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Abstract
Background/Aims: Recombinant adeno-associated viruses (rAAV) are an important tool 
for lung targeted gene therapy. Substitution of tyrosine with phenylalanine residues (Y-
F) in the capsid have been shown to protect the AAV vector from ubiquitin/proteasome 
degradation, increasing transduction efficiency. We tested the mutant Y733F-AAV8 vector 
for mucus diffusion, as well as the safety and efficacy of pigment epithelium-derived factor 
(PEDF) gene transfer to the lung. Methods: For this purpose, Y733F-AAV8-PEDF (1010 viral 
genome) was administered intratracheally to C57BL/6 mice. Lung mechanics, morphometry, 
and inflammation were evaluated 7, 14, 21, and 28 days after injection. Results: The tyrosine-
mutant AAV8 vector was efficient at penetrating mucus in ex vivo assays and at transferring 
the gene to lung cells after in vivo instillation. Increased levels of transgene mRNA were 
observed 28 days after vector administration. Overexpression of PEDF did not affect in vivo 
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lung parameters. Conclusion: These findings provide a basis for further development of 
Y733F-AAV8-based gene therapies for safe and effective delivery of PEDF, which has anti-
angiogenic, anti-inflammatory and anti-fibrotic activities and might be a promising therapy 
for lung inflammatory disorders.

Introduction

Chronic respiratory diseases describe a range of diseases, including asthma, chronic 
obstructive pulmonary disease (COPD), idiopathic lung fibrosis, and occupational lung 
diseases, characterized by inflammation, oxidative stress, and eventually fibrosis of the 
airways and other pulmonary structures [1–3]. They are among the leading causes of mortality 
and morbidity worldwide [4]. Current treatments for some of these chronic respiratory 
diseases are still limited [5], thus, alternative therapeutic approaches that can attenuate 
both inflammatory and remodeling processes without leading to immunosuppression are 
required. In this context, gene therapy has emerged as a new strategy for the treatment of 
lung diseases refractory to conventional treatments. Innovative studies have been testing 
gene therapy using adeno-associated viral vectors (AAV), demonstrating efficient delivery of 
anti-inflammatory genes in murine models of chronic lung diseases [6–9].

AAV vectors are currently among the most frequently used viral vectors for gene 
therapy due to a combination of characteristics such as lack of pathogenicity, relatively low 
immunogenicity, a wide range of cell tropism, and induction of long-term gene expression. 
Moreover, AAV vectors have gained increasing popularity as a delivery gene transfer system 
since their approval by the US Food and Drug Administration for treatment of an inherited 
retinal disease and spinal muscular atrophy [10, 11]. Several approaches have been explored 
to improve the transduction efficiency of AAV vectors. It is known that, during intracellular 
trafficking to the cell nucleus, AAV vectors can undergo tyrosine kinase-phosphorylation/
ubiquitination/proteasome-dependent degradation, which is a critical limitation of AAV-
based vectors [12]. Previous studies have shown that site-specific point mutations that result 
in exchange of tyrosine residues with phenylalanine (Y-F) on AAV capsids protected vectors 
from destruction, resulting in increased transduction efficiency of the mutant relative to 
their wild-type counterparts, leading to enhanced transgene expression, both in cell cultures 
and in different animal tissues [13–17]. Of the 14 known serotypes of AAV (AAV1–9, 6.2, rh8, 
rh10, rh39, and rh43), AAV6, AAV8, and AAV9 have been shown to be the most efficient in 
delivering the gene to the airways, and AAV8 has the highest transgene expression in large 
airways [18, 19]. Thus, in this work, we chose the AAV8 mutant virus, in which the tyrosine 
residue was replaced by a phenylalanine at position 733 of the viral genome (Y733F-
AAV8), to potentially enhance the efficacy as a vector for pulmonary gene transfer. In our 
previous work, we demonstrated that Y733F-AAV8 vectors displayed significantly increased 
transduction efficiency in the lung compared with their wild-type counterpart [15, 18].

