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Abstract

Retinal gene therapy with adeno-associated viral (AAV) vectors hold promises for treating
inherited and non-inherited diseases of the eye. Although clinical data suggest that retinal gene
therapy is safe and effective, delivery of large genes is hindered by the limited AAV cargo
capacity. Protein trans-splicing mediated by split-inteins is used by single cell organisms to
reconstitute proteins. Here we show that delivery of multiple AAV vectors each encoding one of
the fragments of target proteins flanked by short split-inteins results in protein trans-splicing and
full-length protein reconstitution in the retina of mice, pigs and in human retinal organoids. The
reconstitution of large therapeutic proteins using this approach improved the phenotype of two
mouse models of inherited retinal diseases. Our data support the use of split-inteins-mediated
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protein trans-splicing in combination with AAV subretinal delivery for gene therapy of inherited
blindness due to mutations in large genes.

Introduction

The first adeno-associated viral (AAV) vector-based gene therapy product for an inherited
form of blindness was approved in December 2017 (1). In addition, a number of other AAV-
based products are currently under clinical development for gene therapy of rare and
common forms of blindness (2). While it is now well established that AAV represents, to
date, the most efficient gene therapy vehicle for the retina (2, 3) its limited cargo capacity (2)
has hampered its use for conditions that require delivery of DNA sequences that exceed 5 kb
in size including not only the transgene but also the cis regulatory elements that are
necessary for its expression. We and others have shown that this limitation can be overcome
by using either dual (up to 9 kb) (4-6) or triple (up to 14 kb) (7) AAV vectors, each
containing fragments of the coding sequence (CDS) of the large transgene expression
cassette. Dual and triple AAV vectors exploit concatemerization and recombination of AAV
genomes to reconstitute the full-length genomes in cells co-infected by multiple AAV
vectors. However, the efficiency of transgene expression achieved with either dual or triple
AAV vectors in photoreceptors, which are the main therapeutic targets for most inherited
retinal diseases, is lower than that achieved with single AAV vectors (4, 7, 8). This might be
due to the various limiting steps required for efficient transduction including: proper DNA
concatemer formation, stability of the heterogeneous mRNA and splicing efficiency across
the junctions of the vectors.

Inteins are genetic elements, transcribed and translated within a host protein from which
they self-excise similarly to a protein intron, without leaving amino acid modifications in the
final protein product, in the absence of energy supply, exogenous host-specific proteases or
cofactors (9, 10). Intein activity is context-dependent, with certain peptide sequences
surrounding their ligation junction (called N- and C-exteins) that are required for efficient
trans-splicing to occur, of which the most important is an amino acid containing a thiol or
hydroxyl group (Cys, Ser or Thr) as first residue in the C-extein (11). Split-inteins are a
subset of inteins that are expressed as two separate polypeptides at the ends of two host
proteins, and catalyze their trans-splicing resulting in the generation of a single larger
polypeptide (12). Inteins, including split-inteins, are widely used in biotechnological
applications that include protein purification and labeling steps (12, 13), as well as the
reconstitution of the widely used Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 genome editing nuclease (14, 15).

In this study, we took advantage of the intrinsic ability of split-inteins to mediate protein
trans-splicing to reconstitute large full-length proteins following their fragmentation into
either two or three split-intein-flanked polypeptides whose sequences fit into single AAV
vectors. We tested the efficiency of AAV intein in the retina by delivering the enhanced
green fluorescent protein (EGFP) gene and the large ATP binding cassette subfamily A
member 4 (ABCA4) and centrosomal protein 290 (CEP290) genes, which are defective in
two common forms of severe inherited retinal diseases, Stargardt disease (STGD1) and
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Leber congenital amaurosis type 10 (LCAL10), respectively. We compared the efficiency of
transgene expression achieved with AAV intein to that of either single or dual AAV vectors
in vitro and in vivo and used mouse, pig retina and human retinal organoids. We also
investigated the efficacy of AAV intein in improving the retinal phenotypes in mouse models
of STGD1 and LCAL10.

AAV-EGFP intein reconstitute full-length protein in vitro

To test the efficiency of intein-mediated protein trans-splicing in the retina, we generated
two AAV vectors each encoding either the N- or the C-terminal half of the reporter EGFP
protein fused to the N- and C- terminal halves of the DnaE split-intein from Nostoc
punctiforme [ Npu (16, 17) Fig. 1A], respectively. Each AAV vector included appropriate
regulatory elements (promoter and a polyadenylation signal) and a triple flag tag (3xflag) to
allow detection of both halves as well as of the full-length reconstituted EGFP protein (Fig.
1A).

AAV-EGFPintein plasmids were used to transfect human embryonic kidney 293 (HEK293)
cells and evaluate the production of single N- and C-terminal halves as well as of the full-
length EGFP protein. EGFP fluorescence was detected only in cells transfected either with a
single AAV plasmid that encodes full-length EGFP or with the combination of AAV-EGFP
intein plasmids but not with the single N- and C-terminal AAV-EGFP intein plasmids (Fig.
S1). Trans-spliced EGFP protein of the expected size (~28 kDa) along with DnaE intein
(~17 kDa) spliced out from the mature protein were detected by Western blot (WB) analysis
of HEK?293 cell lysates following co-transfection only of both AAV-EGFP intein plasmids
(Fig. 1B). Quantification of EGFP bands’ intensity from AAV intein plasmids and from a
single AAV plasmid is shown in Fig. S2. To define the accuracy of protein reconstitution, we
immunopurified EGFP from HEK293 cells transfected with the AAV-EGFP intein plasmids
and performed Liquid Chromatography-Mass Spectrometry (LC-MS) analysis to define its
protein sequence. The 3532 peptides obtained from proteolytic digestion of this sample, 7 of
which included the splitting point (Table 1), covered the whole protein and confirmed that
the amino acidic sequence of EGFP reconstituted by AAV intein plasmids precisely
corresponds to that of wild-type EGFP.

