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Recombinant adeno-associated virus (rAAV) vectors are currently the only proven vehicles for treating ophthalmological diseases
through gene therapy. A wide range of gene therapy programs that target ocular diseases are currently being pursued. Nearly 20
years of research have gone into enhancing the efficacy of targeting retinal tissues and improving transgene delivery to specific cell
types. The engineered AAV capsid, AAV2.7m8 is currently among the best capsids for transducing the retina following intravitreal
(IVT) injection. However, adverse effects, including intraocular inflammation, have been reported following retinal administration of
AAV2.7m8 vectors in clinical trials. Furthermore, we have consistently observed that AAV2.7m8 exhibits low packaging titers
irrespective of the vector construct design. In this report, we found that AAV2.7m8 packages vector genomes with a higher degree
of heterogeneity than AAV2. We also found that genome-loaded AAV2.7m8 stimulated the infiltration of microglia in mouse retinas
following IVT administration, while the response to genome-loaded AAV2 and empty AAV2.7m8 capsids produced much milder
responses. This finding suggests that IVT administration of AAV2.7m8 vectors may stimulate retinal immune responses in part
because of its penchant to package and deliver non-unit length genomes.
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INTRODUCTION

Adeno-associated viruses (AAVs) are small, single-stranded (ss)
DNA viruses belonging to the Parvoviridae family. Recombinant (r)
AAV vectors, which are removed of all viral genes are considered
to be non-pathogenic. Moreover, compared to other viral vectors,
rAAVs have low immunologic profiles [1]. These features have
made rAAVs the most widely used vehicles in the gene therapy
field, especially for treating ocular disease [2, 3]. rAAVs have
demonstrated efficacy in clinical trials for inherited retinal
dystrophies, including Leber's congenital amaurosis (LCA), chor-
oideremia, and X-linked retinitis pigmentosa [4-6]. There is
currently one FDA-approved gene therapy for LCA (Luxterna)
[7, 8. Despite the recent successes in the gene therapy field using
rAAVs to target the liver, CNS, and striated muscle, some barriers
still remain that hinder a wider application for eye gene therapy.
Namely, rAAV administration via intraocular injection has been
shown to trigger vasculitis or uveitis [9], limiting therapeutic
efficacies for vectors and risking complications for patients [10].
Thus, a better understanding of rAAV-triggered immune
responses is critical for improving safety and visual outcomes
following retinal gene therapy.

Intravitreal (IVT) injections are among the most common ocular
procedures used in the clinic and are routinely performed for anti-
vascular endothelial growth factor (VEGF) therapies [1, 11-14].
However, IVT injections of rAAV have been reported to trigger
inflammatory responses and can lead to the systemic biodistribu-
tion of vectors to lymph nodes [15]. This dissemination can, in
turn, trigger neutralizing antibody responses towards the

transgene. Moreover, there are several reports attributing immune
responses to elements related to vector manufacturing, adminis-
tration doses, certain vector capsids, and/or the promoters that
control gene expression [15]. Other clinical factors, such as the
patient’s surgical history, age, pigmentation, an overactive
immune system, human leukocyte antigen type, and the presence
of neutralizing antibodies can also be drivers of gene therapy-
related adverse effects [1, 16]. The current understanding in the
ocular gene therapy field is that the AAV capsid is the most
important factor in eliciting immune responses. For instance,
cytokine factors increase in the mouse retina after IVT delivery of
AAV5 and AAVS8 capsids [9].

The most commonly used capsids for ocular gene therapy are
AAV2, AAV2.7m8, and AAV8 [17]. AAV2.7m8 is an engineered
capsid that carries an insertion of ten amino acids at each of the
three-fold spikes of AAV2 [18] and was discovered by a “7-mer”
library screen to identify capsids that can transduce mouse
photoreceptor cells. It should be noted that the first three amino
acids serve as a linker to permit the structural integrity of the
7-mer insert. The 7m8-defining residues (LALGETTRPA) are
inserted at amino acid position 588 of the AAV2 VP1 capsid
sequence, a location that is at the outermost protruding region on
the capsid surface. The insertion also disrupts the basic arginine
residues in hypervariable region VIl that are implicated in AAV2's
binding to its primary receptor, heparan sulfate proteoglycan
(HSPG) [19]. AAV2.7m8 also shows strong transduction of mouse
inner ear tissues, implicating it as a promising vehicle for
delivering therapeutic genes to prevent or reverse hereditary
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hearing loss [20]. Although the 7m8 modification on AAV2 shows
significant improvement in retinal transduction, we have found
that the capsid inherently produces lower titers compared to
other serotypes, which is consistent with the literature [21].