In addition to improving AAV vectors, identifying therapeutic genes that can potentially 
reverse key pathology in chronic inflammatory/fibrotic lung diseases is crucial. In this 
context, pigment epithelium-derived factor (PEDF) is a promising therapeutic gene. Several 
studies have shown that PEDF has neurotrophic, neuroprotective, anti-inflammatory, anti-
oxidative, anti-angiogenic, and anti-fibrotic properties [20–22]. Moreover, a previous study 
showed that intravenous administration of recombinant PEDF protein exerted significant 
anti-inflammatory and anti-remodeling effects in a murine model of chronic ovalbumin-
induced asthma via suppression of VEGF. These positive results offered a potential treatment 
option for chronic airway inflammation diseases, even though protein-based therapy, unlike 
gene therapy, does not provide long-lasting therapeutic effects [23]. Therefore, in the present 
study, before investigating the potential of PEDF gene therapy in pulmonary diseases, we 
evaluated the diffusion of Y733F-AAV8 vector in mucus in an ex vivo assay, and the impact of 
administration of Y733F-AAV8 vector, carrying PEDF transgene or green fluorescent protein 
(GFP), as a control, at different time points after infection.

© 2023 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Materials and Methods

AAV viral vectors
Tyrosine-mutant Y733F-AAV8, obtained by site-directed mutation resulting in surface-exposed 

tyrosine (Y) exchanged by residues of phenylalanine (F) [15], was used in this study. Wild-type AAV2 and 
Y733F-AAV8 containing the gene for GFP were used in ex vivo sputum multiple particle tracking (MPT) 
to evaluate the vectors’ ability to penetrate through the mucus barrier [24]. Y733F-AAV8, carrying either 
GFP or human PEDF, was used for in vivo studies. The expression of GFP and PEDF is driven by the strong 
small chicken β-actin promoter. All AAV vectors were provided by a former collaborator of the Retinal Gene 
Therapy Lab at University of Florida: Dr Hilda Petrs-Silva, Laboratory of Gene Therapy and Viral Vectors, 
Carlos Chagas Filho Biophysics Institute (IBCCF) of the Federal University of Rio de Janeiro (UFRJ).

Cystic fibrosis sputum sample collection
Cystic fibrosis (CF) sputum samples were collected with written informed consent in accordance with 

the Johns Hopkins Institutional Review Board (IRB) (NA_00046768). Spontaneously expectorated sputum 
samples were collected from patients visiting the Adult Cystic Fibrosis Center at Johns Hopkins University. 
MPT experiments were conducted using samples stored at 4°C immediately after collection for up to 24 
h, based on previous confirmation that the barrier properties of freshly collected sputum are maintained 
under these conditions [24]. Patients involved in this study received no mucolytics other than Pulmozyme 
(i.e., dornase alfa) and/or hypertonic saline as part of their standard treatment regimen.

Multiple particle tracking in cystic fibrosis sputum
To determine if Y733F-AAV8 would be an efficient vector for gene therapy for inflammatory lung disease 

therapy, we assessed its ability to penetrate the human airway mucus barrier, measuring its diffusion rates 
in freshly collected sputum samples spontaneously expectorated by patients with CF via MPT. The motion of 
WT-AAV2 and Y733F-AAV8 in sputum was tracked by fluorescent video microscopy and quantified by MPT 
analysis using software custom-written in MATLAB (MathWorks, Natick, MA, USA), as previously reported 
[25]. For visualization and tracking of individual viruses, both AAVs were labeled with the amine-reactive 
fluorescent dye, Alexa Fluor 647 carboxylic acid succinimidyl ester (AF647; Life Technologies, Carlsbad, CA, 
USA), as previously described [26]. AF647-labeled AAVs were stored at −80°C and thawed on ice before use.

In vivo studies
This study was approved by the Ethics Committee of the Health Sciences Center (CEUA-CCS 050-14), 

Federal University of Rio de Janeiro and the Johns Hopkins University Animal Use and Care Committee 
(MO19M96). All animals received humane care in compliance with the Principles of Laboratory Animal Care 
formulated by the National Society for Medical Research and the Guide for the Care and Use of Laboratory 
Animals prepared by the National Academy of Sciences, USA. This study followed the ARRIVE guidelines for 
reporting of animal research.