AAV-EGFP intein are more efficient than dual AAV vectors in vitro

To confirm EGFP protein reconstitution from AAV intein vectors, we infected HEK293 cells
with either AAV2/2- EGFPintein or with single and dual AAV vectors that included the
same expression cassette under the control of the ubiquitous cytomegalovirus (CMV)
promoter [multiplicity of infection (m.o.i): 5x10"4 genome copies (GC)/cell of each vector,
which means a similar dose between the 3 systems assuming that dual vectors undergo
complete DNA or protein recombination]. Seventy-two hours after infection, cell lysates
were harvested and EGFP expression was evaluated by both WB (Fig. 1C) and enzyme-
linked immunosorbent assay (ELISA) to quantify precisely EGFP amounts, which were
found to be around half of those achieved with a single AAV and 8-times higher than those
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obtained with dual AAV vectors (Fig. S3). Additional quantification of the intensity of full-
length EGFP relative to that of excised intein is shown in Fig. S4.

Subretinal administration of AAV-EGFP intein vectors results in efficient full-length protein
reconstitution in both mouse and pig retina

To investigate whether AAV intein-mediated trans-splicing reconstitutes full-length protein
expression in the retina, we injected subretinally 4-week-old C57BL/6J mice with AAV2/8-
CMV-EGFPintein vectors (dose of each vector/eye: 5.8x10"9 GC). Eyes were harvested 1
month later and analyzed by microscopy analysis. EGFP fluorescence was detected in all
eyes in the retinal pigment epithelium and, most importantly, in photoreceptors (Fig. 1D and
S5). To compare transgene expression from AAV intein to that of single and dual AAV in
photoreceptors, we injected subretinally in 4-week-old C57BL/6J mice AAV2/8 vectors
(dose of each vector/eye: 5x1079 GC) that encode £GFP under the control of the
photoreceptor-specific human G protein-coupled receptor kinase 1 (GRK1) promoter. Eyes
were harvested 1 month post-injection and EGFP fluorescence from photoreceptor cells (as
the photoreceptor specific GRK1 was used to drive EGFP expression) was detected in eyes
injected with all set of vectors (Fig. 1E and S6). Precise quantification of EGFP protein
amounts by ELISA confirmed that AAV intein reconstituted EGFP protein less efficiently
than a single AAV and about 3-times more than dual AAV (Fig. S7). The relative amount of
full-length EGFP to excised intein following quantification of WB band intensities is shown
in Fig. S8.

We then evaluated the efficiency of AAV intein vectors at transducing photoreceptors in the
pig retina, which is an excellent pre-clinical model to evaluate viral vector transduction due
to its size and architecture (18). Thus, we injected subretinally Large White pigs with single,
intein and dual AAV2/8-GRK1-EGFP vectors (dose of each vector/eye: 2x10711 GC,
delivered through two adjacent subretinal blebs). Eyes were harvested 1 month post-
injection and EGFP protein reconstitution in the photoreceptor cell layer mediated by either
single, dual or AAV intein vectors, as assessed by EGFP spontaneous fluorescence, is shown
in Fig. 1F. Precise quantification of EGFP in retinal lysates confirmed that AAV intein
reconstitute the protein to quantities that are similar to those achieved with a single AAV and
about 3-times higher than those obtained with dual AAV vectors (Fig. S9). The relative
amount of full-length EGFP to excised intein following quantification of WB band
intensities is shown in Fig. S10.

Full-length EGFP is reconstituted by AAV-mediated protein trans-splicing in 3D human
retinal organoids

As an additional pre-clinical model representative of the human retina, we generated 3D
retinal organoids (19, 20) from human induced pluripotent stem cells (iPSCs). Six month-old
organoids (Fig. 2A and S11A) contained cells stained by mature photoreceptor markers (Fig.
2B and S11B) and transduced by AAV2 vectors with a photoreceptor-specific promoter (Fig.
2C and S11C). Light (Fig. 2D and S11B) and electron (Fig. 2E-F and S11E-F) microscopies
show the presence of buds of photoreceptor outer segments. Nine-month old 3D human
retinal organoids incubated for 30 days with AAV-GRK1-EGFPintein vectors (dose of each
vector/organoid: 1x10"12 GC) show EGFP fluorescence (Fig. 2G and S11G). The relative
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amount of full-length EGFP to excised intein following quantification of WB band
intensities is shown in Fig. S12.

Identification of optimal ABCA4 and CEP90 splitting points is required for efficient AAV
intein-mediated protein trans-splicing

To test whether protein trans-splicing can be developed as a mechanism to reconstitute large
therapeutic proteins, we developed AAV-ABCA4 and - CEP290 intein vectors.

ABCA4 and CEP290 were split into either two (AAV |, AAV II) or three (AAV |, AAV I,
AAV 111) fragments whose coding sequences were separately cloned in single AAV vectors,
fused to the coding sequences of the split-inteins N- and C-termini (Fig. S13). The AAV
intein vectors included either the ubiquitous short CMV (shCMV) or the GRK1 promoter.

