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Abstract
Transplantation of a donor cornea to restore vision is the most frequently performed trans-

plantation in the world. Corneal endothelial cells (CEC) are crucial for the outcome of a graft

as they maintain corneal transparency and avoid graft failure due to corneal opaqueness.

Given the characteristic of being a monolayer and in direct contact with culture medium dur-

ing cultivation in eye banks, CEC are specifically suitable for gene therapeutic approaches

prior to transplantation. Recombinant adeno-associated virus 2 (rAAV2) vectors represent

a promising tool for gene therapy of CEC. However, high vector titers are needed to achieve

sufficient gene expression. One of the rate-limiting steps for transgene expression is the

conversion of single-stranded (ss-) DNA vector genome into double-stranded (ds-) DNA.

This step can be bypassed by using self-complementary (sc-) AAV2 vectors. Aim of this

study was to compare for the first time transduction efficiencies of ss- and scAAV2 vectors

in CEC. For this purpose AAV2 vectors containing enhanced green fluorescent protein

(GFP) as transgene were used. Both in CEC and in donor corneas, transduction with

scAAV2 resulted in significantly higher transgene expression compared to ssAAV2. The dif-

ference in transduction efficiency decreased with increasing vector titer. In most cases, only

half the vector titer of scAAV2 was required for equal or higher gene expression rates than

those of ssAAV2. In human donor corneas, GFP expression was 64.7±11.3% (scAAV) and

38.0±8.6% (ssAAV) (p<0.001), respectively. Furthermore, transduced cells maintained

their viability and showed regular morphology. Working together with regulatory authorities,

a translation of AAV2 vector-mediated gene therapy to achieve a temporary protection of

corneal allografts during cultivation and transplantation could therefore become more

realistic.
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Introduction
Corneal endothelial cells (CEC) form a monolayer on the posterior surface of the cornea and
are of fundamental relevance for vision. Their pump function is essential to maintain corneal
transparency by deswelling the corneal stroma [1–3]. As human CEC practically do not prolif-
erate [4], their decrease below a critical minimum unavoidably results in swelling of the cornea
leading to corneal opaqueness and ultimately to functional blindness. Moreover, both viability
and density of endothelial cells are the most relevant parameters in evaluation of donor corneas
processed in eye banks to supply the 300,000+ transplantations performed worldwide each
year. These criteria define the suitability of donor corneas for transplantation and further
determine the probability of graft survival and risk of re-transplantation [5, 6].

Thanks to distinct properties the corneal endothelium is a very attractive target for gene and
cell therapeutic approaches: 1. its monolayer structure results in direct contact of every single
cell to the culture medium ex vivo or to the aqueous humour of the anterior ocular chamber in
vivo; 2. its avascularity and immune privilege reduce the risk of immune reactions [7, 8]; 3.
compulsory processing of donor corneas in eye banks prior to engraftment over one to four
weeks opens the possibility of ex vivo gene therapy. Possible applications of gene delivery to the
corneal endothelium include immune modulation to prevent corneal graft rejection and
improving corneal allograft survival by protecting the endothelial monolayer from culture- and
transplant-associated apoptosis [9, 10].

Recombinant adeno-associated virus (rAAV) vectors provide a promising alternative to
other viral vectors and gene delivery systems, as they are nonpathogenic, replication-deficient
and transduce both dividing and non-dividing cells [11, 12]. Additionally, in contrast to lenti-
viral vectors which we have used in our previous studies [13, 14], AAV is non-integrating, thus
increasing its safety and conforming to regulatory requirements. Various cell types and tissues
can be efficiently transduced by AAV including liver [15], muscle [16], lung [17], CNS [18]
and bone marrow [19]. In the eye, practically all studies on AAV-mediated gene therapy were
performed to establish therapies targeting gene defects in the retina [20–23]. Successful trans-
duction, however, has also been demonstrated in the trabecular meshwork in glaucoma
research [24–26], in corneal stroma [27, 28] and in corneal endothelium [29–31].

In conventional AAV vectors, the genome is packaged as a linear single-stranded (ss) DNA
molecule with a length of approximately 4.7 kb. These single strands occur either in plus- or in
minus-form. Prior to gene expression, it is necessary to convert ssDNA into double-stranded
(ds) DNA either by strand annealing of one plus- and one minus-strand or by de novo synthe-
sis of DNA. This is known to be one of the rate-limiting steps for efficient transduction [32–
34]. Application of self-complementary (sc) AAV vectors allows a complete bypass of this issue
as these vectors contain a dimeric inverted repeat genome able to fold into dsDNA [32]. How-
ever, packing all complementary bases in the same virus particle limits the coding capacity of
scAAV to about half of that of ssAAV [32].

Previous studies have shown increased transduction efficiencies with scAAV [35–39]. As
the relative advantage of scAAV in comparison to ssAAV varies among different cell types, the
aim of this study was to analyze whether and by which extent transduction efficiencies in CEC
could be increased by the use of scAAV. This is of high relevance for a potential use of AAV in
ex vivo corneal gene therapy during cultivation of corneas in eye banks. Furthermore, CEC via-
bility following GFP insertion by the different AAV vector types was controlled.
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Methods

Cell culture / organ culture conditions
The human corneal endothelial cell line (HCEC-12, DMSZ No. ACC-646) was acquired from
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures (Braun-
schweig, Germany) in 2012. Passages 18 to 22 were used for all experiments. Cells were trypsi-
nized (Trypsin/EDTA Solution 0.25% / 0.02% in PBS; Biochrom, Berlin, Germany) and seeded
in a 48-well plate containing 500 μl of culture medium at 60% confluency. Culture medium
was composed of Minimal Essential Medium (MEM; Sigma-Aldrich, St. Louis, MO, USA) with
5% fetal bovine serum (FBS) and 0.5% gentamicin (Sigma-Aldrich). Cells were incubated in a
humidified atmosphere at 37°C and 5% CO2. To maintain the cells, culture medium was
changed every other day.