Animals were housed at a controlled temperature (23°C) in a controlled light–dark cycle (12–12 h), 
with free access to water and food in the Laboratory of Cellular and Molecular Physiology and Laboratory of 
Pulmonary Investigation at Carlos Chagas Filho Institute of Biophysics (IBCCF) of the Federal University of 
Rio de Janeiro (UFRJ) and Miller Research Building bioterium of Johns Hopkins Hospital.

Intratracheal instillation
Female C57BL/6 mice (n=130) weighing between 20 and 25 g were used. Animals were anesthetized 

with inhaled sevoflurane and placed on a surgical table. An anterior longitudinal cervical incision of 
approximately 1 mm was made to expose the trachea. Vector or saline was instilled with a microsprayer 
(intratracheal aerosolizer; model S/M-551 1C DEA, PennCentury, Philadelphia, PA, USA) attached to a high-
pressure syringe (model FMJ-250, PennCentury). The cervical incision was closed with 5.0 sutures and the 
animal returned to the cage.

GFP confocal imaging
To compare AAV vectors with regard to in vivo distribution of transgene expression in the lungs, 10 

C57BL/6 mice received 50 μL of a solution of WT-AAV2 or Y733F-AAV8 (1010 intratracheally) packaged with 
a gene encoding GFP (WT-AAV2-GFP or Y733F-AAV8-GFP). Two weeks after administration, the animals 
were euthanized, the lungs were harvested, flash-frozen in optimum cutting temperature compound, and 
cryosectioned using a CM1950 cryostat (Leica Biosystems, Wetzlar, Germany). Slides were immunologically 
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stained using DAPI (Sigma-Aldrich, St Louis, MO, USA) and subsequently imaged using a confocal LSM 510 
microscope under 20× and 40× magnification. Four or more randomly selected image fields were taken 
from 3 lung tissue sections showing regions of the airways and airspace (i.e., a total of at least 12 images per 
animal) to quantify the distribution of transgene expression.

To quantitatively assess the distribution of GFP transgene expression in airways/airspace, the 
investigators were blinded and the airway regions were manually segmented using a threshold from the 
DAPI or blue channel in ImageJ (National Institutes of Health, USA). Using custom software written in Java, 
the boundaries of the airway and non-airway regions (i.e., anywhere outside selected airway regions) were 
further refined using automated image thresholding. The percentage of GFP coverage was defined as the 
GFP-positive airway/ airspace and cell area divided by the total area of a respective compartment. Before 
quantitative analysis, all images were normalized by fluorescence of untreated C57BL/6 lung tissue to 
eliminate the contribution of autofluorescence [24].

Experimental settings
To investigate the efficiency and safety of administration of the mutant AAV8 vector over time, 120 

mice were randomly divided into 3 experimental groups with 40 animals per group (Fig. 1): (1) saline 
control group (CTRL), which received saline solution (NaCl 0.9%) intratracheally; (2) GFP group (GFP), 
treated intratracheally with 1010 copies of Y733F-AAV8 viral genome (vg) containing the gene encoding GFP 
protein; (3) PEDF group (PEDF), treated intratracheally with 1010 vg of Y733F-AAV8 containing the gene 
encoding human PEDF. Animals were then euthanized for analysis at 4 different time points (10 animals 
per group): 7 days (CTRL7d, GFP7d, PEDF7d), 14 days (CTRL14d, GFP14d, PEDF14d), 21 days (CTRL21d, 
GFP21d, PEDF21d), and 28 days (CTRL28d, GFP28d, PEDF28d), after instillation.

Fig. 1. Schematic representation of the experimental groups. A Mice were divided into 3 groups (n=40): 
control group (CTRL) and its subdivisions: CTRL7d, CTRL14d, CTRL21d, and CTRL28d (n=10); GFP 
group (GFP) and its subdivisions: GFP7d, GFP14d, GFP21d, and GFP28d (n=10); PEDF group (PEDF) 
and its subdivisions: PEDF7d, PEDF14d, PEDF21d, and PEDF28d (n=10); B Schematic representation of 
the experimental design. The animals received saline or Y733F-AAV8 vector virus on day zero and were 
harvested at 7, 14, 21 and 28 days after instillation.
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Mechanical parameters
To evaluate lung function at different time points after instillation of Y733F-AAV8 vectors and 