Splitting points for each protein were selected taking into account both amino acid residue
requirements at the junction points for efficient protein trans-splicing (11, 21), as well as
preservation of the integrity of critical protein domains, which should favor proper folding
and stability of each independent polypeptide, and thus, of the final reconstituted protein.
Additional split-inteins were also considered. CEP290 sets in which the protein was split in
3 polypeptides (sets 4 and 5, Fig. S13B) were generated to allow the inclusion of the
Woodchuck hepatitis virus Post-transcriptional Regulatory Element [WPRE, (22)] to
increase transgene expression. To prevent unwanted trans-splicing between AAV | and AAV
I11 which could reduce the amount of full-length protein generated, sets 4 and 5 included
two different split-inteins at the two splitting junctions, specifically DnaB intein from
Rhodothermus marinus and either wild-type or a mutated DnaE intein which we show do not
result in detectable EGFP expression, thus do not cross-react (Fig. S14).

We compared the ability of each set of AAV intein plasmids to reconstitute ABCA4 and
CEP290 following transfection of HEK293 cells. WB analysis of cell lysates 72 hours post-
transfection showed that full-length ABCA4 and CEP290 proteins of the expected size (~
250 kDa and ~ 290 kDa, respectively) were reconstituted from each set of AAV intein
plasmids, although with variable efficiency (Fig. 3A-B). Sets 1 and 5 tended to be the most
efficient for ABCA4 and CEP290 protein reconstitution, respectively, and thus used in all
the subsequent experiments.

To define the accuracy of protein reconstitution we immunopurified ABCA4 from HEK293
cells transfected with set 1 and performed LC-MS analysis to define its protein sequence.
The 3108 peptides obtained from proteolytic digestion of this sample, 22 of which included
the splitting point (Table 2), covered the whole protein and confirmed that the amino acidic
sequence of ABCAA4 reconstituted by AAV intein plasmids precisely corresponds to that of
wild-type ABCA4 (Fig. S15).

We then assessed the intracellular localization of the protein products of the different intein
containing plasmids comparing them to the localization of the full-length protein. Full-
length ABCA4 is known to localize at the endoplasmic reticulum (ER) when expressed in
cultured cell lines (23, 24). We found that the two ABCA4 polypeptides from set 1 show ER
co-localization which is slightly lower for the polypeptide from AAV1. Low localization at
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the Trans-Golgi network was found for all products, in particular for the polypeptide from
AAV1 (Fig. 4A). A similar localization was observed in cells co-transfected with both AAV
intein plasmids, as well as in cells transfected with a plasmid encoding for the full-length
ABCAA4 protein, thus confirming the predominant localization in the ER of ABCA4
exogenously expressed in cell lines (23, 24).

As for CEP290, it has been reported that the full-length protein shows a mixed distribution
pattern with a predominant punctate and a minor fibrillar pattern (25). The dissection of the
domains responsible for the subcellular targeting of CEP290 (25) showed that N-terminal
domain (a.a. 1-362) targets the protein to vesicular structures thanks to its ability to interact
with membranes, while a region near the C-terminus of CEP290, encompassing much of the
protein’s myosin-tail homology domain, mediates microtubule binding (a.a. 580-2479) and
when expressed as truncated form has a prominent fibrillar distribution coincident with
acetylated tubulin (Ac-Tub) (25). Consistent with this, products from AAV | and Il have a
predominant punctate pattern while products from AAV Il (encompassing protein’s
myosintail homology domain) show a predominant fibrillar pattern and is the one that
mostly colocalizes with Ac-tub (Fig. 4B). Thus, the patterns shown by products from AAV |
+11, AAV I+I11 and AAV 1I+I11 are a combination of those shown by the single AAV intein
plasmids (Fig. 4B). Cells co-transfected with the three AAV-CEP290 intein plasmids or with
the plasmid encoding for the full-length CEP290 protein showed a predominant punctate
signal partially aligned along microtubules (Fig. 4B and Fig. S16).

We then compared the amount of protein obtained with the best set of AAV-ABCA4 and -
CEPZ290 intein plasmids to those obtained from a single AAV plasmid encoding for the
corresponding full-length protein. To this aim, HEK293 cells were transfected with same
equimolar amounts of either the single or the AAV intein plasmids and 72 hours after
transfection cell lysates were analyzed by WB (Fig. S17).

AAV intein vectors mediate expression of large therapeutic proteins in vitro and in the

retina

We compared the efficiency of AAV intein-mediated large protein reconstitution to that of
dual AAV vectors both in vitro and in the mouse and pig retina. HEK293 cells were infected
with either AAV2/2 dual or intein vectors encoding for either ABCA4 or CEP290 (m.o0.i: 5X
1074 GClcell of each vector) and cell lysates were analyzed 72 hours later by WB. As
shown in Figure 5A, the intensity of the AAV intein ABCAA4 band is higher than that of dual
AAV vectors despite the amount of protein lysate loaded was 10-fold lower to avoid
saturation. Similarly, as shown in Figure 5B, CEP290 expression is detected only in cells
infected with AAV intein but not with dual AAV vectors. As expected, in addition to full-
length proteins, shorter polypeptides derived from either the single AAV intein vectors (in
the case of both ABCA4 and CEP290) or from trans-splicing occurring between AAV 1l and
AAV I (in the case of CEP290) were observed (Fig. 5A and 5B).