Importantly, delivery of AAV2.7m8 into non-human primates
(NHPs) has been shown to trigger adverse effects. Severe chronic
inflammation was observed following subretinal injection of
AAV2.7m8 at a dose of 1E 4 12 vg/eye. Similarly, intravitreal (IVT)
injection of AAV2.7m8 at high doses (1E + 12 vg/eye) resulted in
retinal infiltrates, with no choroidal observed inflammation [22].
AAV7m8 was also reported to lead to retina and RPE toxicity after
subretinal injections in mouse models [9]. Critically, there have
been a handful of reports showing AAV2.7m8-related clinical
adverse effects or even vision loss after treatments. For example, a
clinical trial for wet age-related macular degeneration (AMD)
(NCT04418427), which used the AAV2.7m8 capsid to deliver an
anti-VEGF transgene, described the occurrence of ocular vasculitis
with an associated decrease in vision [23-25]. These findings
suggest that the administration of rAAV2.7m8-based gene therapy
may carry severe adverse inflammatory events in patients.
Consequently, anti-inflammatory interventions are needed to
mitigate or eliminate inflammatory responses following adminis-
tration [26-28].

To better understand the poor production of AAV2.7m8-based
vectors and their consequences for stimulating inflammation
during retinal transduction, we performed head-to-head compar-
isons between AAV2 and AAV2.7m8 vectors. We found clear
differences in purified vectors, where AAV2.7m8, irrespective of
the vector genome design, showed poorly defined bands during
the CsCl ultracentrifugation steps, suggesting at the presence of
heterogenous vector populations. Using AAV Genome Population
sequencing (AAV-GPseq) [29], we found that AAV2.7m8 packaged
a higher degree of non-unit length genomes than AAV2. To
determine whether vector genome heterogeneity is the driving
factor in triggering retinal immune responses, AAV2 and
AAV2.7m8 vectors produced with an enhanced green fluorescent
protein (Egfp) expression cassette (full capsids), or without vector
genomes (empty capsids) were IVT injected into mouse eyes. We
observed that AAV2.7m8 stimulated the infiltration of microglia in
mouse retinas following delivery, while the response to AAV2 was
much milder. Notably, administration of empty AAV2 and
AAV2.7m8 particles resulted in even milder responses compared
to genome-loaded vectors. These findings suggest that AAV2.7m8
tends to package truncated genomes and suggest that these
species are a causative factor in AAV2.7m8's penchant to stimulate
immune responses in treated eyes.