Research-grade human donor corneas with intact endothelium cultivated at 4°C in Optisol
GS (Bausch&Lomb, Bridgewater, NJ, USA) were obtained from Indiana Lions Eye Bank (Indi-
anapolis, IN, USA; n = 4). Prior to transduction, corneoscleral buttons were transferred to
37°C organ-culture and pre-incubated in 4 ml culture medium containing FBS, epidermal
growth factor (EGF) and bovine pituitary extract (BPE), similar to Chen’s medium [40].

Transduction of CEC
Ss- and scAAV2 vectors containing the GFP gene driven by a cytomegalovirus (CMV) pro-
moter were kindly provided by Prof. Dr. H. Büning (Center for Molecular Medicine Cologne
(CMMC), Laboratory for AAV vector development, University of Cologne, Cologne, Ger-
many). Vector preparations were produced by plasmid co-transfection of Human Embryonic
Kidney (HEK) 293 cells as previously described [41]. As plasmids, either pssGFP or pscGFP
were used together with pXX [42] and pRC [43]. Cells were harvested, centrifuged, lysed and
treated with benzonase. The lysate was purified using an iodixanol density gradient. Vector
suspensions were obtained by extracting the 40% iodixanol phase and aliquoted without fur-
ther dilution or concentration.

24 hours after seeding of HCEC-12 cells, culture medium was replaced by 300 μl of fresh
medium and vector suspension was added according to the desired vector titer (day 0).

Human donor corneas with intact endothelium and high cell count unsuitable for trans-
plantation in humans were used according to the Erlangen University Ethic Committee
approval and to the Declaration of Helsinki. Each cornea was cut into six pieces and put into
separate wells of a 48-well plate. 500 μl of fresh medium and the respective amount of vector
suspension were added (day 0).

HCEC-12 cells and human corneal tissue were incubated with the vector suspension for 48
hours at 37°C and 5% CO2. After washing off the vector (day 2), culture media were replaced
every other day.

Evaluation of transgene expression
GFP expression in HCEC-12 cells was analyzed by flow cytometry (FACS Canto II with FACS-
Diva software, BD Biosciences, San Jose, CA, USA) directly after the transduction period (day
2) as well as on days 5, 8, 12, 16, 22 and 28. Three independent experiments were performed
for each vector titer and for each point of time. Supernatants and trypsinized cells were trans-
ferred to 15ml tubes on ice followed by centrifugation (3 minutes, 1200 rpm) and resuspension
of the cells in FACS buffer (PBS with 10% FCS). A total of 20,000 cells per sample were
analyzed.
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GFP expression in corneal tissue (n = 4) was evaluated by confocal microscopy at 200X
magnification on day 6 (Zeiss LSM 780 Confocal Microscope, Jena, Germany; six random
microscopic fields per corneal piece). After washing (PBS containing Ca2+ and Mg2+) and
fixation (4% paraformaldehyde in PBS, 15 minutes), cell membranes were marked using
rabbit anti-ZO-1 antibodies diluted 1:200 (Thermo Fisher Scientific, Waltham, MA, USA)
and goat-anti-rabbit IgG (H+L) conjugated to Alexa Fluor 647 (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) at a dilution of 1:500. Subsequently, corneal samples
were stained with DAPI (1 mg/ml, dilution 1:1500 in PBS) and mounted on glass slides
endothelial side up with Vectashield mounting medium (Vector Laboratories, Burlingame,
CA, USA).

Cell viability and metabolism evaluation
To assess viability of transduced CEC, HCEC-12 cells were harvested at the end of transduc-
tion (day 2).Three independent experiments were performed for each vector titer (25,000,
50,000 and 100,000 genomic particles of infection (GOI = AAV-capsids containing vector
DNA). Supernatants and trypsinized cells were transferred to 15ml tubes on ice followed by
centrifugation (3 minutes, 1200 rpm). After centrifugation, cells were resuspended in 200 μl
FACS-Buffer containing 2.5 μg/ml PO-PROTM-1 iodide (Thermo Fisher Scientific) and 5μg/
ml 7-AAD (7-Aminoactinomycin D, Sigma-Aldrich). PO-PROTM-1 and 7-AAD are DNA-
intercalating dyes which are impermeant to membranes of living cells. While PO-PROTM-1
can permeate through slightly impaired cell membranes of apoptotic cells 7-AAD is only
permeant to dead cells. Therefore, these dyes are used to discriminate vital cells with intact
cell membrane from apoptotic and dead cells allowing quantification by flow cytometry.
Non-transduced HCEC-12 cells seeded on the same day served as negative controls. Flow
cytometry was performed using FACS Canto II with FACS DIVA software. A total of 20,000
cells per sample were analyzed.

To study the metabolic state of transduced CEC, MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide)-assay was performed immediately after transduction (day
2). Culture medium was removed and replaced by fresh culture medium containing 0.5 mg/ml
MTT (Sigma Aldrich). Viable, metabolically active cells reduce MTT into purple colored for-
mazan, which can be measured quantitatively in terms of absorbance. After incubation at 37°C
and 5% CO2 for 2 hours, MTT solution was removed and resulting formazan was dissolved in
300 μl DMSO (Sigma Aldrich). Colorimetric analysis was performed using a spectrophotome-
ter (Multiskan Spectrum, Thermo Fisher Scientific).

In human donor corneas DNA strand breaks of apoptotic cells were labeled using TUNEL
(terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-X
nick end labeling)-assay (In Situ Cell Death Detection Kit, TMR red, Roche Diagnostics
GmbH, Mannheim, Germany) according to the manufacturer’s instructions. Evaluation was
performed using confocal microscopy.

Statistical analysis
Statistical analysis was performed using GraphPad Prism (Version 6.01). Means and standard
deviations (SD) were calculated. Comparisons between two groups were performed using Stu-
dent’s t-test or Wilcoxon test. Multiple comparisons were performed using one-way ANOVA
test. P-values lower than 0.05 were considered statistically significant (� = p<0.05; �� = p<0.01;
��� = p<0.001).
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Results

GFP expression in HCEC-12 cells
To study transduction efficiencies following transduction with ss- and scAAV2, HCEC-12 cells
were treated with vector titers ranging from 1,000 to 100,000 GOI. In general, the amount of
GFP expressing cells detected by flow cytometry increased with increasing vector titer. Use of
scAAV2 resulted in significantly higher transgene expression levels compared to ssAAV2.