We then injected subretinally 4-week-old wild-type mice with AAV-GRK1-ABCA4 or -
CEP290intein vsdual vectors (dose of each ABCA4 vector/eye: 3.3x10"9 GC, dose of each
CEP290vector/eye: 1.1x1079 GC). Animals were sacrificed 4-7 weeks post-injection, and
protein expression in retinal lysates was evaluated by WB. Full-length proteins were
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detected in 10/11 of AAV-ABCA4 intein-injected eyes (Fig. 6A and S18) and in 5/10 of
AAV-CEP290intein-injected eyes (Fig. 6B and S19). Conversely, full-length protein
expression was evident in 5/9 and in 0/5 eyes injected with ABCA4and CEP290 dual AAV
vectors, respectively. In addition, we detected polypeptides derived from the single AAV
intein vectors (in the case of both ABCA4 and CEP290) and from trans-splicing occurring
between AAV Il and AAV Il11 (in the case of CEP290) (Fig. 6A and 6B), as previously
observed in vitro.

To investigate the efficiency of protein reconstitution mediated by AAV intein relative to
endogenous, we injected subretinally 1-4 month-old Abca4”- mice with AAV-GRK1-
ABCA4 intein vectors (dose of each ABCA4 vector/eye: 5.5x10"9 GC). One month later,
ABCAA4 expression in retinal lysates from unaffected and AAV intein-injected Abca4” mice
was analyzed by WB using an antibody which recognizes both murine and human ABCA4.
The quantification of AAV intein ABCA4 expression versus endogenous is shown in Fig.
S20.

To confirm efficient large protein reconstitution in the clinically-relevant pig retina, we
injected subretinally Large White pigs with either AAV2/8-GRK1-ABCA4 intein or dual
vectors (dose of each vector/eye: 2x10711 GC, delivered through two adjacent subretinal
blebs) and 1 month post-injection analyzed protein expression by WB. We found that AAV
intein reconstitute full-length ABCAA4 protein more efficiently than dual AAV vectors (Fig.
6C).

Lastly, we infected human retinal organoids from iPSCs of either healthy individuals or
patients with STGD1 at 121 days of culture [when photoreceptor maturation starts (20)] with
AAV2/2-GRK1-ABCA4 intein vectors (dose of each vector/organoid: 1x10"12 GC).
Organoids were lysed between 20 and 40 days after infection and analyzed by WB. ABCA4
of the expected size was detected in all infected organoids (Fig. 6D and Fig. S21; n=3 and
n=4 from normal control and STGD1 organoids, respectively).

Subretinal administration of AAV intein vectors improves the retinal phenotype of STGD1
and LCA10 mouse models

To determine whether the photoreceptors transduction obtained with AAV intein vectors
could be therapeutically-relevant, we tested them in the retina of STGD1 and LCA10 mouse
models (Abca4™'~ and rd16 mice).

One month-old Abca4~'~ mice were injected subretinally with AAV2/8-GRK1-ABCA4
intein vectors (dose of each vector/eye: 4.3-4.8x1079 GC). Three months later we harvested
the eyes and performed transmission electron microscopy analysis of retinal ultrathin
sections to measure the amounts of lipofuscin, which accumulates in the retinal pigmented
epithelium (RPE) of Abca4™~ mice (26, 27).

We found that RPE lipofuscin accumulation was significantly reduced in the Abca4™'~ eyes
injected with AAV intein vectors but not in negative control injected eyes (p value = 0.0163;
Fig. 7A and Fig. S22). Naive uninjected Abca4”- mice were not included as we have shown
that subretinal injections per se induce lipofuscin granules (28), therefore the appropriate
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controls for the effect of ABCA4 gene delivery on lipofuscin reduction are sham-injected
Abca4” mice. In parallel, 4-6 day-old rdZ6 mice were injected subretinally with AAV2/8-
GRK1-CEP290intein vectors (dose of each vector/eye: 5.5x10"8 GC). Microscopy analysis
of retinal sections 1 month after injection showed that the thickness of the outer nuclear
layer (ONL), which includes photoreceptors nuclei, was significantly reduced in rdZ6 mice
compared to wild-type mice (p value = 0.00750; Fig. 7B), as result of progressive retinal
degeneration (25). We found that the ONL thickness in the rdZ6 retinas injected with AAV
intein vectors was significantly higher (about 60%, p value = 0.00562) than that of negative
control injected rdZ6retinas (Fig. 7B). Accordingly, retinal function tests based on pupillary
light responses (PLR) showed a significant higher pupil constriction (about 20%, p value =
0.0005939) in rd16 mice injected with AAV intein vectors than in negative controlinjected
rdl6eyes (Fig. 7C).

We additionally investigated the safety of AAV intein vectors in the retina. To this aim, we
injected subretinally wild-type C57BL/6J mice with either AAV2/8-GRK1-ABCA4 or -
CEPZ290intein vectors (dose of each ABCA4 vector/eye: 4.3x10"9 GC; dose of each
CEP290vector/eye: 1.1x10"9 GC) and measured retinal electrical activity by Ganzfeld
electroretinogram (ERG) at 6 and 4.5 months post-injection, respectively. In both studies a-
and b-wave amplitudes were similar between mouse eyes that were injected with AAV intein
vectors and eyes injected with negative controls (Fig. S23). In addition, the thickness of the
ONL measured by optical coherence tomography was similar between AAV intein- and
negative control- injected eyes (Fig. S24).