MATERIALS AND METHODS

Plasmid and vector production

The AAV2.7m8 trans plasmid construct, previously described by others [18],
was obtained from Addgene (plasmid #64839). All cis-plasmid constructs
described in this manuscript were obtained from stocks provided by the
UMass Chan Viral Vector Core and were quality checked by Nanodrop and
standard restriction digest with Smal and gel electrophoresis. Large-scale
production of the helper plasmid (pAdDeltaF6) and AAV2 trans plasmids
were ordered from Aldevron. The trans and cis plasmids described in this
study were sourced from either in-house CsCl production or commercially
ordered (Table S1). Vectors were produced using the triple-plasmid
transfection method in HEK293 cells and purified by CsCl gradient
ultracentrifugation as described previously [30]. Vectors were aliquoted
into 200 pl stocks and stored at —80°C immediately after production.
Thawed aliquots were kept at 4°C before use and warmed to room
temperature before injection. All AAV2 or AAV2.7m8 vectors described
were packaged with a self-complementary vector ubiquitously expressing
EGFP (scAAV-CB6-Egfp), a single-stranded vector expressing firefly lucifer-
ase (ssAAV-CB6-FLuc), or an ssAAV vector expressing EGFP (ssAAV-CB6-
Egfp). Crude lysates were obtained from small-scale production in HEK293
cells by triple-plasmid transfection [31]. After three days of culturing, cell
lysates were subjected to three freeze-thaw cycles. Cell debris was
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removed by centrifugation and the supernatants were used for the
titration of vectors. The titrations reported in this study were performed by
ddPCR [32] using probes against Egfp (Thermo Fisher Scientific,
Mr04329676_mr) or nRGB (Fwd: GCCAAA AATTATGGGGACAT, Rev:
ATTCCAACACACTATTGCAATG, and TagMan probe: 6FAM-ATGAAGCCCCTT
GAGCATCTGACTTCT-TAMRA). Probes and primers were synthesized by
Integrated DNA Technologies. Empty capsids were titrated by semi-
quantitative analyses of VP1/2/3 protein abundances with SDS-PAGE and
silver staining as described below.

Silver staining

AAV particles were loaded onto 4-12% Bis-Tris protein gels (NUPAGE,
Invitrogen) for electrophoretic separation and stained using the SilverX-
press™ kit (Thermo Fisher Scientific) as described previously [33]. Protein
bands were visualized and quantified by comparing to a VP1/2/3 capsid
standard on a ChemiDoc MP Imaging system (BioRad).

Vector DNA extraction and agarose gel electrophoresis

AAV vector genomes were extracted for preparations using phenol:chlor-
oform:isoamyl alcohol (25:24:1) and ethanol precipitation as described
previously [29]. Briefly, samples underwent heating and strand annealing
in annealing buffer (25 mM NaCl, 10 mM Tris-HCL [pH 8.5], 0.5 mM EDTA
[pH 8.0]) at 95 °C for 5 min and cooled to 25 °C (1 min for every —1°C) on a
thermocycler (Eppendorf Mastercycler). Purified vector DNAs were then
subjected to denaturing alkaline gel electrophoresis. Gels were stained
with ethidium bromide to visualize.

SMRT sequencing and AAV-GPseq

Purified vector DNAs were processed for single molecule, real-time (SMRT)
sequencing by the UMass Chan Medical School Deep Sequencing Core.
Libraries for vector DNAs were constructed using the Express Template
Prep Kit 2.0 (End Repair/A-tailing) (PN 100-938-900) and ligated to indexed
SMRT bell adapters with the Barcoded Overhang Adapter Kit (PN 101-628-
400/500). Libraries were pooled and purified using 1.8x AMPure beads.
Sequencing was performed on a Sequel Il instrument. Subreads from each
library underwent preprocessing steps prior to analysis as described
previously [34]. Briefly, subreads were first processed through recalladap-
ters 9.0.0 with the following parameters: --minSnr=2.0 and --disableA-
dapterCorrection. This step recovered long palindromic sequences that
were artificially cleaved from subreads generated by SMRT Link (v12).
Subsequent subreads were then processed using the circular consensus
sequencing (CCS) tool in SMRT Link version 12.0.0 with the following
parameters: --minSnr=3.75, --min = passes =2.0, and --by strand. The
following bioinformatic workflows were conducted using the Galaxy
platform [35, 36]. Resulting consensus fastq files were mapped to the
references as reported in the study using the Burrows-Wheeler aligner-
maximal exact match (BWA-MEM) [37, 38] in PacBio mode (-x pacbio).
Aligned reads were visualized with the Integrated Genomics Viewer (IGV)
tool version 2.14.0 [39] with soft clipping on.

Animals

Four- to five-week-old female C57BL/6J mice (The Jackson Laboratory)
were injected by IVT administration. Mice were kept on a 12 h light/12h
darkness light cycle, at 70-74°F with 35-46% humidity. Mice were fed
normal chow (ISO-pro 300 Irradiated Diets (#5P76)). All animal procedures
described in this study were approved by the UMass Chan Medical School
Animal Care and Use Committee.