Fig 1 shows the amount of GFP expressing HCEC-12 cells 5 days after transduction with
equal titers of ss- or scAAV2. The difference between transduction efficiencies of ss- and
scAAV2 was greater for lower vector titers and smaller for higher vector titers. Using 1,000
GOI, the amount of GFP expressing cells on day 5 was 4.8-fold higher with scAAV2 compared
to ssAAV2 (p = 0.25). Using 10,000 GOI, scAAV2 lead to a 1.8-fold higher transduction rate
(p = 0.002), and using 100,000 GOI, the transduction rate with scAAV2 was merely 8% higher
than with ssAAV2 (p = 0.04).

To determine the kinetics of GFP expression, flow cytometry analyses were performed over
a period of 28 days. Results are presented in Fig 2(A) (vector titers 1,000–10,000 GOI) and Fig
2(B) (vector titers 25,000–100,000 GOI). Both vectors yielded a rapid onset of transgene
expression. 48 hours after transduction, GFP expression levels in cells transduced with ssAAV2
ranged from 3.7% ± 0.4% (1,000 GOI) to 67.3% ± 2% (100,000 GOI), while GFP expression lev-
els following transduction with scAAV2 ranged from 10.8% ±1% (1,000 GOI) to 75.3% ± 1,7%
(100,000 GOI). For most titers, the GFP expression peak was reached on day 5. The highest
transgene expression levels observed were 80.5% (ssAAV2) and 86.9% (scAAV2), respectively
(Fig 2(B)).

After transduction with 1,000 to 10,000 GOI ssAAV2, GFP expression levels peaked on day
2 and decreased afterwards (Fig 2(A)). In scAAV2, however, transduction with equal vector
titers lead to increasing expression levels until day 5. Between days 5 and 8 the amount of GFP

Fig 1. GFP expression of HCEC-12 cells five days after transduction (flow cytometry).Means and
standard deviations of three independent experiments are shown. GFP expression after transduction with
scAAV was significantly higher compared to ssAAV2 (* = p<0.05, ** = p<0.01).

doi:10.1371/journal.pone.0152589.g001
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expressing cells decreased again by factor 3 (2.6–3.4). After 12 days, expression levels were
below 5%.

Transductions with 25,000 to 100,000 GOI resulted in a more moderate loss of GFP expres-
sion between days 5 and 8 (Fig 2(B)). Use of higher vector titers resulted in sustained GFP
expression compared to lower vector titers: While cells transduced with 100,000 GOI lost 10%
(scAAV2) to 22% (ssAAV2) of GFP expression, cells transduced with 25,000 GOI of ssAAV2
showed almost 50% reduction in GFP-positivity until day 8.

Furthermore, GFP expression was prolonged by using scAAV. 12 days after transduction
with 100,000 GOI scAAV2, 35.3% of the cells still expressed the transgene. At that time, maxi-
mum expression level for ssAAV2 was 12.1%. Afterwards, expression levels in both groups fur-
ther decreased and dropped below 7% by day 28.

In almost all cases, application of only half the titer of scAAV resulted in equal or higher
transgene expression levels compared to ssAAV2 (Fig 2(A) and 2(B)). For lower vector titers,
the difference of dose-response relationship and therefore transduction efficiency was even
more evident: 1,000 GOI of scAAV2 yielded higher expression levels than 5,000 GOI of
ssAAV2 (p = 0.25). To confirm and visualize these findings, confocal microscopy of HCEC-12
cells seeded on chamber slides was performed (Fig 3).

GFP expression in CEC of human corneas
Six days after transduction (100,000 GOI per corneal piece) confocal microscopy showed sig-
nificantly higher GFP expression in the scAAV2 group compared to the ssAAV2 group (64.7
±11.3% versus 38.0±8.6%, p<0.001) (Fig 4(A) and 4(B)).

Viability and metabolism of transduced cells
In all studied groups, there was no significant difference between cell viability of transduced
and untreated cells. Neither the amount of 7-AAD positive (dead) or PO-PRO 1 positive

Fig 2. GFP-expression levels of transduced HCEC-12 cells over time (flow cytometry).Means and standard deviations of three independent
experiments are shown. (A) vector titers 1,000-10,000 GOI; (B) vector titers 25,000–100,000 GOI.

doi:10.1371/journal.pone.0152589.g002
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(apoptotic) cells detected by flow cytometry (p = 0.062 and p = 0.578) (Fig 5) nor the metabolic
activity quantified by MTT-test (p = 0.415) (Fig 6) significantly differed from negative control.

Fig 3. Confocal microscopy images of HCEC-12 cells transduced with different vector titers two days after transduction. (A) cells transduced with
ssAAV2; (B) cells transduced with scAAV2.

doi:10.1371/journal.pone.0152589.g003
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Confocal microscopy of human corneas transduced with ss- or sc-AAV showed regular cell
morphology with intact cell membranes (visualized by ZO-1 staining). We could not detect sig-
nificant DNA-strand breaks by TUNEL-assay (Fig 4).

Fig 4. Confocal microscopy images of endothelial cells of human donor corneas six days after transduction. (A) transduced with 100,000 GOI
ssAAV2; (B) transduced with 100,000 GOI scAAV2. Six randommicroscopic fields per corneal piece were evaluated. For each vector, one exemplary
microscopic field is shown (blue = DAPI, green = GFP, pink = Alexa 647, red = TUNEL).

doi:10.1371/journal.pone.0152589.g004

Fig 5. Effect of vector titer on transduction efficiency and cell viability (measured by flow cytometry two days after transduction).Means and
standard deviations of three independent experiments are shown. (A) Transduced = GFP-positive cells. Transduction with scAAV2 resulted in significantly
higher GFP expression rates compared to ssAAV2 (** = p<0.01, *** = p<0.001). (B) Dead = 7-AAD-positive cells. There were no significant differences
between cells transduced with sc- and ssAAV2 or between transduced cells and negative controls (one-way ANOVA, p = 0.062). (C) Apoptotic = PO-PRO-
1-positive cells. There were no significant differences between cells transduced with sc- and ssAAV2 or between transduced cells and negative controls
(one-way ANOVA, p = 0.578).

doi:10.1371/journal.pone.0152589.g005
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Discussion
For the first time, it hereby could be demonstrated that scAAV2 shows a more efficient trans-
duction of human corneal endothelium compared to ssAAV2. Although studies have shown
substantial enhancement of gene delivery by using scAAV in numerous other tissues [35–39],
to date there were no data evaluating transduction of corneal endothelium with scAAV. These
novel findings have significant potential to establish a gene therapeutic approach for ex vivo
cultivated donor corneas processed in eye banks prior to transplantation.