Discussion

Great efforts have been directed to overcome the challenge of delivering large genes with
AAV vectors. One of the systems with potential for clinical translation relies on the use of
multiple AAV vectors (dual or triple) each carrying one part of a large transgene expression
cassette that gets reconstituted upon co-infection by the multiple AAV and their genome tail-
to-head concatemerization/recombination (29). The retina, being small and enclosed, favors
co-infection by multiple AAV vectors and indeed dual and triple AAV have been
successfully used to expand AAV transfer capacity in the retina (4, 7, 30, 31). Yet,
transduction efficiency of multiple AAV is lower than that of single AAV (4, 7, 8) and may
not be sufficient for specific applications (7). Here, we have investigated the reconstitution
of large proteins in the retina via intein-mediated protein trans-splicing, a method widely
used to purify/modify recombinant proteins (9, 10, 12).

In the context of gene therapy, intein-mediated protein trans-splicing has been used to
reconstitute large therapeutic proteins like Factor VIII in liver (32, 33), dystrophin in muscle
(34) or the L-type calcium channel in cardiomyocytes (35), however with limited efficacy.
Here we show that inteins reconstitute large proteins in the retina of small and large animal
models and in human retinal organoids, and this improves the retinal phenotype of animal
models of STGD1 and LCAZ10. This may be well favored by the small subretinal space, as it
does with dual AAV vectors.
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These amounts largely exceeds those achieved via AAV genome recombination by dual
AAV vectors, the gold standard for large protein reconstitution, both in vitro and in pig
photoreceptors. In the large pig retina, we found that the amounts of the reconstituted EGFP
protein were comparable to those achieved by single AAV vectors. This is similar to what
observed with dual AAV where the efficiency of multiple AAV transduction is higher in the
pig than in the mouse retina (4, 7), and bodes well for future translation of this approach to
the clinic. We show that AAV intein-mediated protein trans-splicing occurs in
photoreceptors across species up to human from iPSCs-derived retinal organoids.

One of the limitations we noted when applying trans-splicing to large proteins was that
construct design needs to take into account: i. preservation at the junction points of amino
acid residues needed for efficient protein trans-splicing; ii. splitting of the proteins outside of
structural domains to avoid incorrect polypeptide folding. Indeed, we generated several sets
of AAV intein constructs both for ABCA4 and CEP290, and found that their efficiency
varied in terms of amount of protein reconstitution. In some cases, one of the two protein
halves was less stable than the other which presumably impacted the quantity of full-length
protein produced. Also, in one case (when using AAV-ABCA4 intein set 3) we found a band
higher than full-length, indicating a larger product, which could be the result of incomplete
transsplicing. According to our experience, construct design is more critical for AAV intein
than for dual AAV where the use of exogenous recombinogenic sequences as well as
splicing signals allows to split a large coding sequence independently of the native protein
structure and organization.

Additionally, when using intein-mediated protein trans-splicing each polypeptide is
expressed from an independent expression cassette that needs to carry the required
transcriptional elements which will be included in each of the AAV intein vectors. This is
different from dual AAV where the single large expression cassette is split into two halves
with the promoter element present only in the 5 vector and the polyA signal in the 3’ vector.
Therefore, when using AAV intein vectors one limitation is that part of the cloning capacity
will be taken up by regulatory elements that need to be replicated within each vector. This
might be limiting in terms of size constraint, thus to accommodate in two AAV intein
vectors the coding sequence of large proteins, as CEP290, short regulatory elements are
required. However, these shorter elements are often weak in terms of transcriptional activity.
Indeed, here we show that splitting CEP290 into three polypeptides rather than two allows to
accommodate into each AAV vector larger or more potent regulatory elements (a full-length
CMV promoter or WPRE) and this leads to more efficient full-length protein expression
than that obtained with two AAV intein vectors with weaker regulatory elements, despite the
need to achieve co-infection of the same cell by three vectors. Pivotal to the development of
triple AAV intein vectors has been the use of different inteins, DnaE and DnaB, which do
not cross-react thus preventing improper transsplicing between the polypeptides produced by
AAV | and AAV III.

Despite this extensive optimization, the amounts of therapeutic large proteins we achieved
by intein-mediated trans-splicing tend to be lower than those achieved for EGFP compared
to a full-length expression cassette, suggesting that large therapeutic proteins appear to be
more challenging to reconstitute than the small and stable EGFP. Yet, the amount of AAV
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intein ABCA4 in whole retinal lysates was about 10% of the endogenous protein. This
expression is the result of only 1/3 of the retina exposed to AAV.

For efficient trans-splicing to occur the different polypeptide fragments should reside in the
same subcellular compartment. This might be particularly critical for trans-membrane
proteins like ABCA4 in which the two halves might be targeted to different compartments.
Our immunofluorescence analysis shows that both the N- and C-terminal halves of ABCA4
localize to the endoplasmic reticulum in vitro, suggesting that trans-splicing might occur
early after translation, thus assuring proper further targeting of the full-length protein. Proper
protein assembly is also confirmed by protein sequencing of trans-spliced ABCA4, as well
as by the presence of the correctly excised split-intein after trans-splicing. Importantly, the
improvement in the retinal phenotype of the two STGD1 and LCA10 animal models of
inherited retinal diseases following subretinal injection of the AAV intein vectors strongly
suggests that the reconstituted proteins have been properly processed and were functional.