IVT injections

IVT injections were performed with glass needles (Clunbury Scientific LLC;
Cat no. B100-58-50) to deliver ~1 pL of fluid into the vitreous using the
FemtoJet from Eppendorf with a constant pressure and injection time of
300psi and 1.5s, respectively. Mice were administered with vectors
packaged with scAAV2-CB6-PI-Egfp or scAAV2.7m8-CB6-PIl-Egfp transgenes
(1.0E9 vg per mouse), and mice were sacrificed six weeks post-injection.
Animals were not randomized and not blinded in the study and were
injected according to cage group.

Immunohistochemistry

Treated retinas were cryosectioned as previously described [13]. In brief,
eye cups were dissected in cold 1x phosphate-buffered saline (PBS) and
fixed in 4% paraformaldehyde overnight at 4 °C. Cryosections were cut at a
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thickness of 12 um. The following primary antibodies and dilutions were
used: chicken anti-EGFP antibody (1:1000; Abcam; Cat no. ab13970), and
rabbit anti-IBA1 (1:300; Wako; Cat no. 019-19741). The chromophore
conjugate, fluorescein peanut agglutinin lectin (PNA) (1:1,000; Vector
Laboratories; Cat no. FL1071) was used to stain cone photoreceptors. All
antibodies were diluted in PBS with 0.3% Triton X-100 and 5% bovine
serum albumin (CST). Nuclei were counterstained with 4/,6-diamidino-2-
phenylindole (1:2000, Sigma-Aldrich; Cat no. 9542). All secondary
antibodies (1:1000, donkey) were purchased from Thermo Fisher Scientific.
All images were visualized with a Leica DM6 Thunder microscope with a
16-bit monochrome camera. Images were processed by LAS X Life Science
Microscope Software.

Statistical analyses

One-way or two-way ANOVA with Tukey’s method for multiple compar-
isons given equal variance was used as indicated. A p-value of <0.05 was
considered statistically significant and plotted accordingly. Sample sizes of
relevant data reported in this study provide adequate power but were not
pre-specified.

RESULTS

AAV2.7m8 preparations consistently yield undefined bands
and fewer full-length genomes

Motivated by evidence that AAV2.7m8-based vectors yield lower
titers when produced by standard triple-plasmid transfections, we
packaged the Egfp transgene cassette driven by the ubiquitous
CMV-enhancer/chicken-actin hybrid promoter (CB6) and bovine
growth hormone polyadenylation (BGH-polyA) into AAV2 and
AAV2.7m8 capsids. In addition, both scAAV and ssAAV forms
(2.1 kb and 2.3 kb, respectively) were produced (Fig. 1a). We also
packaged an ssAAV vector containing a firefly luciferase (FLuc)
transgene cassette driven by the same promoter (Fig. 1a). As part
of the production workflow, vectors were subjected to CsCl
density gradient ultracentrifugation to isolate full capsids from
empty capsids (Fig. 1b). During this step, we observed that each of
the preparations exhibited a visible and defined low molecular
weight band, representing empty capsids. The high molecular
weight band, representing full capsids, was well-defined for
ssAAV2-Egfp and ssAAV2-FLuc vectors but was ill-defined for
scAAV2-Egfp and all AAV2.7m8 capsid-related preparations.
Notably, the scAAV2.7m8-Egfp and ssAAV2.7m8-Egfp vectors
lacked any distinguishable full capsid bands. These vectors
instead displayed smears (Fig. 1b), which typically indicates a
high degree of heterogeneous “intermediate” species [29].

After purification, we found that there were no major differences
in the titers obtained by ddPCR quantification (Table S1). In fact,
the AAV2.7m8 vectors tended to have higher titers than those of
the AAV2 vectors. Silver-stained gels of the scAAV2-Egfp and
scAAV2.7m8-Egfp did not reveal any major capsid-related differ-
ences, aside from the anticipated higher molecular weight shift in
the AAV2.7m8 capsid caused by the 10-amino acid insertion
(LALGETTRPA, 1.03 kDa) (Fig. S1). The expected distribution of the
capsid proteins (i.e., the approximate 1:1:10 ratio of VP1, VP2, and
VP3) was similar between AAV2 and AAV2.7m8.