Previous studies working on CEC and ssAAV reported transduction efficiencies ranging
from 2% (rabbit and human corneas) to 96% (human corneas) [29, 30, 44]. Differences in
transduction could be explained by use of different AAV serotypes as well as by different tro-
pism in different species. In our current study, the maximum transgene expression level
achieved in human corneal endothelial cells was 80.5%, compared to about 38% in one of our
previous studies [29]. In earlier work of our group using a different ssAAV2 vector we observed
a late onset of transgene expression and an increased GFP expression 19 days after transduc-
tion [29]. On the contrary, we could now detect remarkable levels of GFP expression as early as
after two days in the same cell type. This illustrates both dependency and impact of the vector
preparation (ssAAV from two different vector cores) on the gene expression outcome. Interest-
ingly, the level of GFP expression rapidly decreased after day 5, while in the past study it con-
tinued to increase until day 23 [29]. Characteristically, CEC stop proliferation once the cells
reach complete confluency because of contact inhibition. Though having used the same cell
line and equal seeding conditions in both studies, it might be possible that CEC in the current
experiments show a higher proliferation tendency due to a lower passage number. Therefore,
with every cell division vector DNA was distributed among the two daughter cells and conse-
quently transgene expression levels dropped over time. This, however, would not solely explain
the considerable differences in onset and kinetics of GFP overexpression.

Fig 6. Metabolic activity of transduced cells as a sign of cell viability (analyzed by MTT-assay two
days after transduction).Means and standard deviations of three independent experiments are shown.
There was no significant difference between transduced cells and negative controls (one-way ANOVA;
p = 0.415).

doi:10.1371/journal.pone.0152589.g006
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Alternatively, the use of different culture media for transduction and subsequent organ-cul-
ture might deliver an explanation: Culture medium enriched with growth factors for example
leads to increased efficiency of gene delivery (96% with growth factors versus 19% without
growth factors) [30]. In our study, we used a similar culture medium containing growth factors.
On day 6, we observed transgene expression in 38.0±8.6% of CEC transduced with ssAAV.

To date, there are no studies evaluating the use of scAAV in corneal endothelial cells. How-
ever, in a glaucoma study aiming to transduce the trabecular meshwork of living rats and mon-
keys by intracameral injection of scAAV2, strong GFP expression in CEC was observed as a
side effect. GFP-positivity in the corneal endothelium was present for at least 19 days after
injection [25]. Unfortunately, GFP expression was not further quantified. Recently, a similar
glaucoma study reported mosaic-like to almost homogenous GFP-positivity in CEC four weeks
after injection of scAAV into the anterior chamber of mice and rats [26]. Transduction effi-
ciency was described by semiquantitative evaluation of intensity and of distribution of GFP
[45].

In our ex vivo study in human tissue, we successfully transduced 64.7±11.3% of CEC with
scAAV. This represents a 1.7 fold increase relative to ssAAV. In cultured CEC, use of scAAV
lead to a 4.8-fold increase in GFP-positivity compared to ssAAV. With rising vector titers, pre-
dominance in transduction efficiency of scAAV gradually diminished. These results are consis-
tent with other studies comparing ss- and scAAV in muscle and in the retina [22, 46]. These
tissues share their accessibility to local gene delivery and therefore the ability to isolate high
concentrations of vector in the immediate vicinity of target cells, which facilitates high multi-
plicity infection [32]. This in turn increases the probability of dsDNA-formation by strand
annealing or DNA synthesis [32, 47].

Transduction with scAAV not only resulted in higher, but also slightly more sustained
transgene expression than transduction with ssAAV. This could be due to generally higher lev-
els of gene expression with scAAV. Since a dsDNA genome is more stable than a ssDNA
genome, which can be degraded by cellular repair mechanisms after being recognized as dam-
aged DNA, transduction efficiency of ssAAV might be further limited compared to scAAV
[48, 49].

AAV is known to be nonpathogenic and several studies have proven its safety in ocular gene
therapy [50–53]. After in vivo transduction of CEC in rabbits no significant difference was
found between central corneal thickness of transduced corneas and negative controls, suggest-
ing that the pump function of CEC is not compromised by transduction with rAAV [31]. How-
ever, as rabbit corneal endothelium does show proliferative capacity [54–56], the suitability of
findings for use in humans could be questioned. According to our histological analysis, trans-
duction of CEC did not alter cell morphology. This is confirmed by others in histological analy-
ses of cryosectioned, H&E stained, ex vivo AAV transduced human corneas [30]. The number
of apoptotic cells in human corneas detected by TUNEL method did not differ significantly
from negative control. Furthermore, there was no significant difference in the percentage of
dead and apoptotic cells detected by flow cytometry and MTT-assay showed unchanged meta-
bolic activity.

Moreover, in an in vivo glaucoma study in rats and monkeys, no humoral or cellular-medi-
ated responses were observed in any of the transgene-expressing animals after intracameral
injection of scAAV2 [25].