overexpression of the transgenes, the pulmonary static elastance parameter (Est,L) was analyzed in 
vivo. Animals were sedated (diazepam 1 mg intraperitoneally), anesthetized (thiopental sodium 20 mg/
kg intraperitoneally), tracheotomized, paralyzed (vecuronium bromide, 0.005 mg/kg intravenously), and 
ventilated with a constant flow ventilator (Samay VR15; Universidad de la República, Montevideo, Uruguay) 
with the following parameters: frequency, 100 breaths/min; tidal volume (VT), 0.2 ml; and fraction of inspired 
oxygen, 0.21. The anterior chest wall was surgically removed, and a positive end-expiratory pressure of 2 
cm H2O was applied. Static lung elastance (Est, L) was determined [27–29]. Lung mechanics were measured 
10 times in each animal. All data were analyzed using ANADAT data analysis software (RHTInfoData, Inc, 
Montreal, Quebec, Canada).

Lung histology
We analyzed lung morphometry and tissue cellularity at different time points to investigate whether 

the instillation of Y733F-AAV8-GFP or Y733F-AAV8-PEDF to the airways induced histologic changes in the 
lung. A laparotomy was done immediately after determining the lung mechanics, and heparin (1000 IU) 
was injected intravenously into the vena cava. The trachea was clamped at end expiration, and the animals 
were euthanized by exsanguination. The right lung was then removed, fixed in 3% buffered formaldehyde, 
and embedded in paraffin. Slices were cut (4 μm thick) and stained with hematoxylin–eosin. Lung histology 
analysis was performed with an integrated eyepiece using a coherent system consisting of a grid with 100 
points and 50 lines (of known length) coupled to a conventional light microscope (Olympus BX51, Olympus 
Latin America, Brazil). The volume fraction of collapsed and normal pulmonary areas and the number 
of mononuclear and polymorphonuclear cells in the pulmonary tissue were determined using the point-
counting technique across 10 random, non-coincident microscopic fields [30].

Real-time PCR
To establish the time course of transduction efficacy of Y733F-AAV8 vectors in the lung tissue after 

intratracheal instillation, a quantitative real-time reverse transcription polymerase chain reaction (PCR) 
was performed to measure the relative levels of mRNA of GFP (GFP; QIAGEN, Valencia, CA, USA), human and 
mouse PEDF (SERPIN1; QIAGEN) at different time points. Central slices of the left lung were cut, collected in 
cryotubes, quickly frozen by immersion in liquid nitrogen, and stored at −80°C. Total RNA was extracted from 
the frozen tissues using a RNeasy Plus Mini Kit (QIAGEN) according to the manufacturer’s recommendations. 
The concentration of RNA was measured by spectrophotometry in Nanodrop ND-1000 (Thermo Scientific, 
Wilmington, DE, USA). First-strand cDNA was synthesized from total RNA using a QuantiTect Reverse 
Transcription Kit (QIAGEN). Relative mRNA levels were measured with an SYBR green detection system 
using Mastercycler ep realplex (Eppendorf, Hamburg, Germany). All samples were measured in triplicate. 
The mRNA level of each gene was calculated relative to the control gene (acidic ribosomal phosphoprotein 
P0; 36B4) as previously reported [15]. The 2−ΔΔCt method was used to analyze the relative changes in gene 
expression from real-time quantitative PCR experiments.

Quantification of cytokines
Because PEDF has immuno-modulatory properties, we used ELISA to measure the expression of pro-

inflammatory interleukin 6 (IL-6) and interleukin 1β (IL-1β), interferon gamma (IFN-γ), and monocyte 
chemoattractant protein-1 (MCP-1) in the lung tissue homogenate at different time points after Y733F-
AAV8-PEDF instillation. For this purpose, the lung tissue was homogenized in lysis buffer (1 M sucrose, 1 M 
HEPES, 0.5 M EDTA, 200 mM NaF, 25× protease inhibitor (Roche, Basel, Switzerland), 200 mM PMSF) using 
a homogenizer (Tissue Lyser LT; QIAGEN, Hilden, Germany), subsequently centrifuged, and the supernatant 
was reserved and stored in a freezer at −80°C. The protein content of the samples was measured using the 
Bradford method; 3 μl of the samples was added to 197 μl of the reagent, in triplicate. The standard curve 
was performed with known concentrations of bovine albumin. The reaction was read at a wavelength of 
595 nm. Levels of MCP-1, IL-6, IL-1β, and IFN-Ɣ were measured with a Murine Mini ELISA Development Kit 
(Peprotech, Rocky Hill, NJ, USA), according to the manufacturer’s protocol, and the absorbance reading was 
performed at a wavelength of 450 nm.
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Statistical analysis
Data were analyzed with statistical tests, including Student’s t test and a non-parametric Mann-