We predicted that the vector smears observed among the
AAV2.7m8 vectors in the CsCl gradients were attributed to non-
unit length and/or truncated genomes. To determine whether
vectors produced with AAV2.7m8 packaged a higher degree of
heterogeneous genomes, we directly examined DNase-resistant
genomes from crude lysates obtained from small-scale packaged
vectors by multiplex Droplet Digital PCR (ddPCR) (Fig .1c). Using
ddPCR probes targeting the CB6 promoter and the Egfp transgene,
we found that vectors packaged with AAV2.7m8 showed an
overall lower percentage of double-positive droplet reads (i.e.,
positive CB6 and Egfp probe signals), than those packaged with
AAV2 (Fig. 1c). The scAAV2 vector showed 73.1% double-positive
droplets, while scAAV2.7m8 showed 46.4% double-positive
droplets. Similarly, the ssAAV2 vector showed higher double-
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positive droplets than observed for the ssAAV2.7m8 vector (48.4%
versus 26.0%) (Fig. 1c).

To validate that the AAV2.7m8 capsid packages a higher degree
of truncated genomes, we isolated vector DNA from CsCl density
gradient ultracentrifugation-purified vectors and subjected them
to alkaline (denaturing) gel electrophoresis analyses (Fig. 1d). All of
the preparations had predominant bands attributed to the full-
length vector genome. It should be noted that since sc genomes
package both plus and minus stranded genomes as an unresolved
dimer, full-length sc genomes are expected to migrate at
approximately double the size of the design in alkaline gels.
Therefore, the 2.1-kb scAAV-CB6-Egfp design should migrate
at approximately 4.2 kb. Interestingly, the scAAV2-Egfp and
scAAV2.7m8-Egfp vectors displayed multiple minor bands at
~5.0 kb, ~3.0 kb, and ~2 kb (Fig. 1d). The scAAV2.7m8-Egfp vector
showed additional bands at ~1.0kb and a very faint band at
~0.5kb. The ssAAV2-Egfp and ssAAV2.7m8-Egfp showed promi-
nent bands at just under 5 kb in size. We predicted that this band
represents unresolved sc forms. We have noted that ssAAV vectors
can package scAAV forms [29], especially if the size of the
unresolved dimer is less than 4.7 kb. We also noticed several
additional smeary bands residing between 1 and 2kb in size
(Fig. 1d). Finally, the ssAAV2-FLuc vector displayed a high degree
of homogeneity. In contrast, the ssAAV2.7m8-FLuc vector exhib-
ited six distinct minor bands (Fig. 1d). These results demonstrate
that vectors packaged with the AAV2.7m8 capsid tended to
package a higher degree of non-unit length forms.