The use of scAAV increases transduction efficiency in comparison to their single-stranded
counterparts by circumventing the rate-limiting step of second strand synthesis. This could be
overcome by using higher ssAAV titers, thus increasing the probability of strand-annealing of
two complementary single strands [32, 47]. However, with scAAV sufficient gene expression
levels can be achieved by far lower vector titers than with ssAAV. This can be accompanied by
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advantageous effects: 1. increase in safety of gene delivery by reducing the risk of possible
adverse effects and immune responses to the vector; 2. advances in practicability and in cost-
effectiveness. A considerable drawback of scAAV seems to be its limited packaging capacity of
about 2.5 kb. Therefore, the overall range of possible functional applications is limited to genes
smaller than this packaging size. This aspect has to be carefully taken into account and to be
weighed against the potential benefits of using scAAV [22, 32].

In conclusion, scAAV permits further optimization of AAV-mediated gene therapy of cor-
neal endothelium, if the desired transgene does not exceed a critical size. Areas of application
could include transduction of corneal allografts with anti-apoptotic genes, especially if trans-
lated to ex vivo treatment prior to transplantation. This would lead to the desired temporary
protection of corneal endothelium during one to four weeks of cultivation in eye banks. Hence,
discard rates of donor tissue being in short supply in most countries worldwide would be low-
ered, thus increasing transplantation figures. In addition, the rapid loss of endothelium directly
following transplantation could be limited, thus lowering graft failure and re-transplantation
rates. The elegant advantage of using AAV vectors is the gradual reduction of the anti-apopto-
tic effect within four weeks after transduction. By translating this approach into eye banking
and clinic, health economic expenses for corneal transplantations could be significantly
reduced.

Acknowledgments
We thank Prof. Dr. H. Büning, Center for Molecular Medicine Cologne (CMMC), Laboratory
for AAV vector development, University of Cologne, Cologne, Germany and Institute of
Experimental Hematology, Hannover Medical School, Hannover, Germany, as well as Mrs. M.
Schnödt, Center for Molecular Medicine Cologne (CMMC), Laboratory for AAV vector devel-
opment, University of Cologne, Cologne, Germany, for providing the vectors for this study.

Author Contributions
Conceived and designed the experiments: AGMC CMM. Schmeer M. Schleef FK TF. Per-
formed the experiments: AGMC. Analyzed the data: AGMCM. Schmeer M. Schleef TF. Con-
tributed reagents/materials/analysis tools: CMM. Schmeer M. Schleef FK. Wrote the paper:
AG TF.

References
1. Maurice DM. The location of the fluid pump in the cornea. The Journal of physiology. 1972 Feb; 221

(1):43–54. PMID: 5016991. Pubmed Central PMCID: 1331318.

2. Fischbarg J, Lim JJ. Role of cations, anions and carbonic anhydrase in fluid transport across rabbit cor-
neal endothelium. The Journal of physiology. 1974 Sep; 241(3):647–75. PMID: 4215880. Pubmed Cen-
tral PMCID: 1331055.

3. BourneWM. Clinical estimation of corneal endothelial pump function. Transactions of the American
Ophthalmological Society. 1998; 96:229–39; discussion 39–42. PMID: 10360291. Pubmed Central
PMCID: 1298397.

4. Joyce NC. Cell cycle status in human corneal endothelium. Experimental eye research. 2005 Dec; 81
(6):629–38. PMID: 16054624. Epub 2005/08/02. eng.

5. BourneWM. Cellular changes in transplanted human corneas. Cornea. 2001 Aug; 20(6):560–9. PMID:
11473153. Epub 2001/07/27. eng.

6. Claerhout I, Beele H, Kestelyn P. Graft failure: I. Endothelial cell loss. International ophthalmology.
2008 Jun; 28(3):165–73. PMID: 17508129. Epub 2007/05/18. eng.

7. Hori J. Mechanisms of immune privilege in the anterior segment of the eye: what we learn from corneal
transplantation. Journal of ocular biology, diseases, and informatics. 2008 Dec; 1(2–4):94–100. PMID:
20072639. Pubmed Central PMCID: 2802514. doi: 10.1007/s12177-008-9010-6

ScAAV Vectors Improve Gene Transfer to Corneal Endothelium

PLOSONE | DOI:10.1371/journal.pone.0152589 March 29, 2016 11 / 14

http://www.ncbi.nlm.nih.gov/pubmed/5016991
http://www.ncbi.nlm.nih.gov/pubmed/4215880
http://www.ncbi.nlm.nih.gov/pubmed/10360291
http://www.ncbi.nlm.nih.gov/pubmed/16054624
http://www.ncbi.nlm.nih.gov/pubmed/11473153
http://www.ncbi.nlm.nih.gov/pubmed/17508129
http://www.ncbi.nlm.nih.gov/pubmed/20072639
http://dx.doi.org/10.1007/s12177-008-9010-6


8. Zhou R, Caspi RR. Ocular immune privilege. F1000 biology reports. 2010; 2. PMID: 20948803.
Pubmed Central PMCID: PMC2948372. Epub 2010/10/16. eng.

9. Kampik D, Ali RR, Larkin DF. Experimental gene transfer to the corneal endothelium. Experimental eye
research. 2012 Feb; 95(1):54–9. PMID: 21777585. doi: 10.1016/j.exer.2011.07.001

10. Barcia RN, Dana MR, Kazlauskas A. Corneal graft rejection is accompanied by apoptosis of the endo-
thelium and is prevented by gene therapy with bcl-xL. American journal of transplantation: official jour-
nal of the American Society of Transplantation and the American Society of Transplant Surgeons. 2007
Sep; 7(9):2082–9. PMID: 17614980.

11. Coura Rdos S, Nardi NB. The state of the art of adeno-associated virus-based vectors in gene therapy.
Virology journal. 2007; 4:99. PMID: 17939872. Pubmed Central PMCID: 2104528.