Whitney test. Multiple comparisons were performed by one- and two-way analysis of variance, followed 
by the Bonferroni test. The parameters presented as percentages were subjected to arcsine transformation 
to make the distribution close to normal, thus allowing the variance tests to be performed [31]. Statistical 
analysis of the data was performed using GraphPad Prism 8 for Windows (V 3.0). Data were considered 
statistically significant when P < 0.05. The statistical tests used in each dataset are indicated in the figure 
legends.

Results

AAV particle tracking
The mutant vector, Y733F-AAV8, exhibited significantly greater diffusion rates, 

observed by its representative trajectory, and determined by mean squared displacement 
at a timescale of 1 s (MSD1s), compared with WT-AAV2, in 4 of 6 sputum samples collected 
from different patients with CF (Fig. 2A, B). MSD1s represents the average squared distance 
individual AAVs travel within a 1s time interval and is directly proportional to their diffusion 
rates [25].

AAV in vivo distribution
The lung distribution of GFP transgene expression was visualized 2 weeks post-infection, 

as shown in the representative confocal micrographs (Fig. 2C). The relative coverage of GFP 
expression was 6.4-fold greater when delivered by Y733F-AAV8, compared with WT-AAV2 
(P<0.05; Fig. 2D). This result suggests that Y733F-AAV8 provides more widespread delivery 
of transgene payloads to the airways and lung cells.

Fig. 2. A AAV diffusion in spontaneously 
expectorated CF sputum. Box-and-
whisker plots of MSD1 s of WT-AAV2 
and Y733F-AAV8 in sputum samples 
collected from 6 individual patients 
with CF. Maximum whisker length 
is 1.5 times the interquartile range; 
outliers are shown as dots. WT-
AAV2 vs. Y733F-AAV8; *P<0.0175; 
**P<0.0001; Mann-Whitney test. B 
Representative trajectories of WT-
AAV2 and Y733F-AAV8 moving 
through CF sputum. The scale bar 
represents 200 nm.  C AAV in vivo lung 
tissue distribution. In vivo AAV lung 
transgene distribution in mice after 
intratracheal administration of WT-
AAV2 or Y733F-AAV8 (1010 vg/50 µl of 
saline). Representative images of GFP 
expression (green) in airways/airspace and cells. Confocal images of lung tissues from WT-AAV2- treated 
mice showing cell nuclei only (1) or with GFP transgene expression (2) and from Y733F-AAV8-treated mice 
showing cell nuclei only (3) or with GFP transgene expression (4). Cell nuclei are stained with DAPI (blue). 
The scale bar represents 100 µm. D Image-based quantification of GFP expression coverage is shown (n=3–
4 mice with 3–4 lung sections per mouse). WT-AAV2 vs. Y733F-AAV8: *P<0.03; Student’s t test.
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Time course of transgene expression
GFP transgene expression was detected seven days after intratracheal injection, and 

there was a significant increment in GFP transcripts on day 28, corroborating that the peak 
expression occurred in the lung tissue 4 weeks after intratracheal instillation of Y733F-
AAV8 (Fig. 3A). The expression of hPEDF transcript was detected as early as 7 days after 
intratracheal instillation, with peak expression at 28 days (Fig. 3B). Endogenous expression 
of the mouse PEDF (mPEDF) gene was observed in all experimental groups, with no statistical 
differences between them (Fig. 3C). Instillation of Y733F-AAV8-hPEDF did not interfere in 
the constitutive expression of the PEDF gene.

