using Quick-DNA/RNA 
Pathogen Kits (#R1042; Zymo Research) and quantified by qPCR using mCherry primers/
probes.

Nuclear and cytoplasmic extraction

We fractionated the nucleus vs cytosol fraction of the HAE-ALI cultures using the NE-PER 
Nuclear and Cytoplasmic Extraction Reagents (#78833; Thermo Fisher).

Immunofluorescence confocal microscopy

For immunofluorescence of intact HAE-ALI cultures, the membrane support of the 
insert was cut off and fixed in 4% paraformaldehyde in PBS at 4°C overnight. The 
fixed membrane was washed in D-PBS three times and then split into eight pieces 
for whole-mount immunostaining. The fixed membrane pieces were permeabilized with 
0.5% Triton X-100 in D-PBS for 15 minutes at room temperature and mounted on a slide. 
The slide was incubated with a primary antibody in D-PBS with 2% FBS for 1 hour at 
37°C, followed by washing three times, and was incubated with Alexa 488 and Alexa 
594 secondary antibodies, followed by staining of the nuclei with DAPI (4′,6-diamidino-2-
phenylindole).

For analysis of the AAV2.5T-transduced cells of HAE-ALI cultures, we dissociated 
the cells off the supportive membranes of the Transwell inserts by incubation with 
Accutase. After incubation for 1 hour at 37°C, the cells were completely detached from 
the membrane and well separated. The cells were then cytocentrifuged onto slides at 
1,500  rpm for 3 minutes in a Shandon Cytospin 3 cytocentrifuge. The slides were fixed 
with 4% paraformaldehyde in D-PBS for 10 minutes and were washed with D-PBS for 
5 minutes three times. The fixed cells were permeabilized with 0.5% Triton X-100 for 
15 minutes at room temperature. Then, the slide was incubated with one or two primary 
antibodies (Table S4) in D-PBS with 2% FBS for 1 hour at 37°C. After washing three 
times, the slide was incubated with Alexa 488- and/or Alexa 594-conjugated secondary 
antibodies, followed by staining of the nuclei with DAPI.

The slides were visualized under a Leica TCS SP8 or Nikon CSU-W1 SoRa confocal 
microscope at the Confocal Core Facility of the University of Kansas Medical Center. 
Images were processed with the Leica Application Suite X software.

Flow cytometry

Sorting of mCherry-positive cells of HAE-ALI

HAE-ALI cultures were pretreated with 2 µM doxorubicin and transduced with AAV2.5T 
at an MOI of 20,000 DRPs/cell. At 7 days post-transduction, the cells on the insert 
membrane were treated with Accutase for 1 hour and spun down at 300 × g for 3 
minutes. The mCherry-positive cells were sorted using a FACSAria III sorter.

Airway epithelial cell typing

Cells of the HAE-ALI cultures were digested with Accutase for 1 hour. After spinning at 
300 × g for 3 minutes, the cells were fixed with 4% PFA and permeabilized with 0.5% 
Triton X-100 in PBS. The primary antibody for each cell marker was added to the cells at 
a 1:1,000 dilution and incubated for 1 hour. The cells were then washed with PBS three 
times, and the corresponding secondary antibody conjugated with Alexa 488 was added 
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to the cells, followed by incubation for 1 hour. After three washes with PBS, the samples 
were analyzed by flow cytometry to quantify Alexa 488 fluorescence. Negative control 
cells were incubated with 3% bovine serum albumin (BSA) and the second antibody.

Statistical analysis

All data were determined with the means and SDs obtained from at least three 
independent experiments by using GraphPad. Error bars represent means and SDs. 
Statistical significance (P value) was determined by using an unpaired (Student) t-test for 
the comparison of the two groups. ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05 
were considered statistically significant, and n.s. represents statistically no significance.
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