12. Daya S, Berns KI. Gene therapy using adeno-associated virus vectors. Clinical microbiology reviews.
2008 Oct; 21(4):583–93. PMID: 18854481. Pubmed Central PMCID: 2570152. doi: 10.1128/CMR.
00008-08

13. Fuchsluger TA, Jurkunas U, Kazlauskas A, Dana R. Anti-apoptotic gene therapy prolongs survival of
corneal endothelial cells during storage. Gene therapy. 2011 Aug; 18(8):778–87. PMID: 21412281.
Pubmed Central PMCID: 3587653. doi: 10.1038/gt.2011.20

14. Fuchsluger TA, Jurkunas U, Kazlauskas A, Dana R. Corneal endothelial cells are protected from apo-
ptosis by gene therapy. Human gene therapy. 2011 May; 22(5):549–58. PMID: 21158568. Pubmed
Central PMCID: 3081440. doi: 10.1089/hum.2010.079

15. Nathwani AC, Gray JT, Ng CY, Zhou J, Spence Y, Waddington SN, et al. Self-complementary adeno-
associated virus vectors containing a novel liver-specific human factor IX expression cassette enable
highly efficient transduction of murine and nonhuman primate liver. Blood. 2006 Apr 1; 107(7):2653–61.
PMID: 16322469. Pubmed Central PMCID: PMC1895379. Epub 2005/12/03. eng.

16. Snyder RO, Spratt SK, Lagarde C, Bohl D, Kaspar B, Sloan B, et al. Efficient and stable adeno-associ-
ated virus-mediated transduction in the skeletal muscle of adult immunocompetent mice. Human gene
therapy. 1997 Nov 1; 8(16):1891–900. PMID: 9382955. Epub 1998/02/07. eng.

17. Flotte TR, Afione SA, Conrad C, McGrath SA, Solow R, Oka H, et al. Stable in vivo expression of the
cystic fibrosis transmembrane conductance regulator with an adeno-associated virus vector. Proceed-
ings of the National Academy of Sciences of the United States of America. 1993 Nov 15; 90
(22):10613–7. PMID: 7504271. Pubmed Central PMCID: PMC47827. Epub 1993/11/15. eng.

18. LoWD, Qu G, Sferra TJ, Clark R, Chen R, Johnson PR. Adeno-associated virus-mediated gene trans-
fer to the brain: duration and modulation of expression. Human gene therapy. 1999 Jan 20; 10(2):201–
13. PMID: 10022545. Epub 1999/02/18. eng.

19. Ponnazhagan S, Mukherjee P, Wang XS, Qing K, Kube DM, Mah C, et al. Adeno-associated virus type
2-mediated transduction in primary human bone marrow-derived CD34+ hematopoietic progenitor
cells: donor variation and correlation of transgene expression with cellular differentiation. Journal of
virology. 1997 Nov; 71(11):8262–7. PMID: 9343178. Pubmed Central PMCID: PMC192284. Epub
1997/10/29. eng.

20. Ali RR, Reichel MB, Thrasher AJ, Levinsky RJ, Kinnon C, Kanuga N, et al. Gene transfer into the
mouse retina mediated by an adeno-associated viral vector. Humanmolecular genetics. 1996 May; 5
(5):591–4. PMID: 8733124. Epub 1996/05/01. eng.

21. Sarra GM, Stephens C, Schlichtenbrede FC, Bainbridge JW, Thrasher AJ, Luthert PJ, et al. Kinetics of
transgene expression in mouse retina following sub-retinal injection of recombinant adeno-associated
virus. Vision research. 2002 Feb; 42(4):541–9. PMID: 11853771.

22. Yokoi K, Kachi S, Zhang HS, Gregory PD, Spratt SK, Samulski RJ, et al. Ocular gene transfer with self-
complementary AAV vectors. Investigative ophthalmology & visual science. 2007 Jul; 48(7):3324–8.
PMID: 17591905.

23. Koilkonda RD, Hauswirth WW, Guy J. Efficient expression of self-complementary AAV in ganglion cells
of the ex vivo primate retina. Molecular vision. 2009; 15:2796–802. PMID: 20019878. Pubmed Central
PMCID: 2793898.

24. Borras T, XueW, Choi VW, Bartlett JS, Li G, Samulski RJ, et al. Mechanisms of AAV transduction in
glaucoma-associated human trabecular meshwork cells. The journal of gene medicine. 2006 May; 8
(5):589–602. PMID: 16506246.

25. Buie LK, Rasmussen CA, Porterfield EC, Ramgolam VS, Choi VW, Markovic-Plese S, et al. Self-com-
plementary AAV virus (scAAV) safe and long-term gene transfer in the trabecular meshwork of living
rats and monkeys. Investigative ophthalmology & visual science. 2010 Jan; 51(1):236–48. PMID:
19684004. Pubmed Central PMCID: 2869048.

26. Bogner B, Boye SL, Min SH, Peterson JJ, Ruan Q, Zhang Z, et al. Capsid Mutated Adeno-Associated
Virus Delivered to the Anterior Chamber Results in Efficient Transduction of Trabecular Meshwork in

ScAAV Vectors Improve Gene Transfer to Corneal Endothelium

PLOSONE | DOI:10.1371/journal.pone.0152589 March 29, 2016 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/20948803
http://www.ncbi.nlm.nih.gov/pubmed/21777585
http://dx.doi.org/10.1016/j.exer.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/17614980
http://www.ncbi.nlm.nih.gov/pubmed/17939872
http://www.ncbi.nlm.nih.gov/pubmed/18854481
http://dx.doi.org/10.1128/CMR.00008-08
http://dx.doi.org/10.1128/CMR.00008-08
http://www.ncbi.nlm.nih.gov/pubmed/21412281
http://dx.doi.org/10.1038/gt.2011.20
http://www.ncbi.nlm.nih.gov/pubmed/21158568
http://dx.doi.org/10.1089/hum.2010.079
http://www.ncbi.nlm.nih.gov/pubmed/16322469
http://www.ncbi.nlm.nih.gov/pubmed/9382955
http://www.ncbi.nlm.nih.gov/pubmed/7504271
http://www.ncbi.nlm.nih.gov/pubmed/10022545
http://www.ncbi.nlm.nih.gov/pubmed/9343178
http://www.ncbi.nlm.nih.gov/pubmed/8733124
http://www.ncbi.nlm.nih.gov/pubmed/11853771
http://www.ncbi.nlm.nih.gov/pubmed/17591905
http://www.ncbi.nlm.nih.gov/pubmed/20019878
http://www.ncbi.nlm.nih.gov/pubmed/16506246
http://www.ncbi.nlm.nih.gov/pubmed/19684004