Fig. 3. Transgene in vivo lung expression. A GFP expression. Graph representing the relative mRNA levels 
of GFP. Animals were analyzed at 7 days, 14 days, 21 days, and 28 days after saline (CTRL, 50 µl of saline) or 
vector (Y733F-AAV8-GFP, 1010 vg/50 µl of saline) instillation. The y axis represents the level of eGFP gene 
calculated as the ratio of the housekeeping gene acidic ribosomal phosphoprotein P0 expression (36B4) 
relative to GFP7d. Values are means ± SD of 6–8 animals/group. *Significantly different from the 7d group 
(P<0.05); One-way ANOVA. B hPEDF expression. Graph representing the mRNA levels of hPEDF/36B4 
relative to PEDF7d. The x axis represents the animals that were analyzed at 7, 14, 21, and 28 days after 
saline (CTRL, 50 µl of saline) or vector (Y733F-AAV8-PEDF, 1010 vg/50 µl of saline) instillation. Values are 
means ± SD of 6–8 animals/group. Values are not statistically different (P>0.05); One-way ANOVA followed 
by Bonferroni. C mPEDF expression. Graph representing the mRNA levels of mPEDF/36B4 genes relative to 
CTRL. The x axis represents the animals that were analyzed at 7, 14, 21, and 28 days after saline (CTRL, 50 
µl of saline) or vector (Y733F-AAV8-PEDF, 1010 vg/50 µl of saline) instillation (n=6–8, mean±SD). Values are 
not statistically different (P>0.05); one-way ANOVA followed by Bonferroni.
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Pulmonary mechanics and histology
Est,L quantifies pulmonary resistance 

to volume change and the pressure required 
to overcome the resistive and elastic 
components of the lung. Est,L did not differ 
between the control and Y733F-AAV8-GFP 
groups (Fig. 4A) or the control and Y733F-
AAV8-PEDF groups (Fig. 5A). The fractional 
area of collapsed alveoli (Figs. 4B and 5B), 
as well as the number of polymorpho- 
and mononuclear cells (Figs. 4C and 5C), 
did not differ between the groups. The 
administration of Y733F-AAV8 vector and 
the overexpression of PEDF transgene were 
safe and well tolerated.

Quantification of cytokines
The levels of MCP-1, IL-6, IL-1β, and 

IFN-γ were low and did not differ between 
the CTRL and PEDF groups at any time 
point (Fig. 6).

Fig. 4. Lung function and morphology analyses 
(GFP). The x axis represents the animals that were 
analyzed at 7, 14, 21, and 28 days after saline 
(CTRL, 50 µl of saline) or vector (Y733F-AAV8-
GFP, 1010 vg/50 µl of saline) instillation. A Static 
elastance (Est). The y axis represents the Est values. 
Values are means±SD of 6–8 animals/group. Values 
are not statistically different (P>0.05); Two-way 
ANOVA. B Morphometry. The y axis represents 
the percentage of normal and collapsed alveoli. 
The values correspond to the means±SD of 10 
fields per slide, 6–8 slides per group; each animal 
is represented by only one slide. Values are not 
statistically different (P>0.05); Two-way ANOVA. 
C Cellularity. The percentages of mononuclear and 
polymorphonuclear cells are represented on the y 
axis. The values correspond to the means±SD of 10 
fields per slide, 6–8 slides per group; each animal 
is represented by only one slide. Values are not 
statistically different (P>0.05); two-way ANOVA.
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Fig. 5. Lung function and 
morphology analyses (PEDF). 
The x axis represents the 
animals that were analyzed 
at 7, 14, 21, and 28 days after 
saline (CTRL, 50 µl of saline) 
or vector (Y733F-AAV8-
PEDF, 1010 vg/50 µl of saline) 
instillation. A Static elastance 
(Est). The y axis represents 
the elastance values. Values 
are means±SD of 6–8 animals/
group (P>0.05); two-way 
ANOVA. B Morphometry. 
The y axis represents the 
percentages of normal and 
collapsed alveoli. The values 
correspond to the means±SD 
of 10 fields per slide, 6–8 slides 
per group; each animal is 
represented by only one slide. 
Values are not statistically 
different (P>0.05); two-way 
ANOVA. C Cellularity. The 
percentages of mononuclear 
and polymorphonuclear cells are represented on the y axis. The values correspond to the means±SD of 
10 fields per slide, 6–8 slides per group; each animal is represented by only one slide. (P>0.05); two-way 
ANOVA. D Representative photomicrographs of lungs stained with hematoxylin–eosin on days 7, 14, 21, and 
28. The scale bar represents 100 µm.