An additional limitation of the AAV intein platform is the presence of both intein excised
from the mature protein and truncated protein products that derive from either non trans-
spliced polypeptides or trans-splicing occurring only between two of three polypeptides (for
CEP290 protein). Although these additional protein products are in some instances more
abundant than the full-length proteins, they do not appear to be toxic. Strategies aiming at
maximizing the equimolar amount of single polypeptides in target cells (for instance by
modulating their doses based on their different stability, for example by increasing the dose
of the AAV intein vector expressing the less stable polypeptide) could result in optimal
trans-splicing and could lower the quantity of the more stable single polypeptide.

Similarly, excised inteins are produced upon trans-splicing. A method to reduce them can be
envisaged which is based on the inclusion between the two split inteins of a sequence which
mediates their selective degradation after splicing, as we have previously successfully done
with dual AAV vectors (28). Anyhow, our in vivo electrophysiological and morphological
analysis show no signs of toxicity up to 4.5-6 months post-injection in eyes injected with
either AAV-CEP290 or -ABCA4 intein vectors, respectively, although definitive assessment
of the safety of AAV intein will require formal long-term toxicity studies.

In conclusion, we have shown that AAV intein-mediated protein trans-splicing reconstitutes
large proteins both in vitro and in the retina of mouse, pig and in human retinal organoids.
Whereas some proteins can be efficiently reconstituted with two AAV intein vectors, others
that are larger and require the use of large robust regulatory elements require three AAV
intein vectors. Thus, careful design and optimization of the AAV intein constructs are
required to achieve efficient protein trans-splicing. Importantly, subretinal administration of
AAV intein vectors resulted in improvement of the retinal phenotype of STGD1 and LCA10
mouse models, thus providing evidence of the therapeutic potential of AAV intein vectors
for gene therapy of these and other blinding diseases due to mutations in large genes.
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Materials and Methods

Study Design

This study was designed to define the efficiency of AAV intein-mediated protein trans-
splicing in reconstituting large proteins in the retina. This was defined by comparing the
efficiency of protein expression achieved via protein trans-splicing to that achieved using
reference platforms (normal size and dual AAV vectors) and by evaluating the impact of
subretinal delivery of AAV intein on the retinal phenotype of animal models of inherited
retinal diseases. In all in vivo studies right and left eyes were randomly assigned to each
treatment group. Additionally, in the studies in the disease models, female and male mice
were considered equivalent and randomly assigned to treatment groups. Littermate controls
were used when available. Protein expression in the in vitro and in vivo studies was
quantified objectively using ImageJ software (for Western blot analysis) or
spectrophotometer to measure the optical density at 450 nm (for ELISA analysis), without
blinding. The experimenters in the efficacy and toxicity studies were blind to both genotype
and treatment of the animals. Sample sizes were determined on the basis of previous
experience and technical feasibility, at least three biological replicates in culture experiments
or five animals per group were used in all the experiments, as indicated in the Results
section and figure legends.

Statistical analysis

Data are presented as mean (zs.e.) which has been calculated using the number of
independent in vitro experiments or eyes (not replicate measurements of the same sample).
Statistical p values < 0.05 were considered significant. The normality assumption was
verified using Shapiro-Wilk test. Data were analysed by either Student’s t -test or one-way
ANOVA. Kruskal-Wallis rank sum test (non-parametric test) was used when ANOVA
assumptions were not met. Pairwise comparisons between group levels with corrections for
multiple testing were performed to determine if the mean difference between specific pairs
of groups are statistically significant.

In experiments where internal reference samples were used to normalize data across
different replicates, their expression was set to either 100% or 1, as indicated in each graph.
To show the internal variability of these internal reference samples, we calculated their
expression as percentage relative to selected samples, as described below: Fig. S2 pEGFP vs
pAAVI+II: 138,7 + 17,4; Fig. S4 EGFP vs Dnak: 5,01 + 0,14; Fig. S8 EGFP vs DnaE: 0,38
+0,13; Fig. S10 EGFP vs DnaE: 0,60 + 0,19; Fig. S12 EGFP vs DnaE: 6,2 + 0,35; Fig. 3A
Setl vs Set2: 274,2 + 46,5; Fig. 3B Set5 vs Setl: 529,4 + 69,4; Fig. S17A pABCA4 vs Setl:
213,9 £51,5; Fig. S17B pCEP290 vs Set5: 238,6 + 38,2.

Original data including specific statistical values are provided in the Auxiliary
Quantification File.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Adeno-associated viral vectors reconstitute large proteins in the retina via intein-
mediated protein trans-splicing.
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Fig. 1. AAV intein reconstitute EGFP both in vitro and in mouse and pig retina at levels that are
higher than dual AAV and up to those achieved with a single AAV.

(A) Schematic representation of AAV intein-mediated protein trans-splicing. ITR: AAV2
inverted terminal repeats; CDS: coding sequence;m: 3xflag tag; PolyA: polyadenylation
signal.

(B) Western blot (WB) analysis of lysates from HEK?293 transfected with either full-length
or AAV intein CMV-EGFP plasmids. pEGFP: full-length EGFP plasmid; pAAV I+11: AAV-
EGFP 1+l intein plasmids; pAAV I: single AAV-EGFP | intein plasmid; pAAV Il: single
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AAV-EGFP I intein plasmid; Neg: untransfected cells. The arrows indicate both the full-
length EGFP protein (EGFP), the N- and C-terminal halves of the EGFP protein (B and A,
respectively), and the reconstituted intein excised from the full-length EGFP protein (C).
The WB is representative of N=3 independent experiments.