Mouse and Rat. PloS one. 2015; 10(6):e0128759. PMID: 26052939. Pubmed Central PMCID:
4460001. doi: 10.1371/journal.pone.0128759

27. Sharma A, Tovey JC, Ghosh A, Mohan RR. AAV serotype influences gene transfer in corneal stroma in
vivo. Experimental eye research. 2010 Sep; 91(3):440–8. PMID: 20599959. Pubmed Central PMCID:
2926174. doi: 10.1016/j.exer.2010.06.020

28. Hippert C, Ibanes S, Serratrice N, Court F, Malecaze F, Kremer EJ, et al. Corneal transduction by intra-
stromal injection of AAV vectors in vivo in the mouse and ex vivo in human explants. PloS one. 2012; 7
(4):e35318. PMID: 22523585. Pubmed Central PMCID: PMC3327666. Epub 2012/04/24. eng. doi: 10.
1371/journal.pone.0035318

29. Fuchsluger TA, Jurkunas U, Kazlauskas A, Dana R. [Viral vectors for gene delivery to corneal endothe-
lial cells]. Klinische Monatsblatter fur Augenheilkunde. 2011 Jun; 228(6):498–503. PMID: 21656431.
Virale Vektoren fur den Gentransfer in korneale Endothelzellen. doi: 10.1055/s-0031-1273399

30. Lai L, Lin K, Foulks G, Ma L, Xiao X, Chen K. Highly efficient ex vivo gene delivery into human corneal
endothelial cells by recombinant adeno-associated virus. Current eye research. 2005 Mar; 30(3):213–
9. PMID: 15804747.

31. Tsai ML, Chen SL, Chou PI, Wen LY, Tsai RJ, Tsao YP. Inducible adeno-associated virus vector-deliv-
ered transgene expression in corneal endothelium. Investigative ophthalmology & visual science. 2002
Mar; 43(3):751–7. PMID: 11867594.

32. McCarty DM. Self-complementary AAV vectors; advances and applications. Molecular therapy: the
journal of the American Society of Gene Therapy. 2008 Oct; 16(10):1648–56. PMID: 18682697.

33. Fisher KJ, Gao GP, Weitzman MD, DeMatteo R, Burda JF, Wilson JM. Transduction with recombinant
adeno-associated virus for gene therapy is limited by leading-strand synthesis. Journal of virology.
1996 Jan; 70(1):520–32. PMID: 8523565. Pubmed Central PMCID: 189840.

34. Ferrari FK, Samulski T, Shenk T, Samulski RJ. Second-strand synthesis is a rate-limiting step for effi-
cient transduction by recombinant adeno-associated virus vectors. Journal of virology. 1996 May; 70
(5):3227–34. PMID: 8627803. Pubmed Central PMCID: 190186.

35. McCarty DM, Monahan PE, Samulski RJ. Self-complementary recombinant adeno-associated virus
(scAAV) vectors promote efficient transduction independently of DNA synthesis. Gene therapy. 2001
Aug; 8(16):1248–54. PMID: 11509958.

36. Wang Z, Ma HI, Li J, Sun L, Zhang J, Xiao X. Rapid and highly efficient transduction by double-stranded
adeno-associated virus vectors in vitro and in vivo. Gene therapy. 2003 Dec; 10(26):2105–11. PMID:
14625564.

37. Fu H, Muenzer J, Samulski RJ, Breese G, Sifford J, Zeng X, et al. Self-complementary adeno-associ-
ated virus serotype 2 vector: global distribution and broad dispersion of AAV-mediated transgene
expression in mouse brain. Molecular therapy: the journal of the American Society of Gene Therapy.
2003 Dec; 8(6):911–7. PMID: 14664793.

38. Maina N, Han Z, Li X, Hu Z, Zhong L, Bischof D, et al. Recombinant self-complementary adeno-associ-
ated virus serotype vector-mediated hematopoietic stem cell transduction and lineage-restricted, long-
term transgene expression in a murine serial bone marrow transplantation model. Human gene ther-
apy. 2008 Apr; 19(4):376–83. PMID: 18370591. Epub 2008/03/29. eng. doi: 10.1089/hum.2007.143

39. Natkunarajah M, Trittibach P, McIntosh J, Duran Y, Barker SE, Smith AJ, et al. Assessment of ocular
transduction using single-stranded and self-complementary recombinant adeno-associated virus sero-
type 2/8. Gene therapy. 2008 Mar; 15(6):463–7. PMID: 18004402.

40. Chen KH, Azar D, Joyce NC. Transplantation of adult human corneal endothelium ex vivo: a morpho-
logic study. Cornea. 2001 Oct; 20(7):731–7. PMID: 11588426. Epub 2001/10/06. eng.

41. Zolotukhin S, Byrne BJ, Mason E, Zolotukhin I, Potter M, Chesnut K, et al. Recombinant adeno-associ-
ated virus purification using novel methods improves infectious titer and yield. Gene therapy. 1999 Jun;
6(6):973–85. PMID: 10455399.

42. Xiao X, Li J, Samulski RJ. Production of high-titer recombinant adeno-associated virus vectors in the
absence of helper adenovirus. Journal of virology. 1998 Mar; 72(3):2224–32. PMID: 9499080. Pubmed
Central PMCID: 109519.

43. Girod A, Ried M, Wobus C, LahmH, Leike K, Kleinschmidt J, et al. Genetic capsid modifications allow
efficient re-targeting of adeno-associated virus type 2. Nature medicine. 1999 Sep; 5(9):1052–6. PMID:
10470084.

44. Hudde T, Rayner SA, De Alwis M, Thrasher AJ, Smith J, Coffin RS, et al. Adeno-associated and herpes
simplex viruses as vectors for gene transfer to the corneal endothelium. Cornea. 2000 May; 19(3):369–
73. PMID: 10832701.

45. ArmitageWJ, Easty DL. Factors influencing the suitability of organ-cultured corneas for transplantation.
Investigative ophthalmology & visual science. 1997 Jan; 38(1):16–24. PMID: 9008626.