Fig. 6. Expression of inflammatory cytokines in the lung homogenate. Animals were analyzed at 7, 14, 21, 
and 28 days after instillation of saline (CTRL, 50 µl of saline) or vector (Y733F-AAV8-PEDF, 1010 vg/50 µl of 
saline). The y axis represents the cytokine expression values. Two-way ANOVA was used. A MCP-1. B IL-6. 
C IL-1β. D IFN-γ.
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Discussion

Although significant advancements with AAV vectors for lung gene therapy have been 
achieved, it is well recognized that challenges with AAV delivery, transduction, and induced 
immune responses need to be overcome for improved gene expression. For this reason, the 
safety and efficiency of AAV vectors have been studied for the treatment of lung diseases. In 
this work, we evaluated the mobility of Y733F-AAV8 in sputum from patients with CF ex vivo 
and its transduction efficiency over time in vivo, and investigated the impact of gene therapy 
on lung mechanics, histology, and inflammatory mediators.

It is known that AAV2, the most studied serotype and, therefore, the most used for 
gene delivery, is not efficient when transducing lung cells, because it binds primarily to 
the heparan sulfate proteoglycan (HSPG) receptor, which is poorly expressed in the apical 
membrane of these target cells [32]. It has been demonstrated that AAV serotype 8 is more 
effective in delivering the gene to such cells because it binds to the laminin receptor, which is 
abundantly expressed by epithelial lung cells [33]. To enhance AAV vector lung transduction 
efficiency, the use of a tyrosine to phenylalanine (Y-F) AAV capsid mutation has been studied 
[13, 14]. In a previous study, carried out by our group, it was shown that, compared with its 
wild-type (WT-AAV8), the Y733F-AAV8 mutant vector was more successful in transducing 
lung cells and did not show any evidence of inflammation [15] in healthy mice.

Patients with inflammatory lung diseases, such as asthma and CF, have increased mucus 
production [34]. The mucus network becomes a physical and chemical barrier for inhaled 
gene vectors, immobilizing and preventing them from reaching the target cells. In addition, 
mucus mesh facilitates removal of vectors from the airways via clearance mechanisms and 
is one of the greatest challenges in pulmonary gene therapy [24, 26]. Previous work has 
already demonstrated the inability of some adeno-associated virus, such as AAV2, AAV1 
and AAV5 to efficiently traverse sputum samples from patients with CF, getting trapped in 
the mucin network [25, 26]. Hence, we evaluated the diffusion ability of the mutant AAV8 
vector by MPT, using AAV2 for comparison purposes. This is the first time that a mutant 
Y733F-AAV8 was tested for mucus penetration. Our results showed that the Y733F-AAV8 
vector exhibited significantly greater diffusion rates in sputum samples collected from 
different patients with CF compared with AAV2. This result shows that the Y733F-AAV8 
vector can penetrate the mucus, suggesting that this vector could be efficient in crossing the 
mucus barrier and, therefore, delivering the gene to the lung cells of patients. We have also 
compared the distribution of these AAVs in lung tissue in vivo. For this, mice were instilled 
intratracheally with the vectors WT-AAV2 and Y733F-AAV8 carrying the GFP transgene. 
Animals that received the mutant AAV8 had a higher GFP covered area  (55, 59%) compared 
with WT-AAV2 (8, 72%) and was therefore more efficient in delivering the reporter gene to 
mice lung cells in vivo.