(C) WB analysis of lysates from HEK?293 infected with either single, intein or dual AAV2/2-
CMV-EGFP vectors. The WB is representative of N=5 independent experiments.

(D) Retinal cryosection from C57BL/6J mice injected subretinally with AAV2/8-CMV-
EGFPintein vectors. Scale bar: 50 pm. RPE: retinal pigment epithelium; OS: outer
segments; ONL.: outer nuclear layer. The image is representative of n=>5 eyes.

(E-F) Retinal cryosections from either C57BL/6J mice (E) or Large White pigs (F) injected
subretinally with either single, intein or dual AAV2/8-GRK1-EGFP vectors. Scale bar: 50
pum (E); 200 pm (F). OS: outer segment; ONL: outer nuclear layer.
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Fig. 2. Characterization and AAV intein-mediated transduction of human iPSCs-derived 3D

retinal organoids

(A) Light microscopy analysis of retinal organoids at 183 days of culture.
(B) Immunofluorescence analysis with antibodies directed to mature photoreceptor markers.

Scale bar: 100 um.

(C) Fluorescence analysis of retinal organoids infected with both AAV2/2-CMV-EGFP and
AAV2/2-IRBP-DsRed vectors. Scale bar: 100 pm.
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(D) Outer segment-like structures were observed which protrude from the surface of retinal
organoids at 230 days of culture. The inset shows the presence of outer segment (OS)-like
structures with radial architecture. NR: neural retina; RPE: retinal pigment epithelium.

(E) Scanning electron microscopy analysis reveals the presence of inner segments (1S),
connecting cilia (CC) and outer segment (OS)-like structures. Scale bar: 4 um.

(F) Electron microscopy analysis reveals the presence of the outer limiting membrane (*),
centriole (C), basal bodies (BB), connecting cilia (CC) and sketches of outer segments (OS).
The inset shows the presence of disorganized membranous discs in the OS. Scale bar: 500
nm. D: days of culture.

(G) Fluorescence analysis of retinal organoids infected with AAV2/2-GRK1- EGFP-intein
vectors at 293 days of culture. Scale bar: 100 um. The image is representative of n=4
organoids.
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Fig. 3. Optimization of AAV intein allows proper reconstitution of the large ABCA4 and CEP290

proteins.

Western blot (WB) analysis of lysates from HEK293 transfected with different sets of either
AAV-shCMV-ABCA4 or -CEP290 intein plasmids. A schematic representation of the
various sets used is depicted in Fig. S13. The WB are representative of N=3 independent

experiments.

(A) Kruskal-Wallis test p value was not significant, thus no post hoc comparison was
performed to evaluate statistical differences between groups. (B) Significant differences
were assessed using One-way ANOVA followed by Tukey multiple pairwise-comparison. *
p <0.05; ** p <0.01; *** p <0.001. Details on set 1 (A) and set 5 (B) variability can be
found in the Statistical analysis paragraphs of the Materials and methods section.
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Fig. 4. ABCA4 and CEP290 proteins from AAV intein vectors have a distribution pattern similar

to those from full-length plasmids.

Representative images of immunofluorescence analysis of HeLa cells transfected with either
AAV-sShCMV-ABCA4 (A) or -CEP290 (B) intein plasmids. pABCA4 (A) or pCEP290 (B):
plasmid including the full-length expression cassette; pAAV intein: AAV-intein plasmids
(either set 1 in A or set 5 in B); I+11+111: AAV I+11+111 intein plasmids; I+11: AAV I+11 intein
plasmids; 1+111: AAV I+111 intein plasmids; 1+111: AAV I1+111 intein plasmids; I: single
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AAV | intein plasmid; I1: single AAV Il intein plasmid; I11: single AAV Il intein plasmid;
Neg: untransfected cells.

Cells were stained for 3xFLAG and either VAP-B (endoplasmic reticulum marker) and
TGN46 (Trans-Golgi network marker) in A, or acetylated tubulin (marker of microtubules)
in B. White arrows point at cells shown at higher magnification in Fig. S16.

Quantification of both ABCAA4 co-localization with VAP-B and TGN46 markers (A) and
cells showing the various CEP290 polypeptides patterns (B) are shown in the graphs. At
least 150 cells for each condition were counted in N=3 independent experiments. (A)
Significant differences between groups were assessed using Kruskal-Wallis test followed by
pairwise comparisons using Wilcoxon rank sum test. ** p <0.01; *** p <0.001. Asterisks
above pAAV intein | column in the upper graph indicate significant differences with both
pABCA4, I+l and II. (B) Significant differences between patterns of each column were
assessed using binomial distribution. # indicates the predominant pattern for each CEP290
polypeptide (p<< 0,00001).
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Fig. 5. ABCA4 and CEP290 large protein reconstitution by AAV intein and dual AAV vectors.
Western blot (WB) analysis of lysates from HEK293 cells infected with either dual or intein

AAV2/2-shCMV-ABCA4 (A) or -CEP290 (B) vectors.