ScAAV Vectors Improve Gene Transfer to Corneal Endothelium

PLOSONE | DOI:10.1371/journal.pone.0152589 March 29, 2016 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/26052939
http://dx.doi.org/10.1371/journal.pone.0128759
http://www.ncbi.nlm.nih.gov/pubmed/20599959
http://dx.doi.org/10.1016/j.exer.2010.06.020
http://www.ncbi.nlm.nih.gov/pubmed/22523585
http://dx.doi.org/10.1371/journal.pone.0035318
http://dx.doi.org/10.1371/journal.pone.0035318
http://www.ncbi.nlm.nih.gov/pubmed/21656431
http://dx.doi.org/10.1055/s-0031-1273399
http://www.ncbi.nlm.nih.gov/pubmed/15804747
http://www.ncbi.nlm.nih.gov/pubmed/11867594
http://www.ncbi.nlm.nih.gov/pubmed/18682697
http://www.ncbi.nlm.nih.gov/pubmed/8523565
http://www.ncbi.nlm.nih.gov/pubmed/8627803
http://www.ncbi.nlm.nih.gov/pubmed/11509958
http://www.ncbi.nlm.nih.gov/pubmed/14625564
http://www.ncbi.nlm.nih.gov/pubmed/14664793
http://www.ncbi.nlm.nih.gov/pubmed/18370591
http://dx.doi.org/10.1089/hum.2007.143
http://www.ncbi.nlm.nih.gov/pubmed/18004402
http://www.ncbi.nlm.nih.gov/pubmed/11588426
http://www.ncbi.nlm.nih.gov/pubmed/10455399
http://www.ncbi.nlm.nih.gov/pubmed/9499080
http://www.ncbi.nlm.nih.gov/pubmed/10470084
http://www.ncbi.nlm.nih.gov/pubmed/10832701
http://www.ncbi.nlm.nih.gov/pubmed/9008626


46. McCarty DM, Fu H, Monahan PE, Toulson CE, Naik P, Samulski RJ. Adeno-associated virus terminal
repeat (TR) mutant generates self-complementary vectors to overcome the rate-limiting step to trans-
duction in vivo. Gene therapy. 2003 Dec; 10(26):2112–8. PMID: 14625565.

47. Nakai H, Storm TA, Kay MA. Recruitment of single-stranded recombinant adeno-associated virus vec-
tor genomes and intermolecular recombination are responsible for stable transduction of liver in vivo.
Journal of virology. 2000 Oct; 74(20):9451–63. PMID: 11000214. Pubmed Central PMCID:
PMC112374. Epub 2000/09/23. eng.

48. Hauck B, ZhaoW, High K, XiaoW. Intracellular viral processing, not single-stranded DNA accumula-
tion, is crucial for recombinant adeno-associated virus transduction. Journal of virology. 2004 Dec; 78
(24):13678–86. PMID: 15564477. Pubmed Central PMCID: 533901.

49. Ren C, Kumar S, Shaw DR, Ponnazhagan S. Genomic stability of self-complementary adeno-associ-
ated virus 2 during early stages of transduction in mouse muscle in vivo. Human gene therapy. 2005
Sep; 16(9):1047–57. PMID: 16149903. Epub 2005/09/10. eng.

50. Conlon TJ, Flotte TR. Recombinant adeno-associated virus vectors for gene therapy. Expert opinion on
biological therapy. 2004 Jul; 4(7):1093–101. PMID: 15268676. Epub 2004/07/23. eng.

51. Lai CM, Lai YK, Rakoczy PE. Adenovirus and adeno-associated virus vectors. DNA and cell biology.
2002 Dec; 21(12):895–913. PMID: 12573049.

52. Maguire AM, Simonelli F, Pierce EA, Pugh EN Jr., Mingozzi F, Bennicelli J, et al. Safety and efficacy of
gene transfer for Leber's congenital amaurosis. The New England journal of medicine. 2008 May 22;
358(21):2240–8. PMID: 18441370. Pubmed Central PMCID: 2829748. doi: 10.1056/NEJMoa0802315

53. Chung DC, Lee V, Maguire AM. Recent advances in ocular gene therapy. Current opinion in ophthal-
mology. 2009 Sep; 20(5):377–81. PMID: 19667988. doi: 10.1097/ICU.0b013e32832f802a

54. Joyce NC, Navon SE, Roy S, Zieske JD. Expression of cell cycle-associated proteins in human and
rabbit corneal endothelium in situ. Investigative ophthalmology & visual science. 1996 Jul; 37(8):1566–
75. PMID: 8675399.

55. Van Horn DL, Sendele DD, Seideman S, Buco PJ. Regenerative capacity of the corneal endothelium in
rabbit and cat. Investigative ophthalmology & visual science. 1977 Jul; 16(7):597–613. PMID: 873721.
Epub 1977/07/01. eng.

56. Raymond GM, Jumblatt MM, Bartels SP, Neufeld AH. Rabbit corneal endothelial cells in vitro: effects of
EGF. Investigative ophthalmology & visual science. 1986 Apr; 27(4):474–9. PMID: 3485611. Epub
1986/04/01. eng.

ScAAV Vectors Improve Gene Transfer to Corneal Endothelium

PLOSONE | DOI:10.1371/journal.pone.0152589 March 29, 2016 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/14625565
http://www.ncbi.nlm.nih.gov/pubmed/11000214
http://www.ncbi.nlm.nih.gov/pubmed/15564477
http://www.ncbi.nlm.nih.gov/pubmed/16149903
http://www.ncbi.nlm.nih.gov/pubmed/15268676
http://www.ncbi.nlm.nih.gov/pubmed/12573049
http://www.ncbi.nlm.nih.gov/pubmed/18441370
http://dx.doi.org/10.1056/NEJMoa0802315
http://www.ncbi.nlm.nih.gov/pubmed/19667988
http://dx.doi.org/10.1097/ICU.0b013e32832f802a
http://www.ncbi.nlm.nih.gov/pubmed/8675399
http://www.ncbi.nlm.nih.gov/pubmed/873721
http://www.ncbi.nlm.nih.gov/pubmed/3485611