The implications of PEDF gene therapy within normal lungs were not known. In 
the present study, we used the Y733F-AAV8 vector to deliver the transgenes PEDF and 
the control reporter gene, GFP, and analyzed the safety of PEDF overexpression and its 
importance for future gene therapy application for lung dysfunction. Several studies on 
gene therapy have used the PEDF gene because of its anti-inflammatory, anti-angiogenic, 
and anti-fibrotic properties, indicating that PEDF is a gene of interest for the treatment 
of COPD [20–23]. PEDF promoted the inhibition of nuclear factor kappa B (NFk-B), which 
induces the expression of various pro-inflammatory factors such as IL-6, IL-1β, MCP-1, and 
tumor necrosis factor alpha (TNF-α) in different disease models [35]. PEDF was also shown 
to have anti-oxidative properties, demonstrated by its ability to decrease the generation of 
reactive oxygen species, suppressing the activity of the enzymatic NADPH oxidase complex 
[36]. Other studies have shown that PEDF has an anti-angiogenic function with its ability to 
inhibit vascular endothelium growth factor, a potent angiogenic factor, which also promotes 
vascular permeability [37]. Moreover, PEDF exhibits anti-fibrotic activity by inhibiting TGF-β, 
and it inhibits the deposition of collagen induced by this factor [23]. Based on our results, 
we suggest that Y733F-AAV8 would be a promising vector for inflammatory lung disease 
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therapy. However, it is still necessary to evaluate PEDF expression, over time, regarding lung 
structure, inflammation, and mechanics.

In this work, the presence of human PEDF mRNA was detected as early as 7 days after 
intratracheal instillation, with a peak expression at 28 days, corroborating the data obtained 
with GFP vector and data from other authors [15].  Since a surge is seen in transgene 
expression on day 28, new studies testing therapeutic approaches using Y733F-AAV8-PEDF 
should take this time response in consideration, in order to evaluate possible therapeutic 
impact of therapy in later time points, when biological effects related to the transgene 
expression may happen.

 Since both human and mouse PEDF can act on the same receptor, and overexpression of 
human PEF could possibly regulate endogenous PEDF expression, we have also analyzed the 
mouse expression of the PEDF gene in mouse lungs. All animals had endogenous expression 
of mouse PEDF gene, and there was no significant difference between the groups, indicating 
that the overexpression of PEDF did not interfere with the constitutive expression of mouse 
PEDF through real-time PCR analysis of the lung tissue.

It is well known that pulmonary gene therapy using viral vectors can induce immune 
reactions that can lead to disrupted lung morphometry and alterations in lung mechanics 
[38–40]. In this study, the fractional area of collapsed alveoli, as well as the total cellularity 
analysis, did not show significant differences between the experimental groups. Therefore, 
the results of the morphologic analysis of the pulmonary parenchyma suggest that the 
administration of Y733F-AAV8 vector and the transduction of the PEDF gene did not cause 
histologic changes indicative of inflammation. Another important indication of inflammation 
is the presence of inflammatory cytokines [41]. Analysis of the pro-inflammatory cytokines 
IL-1β, IL-6, IFN-γ, and the MCP-1 chemokine, using the ELISA technique, besides presenting 
low expression, did not show a significant difference in normal lungs at different times 
after PEDF overexpression (PEDF7d, PEDF14d, PEDF21d, PEDF28d) and in their respective 
controls.

Inflammation may be associated with the remodeling process, which involves 
replacement of the tissue damaged by fibrosis [42]. Furthermore, evidence suggests that 
airway remodeling can lead to changes in the intrinsic mechanical properties of the lung 
parenchyma with progressive loss of lung function [43, 44]. To evaluate the impact of 
administration of Y733F-AAV8 vector and transgene GFP and PEDF overexpression on 
lung function, pulmonary mechanics were analyzed using the end-of-inspiration occlusion 
method proposed by Bates et al [27–29].. An increase in Est,L indicates the presence of 
edema, alveolar collapse, and pulmonary fibrosis, consequent to the attempt at tissue repair 
[30, 45, 46]. However, the lung mechanics did not differ between the groups, suggesting that 
both Y733F-AAV8 vector and overexpression of hPEDF gene did not cause damage to lung 
function.

Conclusion

In summary, this study has demonstrated the repercussions of the overexpression of 
PEDF over time through the Y733F-AAV8 viral vector on the function and inflammatory 
pattern of airways and pulmonary parenchyma in mice after intratracheal instillation. 
Administration of Y733F-AAV8-PEDF vector was efficient in delivering the transgene to the 
pulmonary cells; did not lead to changes in lung function; did not cause histologic alterations 
suggestive of inflammation in lung parenchyma; and did not trigger the expression of 
inflammatory cytokines.  These findings provide motivation for the further development of 
viral-based therapies with PEDF transgene for the treatment of respiratory diseases with 
inflammation and fibrosis, such as silicosis and asthma.
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