AAV intein: AAV-ABCA4 (set 1, A) or -CEP290 (set 5, B) intein vectors; I+11+111: AAV |
+11 +111 intein vectors; 1+11: AAV I+11 intein vectors; [+I11: AAV I+l111 intein vectors; H1+111:
AAV lI+111 intein vectors; I: single AAV | intein vector; I1: single AAV Il intein vector; I11:
single AAV 111 intein vector; dual AAV: dual AAV vectors; Neg: either AAV-EGFP vectors
or PBS.
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(A) The arrows indicate the full-length ABCA4 protein and A: protein product derived from
AAV I; B: protein product derived from AAV II. * protein product with a potentially
different post-translational modification.

(B) The arrows indicate the full-length CEP290 protein and A: protein product derived from
AAV I1+111; B: protein product derived from AAV I+I1; C: protein product derived from
AAV lI; D: protein product derived from AAV IlI; E: protein product derived from AAV I.
The WB are representative of N=3 independent experiments.
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Fig. 6. AAV intein reconstitute large proteins in mouse, pig and human photoreceptors.
(A-C) Western blot (WB) analysis of retinal lysates from either wild-type mice (A, B) or

Large White pigs (C) injected with either dual or intein AAV2/8-GRK1-ABCA4 (A, C) or -

CEP290

(B) vectors. AAV intein: AAV intein vectors; Dual AAV: dual AAV vectors; Neg: either
AAV-EGFPvectors or PBS. Quantification of ABCA4 expression in Large White pigs
injected with either dual (n=3) or intein (n=2) AAV2/8-GRK1-ABCA4is included in (C).
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Significant differences between groups were assessed using unpaired Student’s t-test. ** p
<0.01.

(D) WB analysis of lysates from human iPSCs-derived 3D retinal organoids infected with
AAV2/2-GRK1-ABCA4 intein vectors. AAV intein: AAV-ABCA4 intein vectors; Neg: not
infected organoids; 7~ organoids derived from STGD1 patients.

(A, C, D) The arrows indicate the full-length ABCA4 protein (ABCA4) and A: protein
product derived from AAV I; B: protein product derived from AAV Il. * protein product with
a potentially different post translational modification.

(B) The arrows indicate both the full-length CEP290 protein (CEP290); A: protein product
derived from AAV lI+111 and D: protein product derived from AAV IlI.

The WB are representative of: n=10 AAV intein- and 9 dual AAV-injected eyes (A); n=10
AAV intein- and 5 dual AAV-injected eyes (B); n=7 AAV intein-infected organoids (D).
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Fig. 7. Subretinal administration of AAV intein improves the retinal phenotype of mouse models
of inherited retinal degenerations.

(A) Quantification of the mean area occupied by lipofuscin in the RPE of Abca4”~ mice
treated with AAV intein. Each dot represents the mean value measured for each eye. The
mean value of the lipofuscin area for each group is indicated in the graph. +/+or +/- control
injected Abca4*’* or 7~ eyes (PBS); -/-: negative control-injected Abca4” eyes (AAV |
ABCA4 or AAV 1| ABCA4 or PBS); -/- AAV intein: Abca4”" eyes injected with AAV intein
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vectors. Significant differences between groups were assessed using one-way ANOVA
followed by Tukey multiple pairwise-comparison. * p <0.05; *** p <0.001.

(B) Representative images of retinal sections from wild-type uninjected and rdZ6 mice either
not injected or injected subretinally with AAV2/8-GRK1- CEP290 intein vectors (AAV
intein) or with negative controls (Neg: AAV I+11 or AAV II+111 or PBS). Scale bar: 25 pm.
The thickness of the ONL measured in each image is indicated by the vertical black line.
RPE: retinal pigment epithelium; ONL: outer nuclear layer; INL: inner nuclear layer; GCL:
ganglion cell layer. Significant differences between groups were assessed using Kruskal-
Wallis test followed by pairwise comparisons using Wilcoxon rank sum test. ** p <0.01; ***
p <0.001.

(C) Representative images of eyes from wild-type uninjected and rdZ6 mice either not
injected or injected subretinally with AAV2/8-GRK1-CEP290 intein vectors (AAV intein) or
with negative controls (Neg: AAV I+11 or AAV I1+I111 or PBS). White circles define pupils.
Significant differences between groups were assessed using one-way ANOVA followed by
Tukey multiple pairwise-comparison. *** p <0.001.

The complete set of p values can be found in the Auxiliary Quantification File.
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Table 1
Peptides which include the EGFP splitting point.

Peptide sequence Length

GVQCFSR 7

LPVPWPTLVTTLTYGVQCFSRY 22

PTLVTTLTYGVQCFSR 16
TYGVQCFSR 9
YGVQCFSR 8
VQCFSR 6
QCFSR 5

N.B. : C: Cystein 71
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Table 2
Peptides which include the ABCAA4 splitting point.

Peptide sequence Length
KNCFGT 6
KNCFGTGL (x3) 8
KNCFGTGLY (x2) 9
FLKNCFGTGL 10
KNCFGTGLYLT 11
KNCFGTGLYLTL 12
LYCSGTPLFLKNC 13
YCSGTPLFLKNCF 13
KNCFGTGLYLTLVR (x7) 14
KNCFGTGLYLTLVRKM 16
IAITAQGRLYCSGTPLFLKNCFGTGLYLT 29
QGRLYCSGTPLFLKNCFGTGLYLTLVRKMKNIQSQR 36
GTPLFLKNCFGTGLYLTLVRKMKNIQSQRKGSEGTCSCSS 40

N.B. : C: Cystein 1150
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