We also asked whether other 7-mer inserts could result in the
packaging of non-unit length genomes. In the report first
describing AAV2.7m8, three additional retinotropic 7-mer peptide
inserts (LAKDPKTTN, LAKAGQANN, and LANETITRP), were also
examined [18]. We, therefore, synthesized these and renamed
them AAV2.7mA, AAV2.7mB, and AAV2.7mC, respectively. To
examine their capacity to impact the packaging of non-unit
length/truncated genomes, we produced vectors with scAAV-CB6-
Egfp transgene cassettes, isolated DNase-resistant vector genomes,
and ran them on alkaline gels (Fig. 2a). We also observed that the
genomes of all three vectors exhibited non-unit length species
similar to those observed with AAV2.7m8. This data suggested that
other 7-mer inserts with the AAV2 capsid might also compromise
vector genome integrity. Recent studies have also used AAV9 as the
bases for 7-mer peptide screens [40, 41]. To probe whether 7-mer
insertions affect AAV9 in the same manner, we obtained MyoAAV-
CB6-mCherry and AAV9.PHP.eB-CB6-Egfp vectors, both have 7-mer
peptides inserted within hypervariable region VIl between residues
588 and 589 [41, 42], the same locale as the 7m8 insertion within
AAV2 [18]. We isolated their vector genomes and subjected them to
alkaline gel analyses. Compared to its AAV9 counterpart, we
observed very little difference in the abundance of non-unit length
genomes for MyoAAV (Fig. 2b). When AAV9 is packaged with the
ssCB6-Egfp transgene cassette, two prominent bands are observed,
one at ~2.3 kb (the expected full-length monomer size) and one at
~4.2kb (the approximate size of an unresolved dimer). Two
additional fainter bands were also observed, one at ~3 kb and
one at 5kb. The 3-kb band is attributed to snap-back genomes
centered on the CB6 promoter, as reported previously [29, 43]. The
5-kb band represents oversized species of unresolved genomes
that have reached the packaging limit. Importantly, the AAV9.PH-
P.eB-packaged vector seemed to have a visible band at ~1.6 kb,
which was not prominently found for the AAV9-packaged vector
(Fig. 2c). These data suggest that 7-mer insertions may only
substantially affect vector genome integrity for AAV2.

AAV-GPseq reveals that AAV2.7m8-packaged vector genomes
have a higher degree of truncated genomes than AAV2-
packaged vectors

We next aimed to profile the non-unit length genomes revealed
among AAV2.7m8-packaged vectors (Fig. 1d). We previously

SPRINGER NATURE



M. Cui et al.

polyA
3-ITR

SCAAV-CB6-Egfp (2.1 kb)

5-ITR
polyA
3-ITR

CB6 Egfp

E

ssAAV-CB6-Egfp (2.3 kb)

N Q © Q N Q © Q N © ® ©
x r S5 = S s S S 3 3
= S E 2® €@ =& f@ = &4
= o < o~ << o~ < N
© CB6 FLuc o o @ = & > @ >
L < < <<
(& (2} (2]
I n [} [
ssAAV-CB6-FLuc (3.2 kb)
C
x 14 (= = §
= = E 4 4 o %
- %‘ - - % o) - % © . S ®
I} cB6 Egfo QH RS RS SRS
T N T N T N
LS > > 8 > > 8 2 >
<< << <
- — 233 233 ? 33
. -~ [0} n ~ ] 1) ~ (7] [}
SCAAV2 : ggZ‘ﬁig:P- 5.0 kb .46 ksl —
+: + Lol
I 3.04 w= ﬂ 4.0
SCAAV2.7m8 I CB6-;Egfp+
2.0 = - 3.0
SSAAV2 1.5/ -.
1.0 20]
sSAAV2.7m8 0.7
0.5{ === 1.5-
S A % © @ 9 0.4
o o (] o o = 03_
Distribution of ddPCR droplets

Fig. 1 Production and analyses of AAV2 and AAV2.7m8 test vectors. a Diagrams of self-complementary (sc)AAV-CB6-Egfp, single-strand (ss)
AAV-CB6-Egfp, and ssAAV-CB6-FLuc vectors. b Photographs of the three vectors subjected to CsCl density gradient ultracentrifugation. Bands
representing empty capsids (light-blue arrowheads) and full capsids (purple arrowheads) are indicated. ¢ ddPCR quantification of scAAV-Egfp
and ssAAV-Egfp vectors using probe sets against the CB6 promoter and the Egfp transgene displayed as a stacked histogram. Detection of CB6-
only (red) or Egfp-only (green) droplets indicate partial genomes, while detection of both CB6 and Egfp (blue) species suggests the presence of
full-length genomes. Values represent mean frequencies + SD, (n = 3). The mean percentages of droplets double positive for CB6 and Egfp
probe signals are shown. Diagram of the vector genome target with the approximate position of the probes is shown above. d Alkaline gels
for AAV2 and AAV2.7m8 vectors packaged with scAAV-CB6-Egfp (left), ssAAV-CB6-Egfp (center), and ssAAV-CB6-FLuc (right). Bands predicted to
contain unit length genomes are marked with purple arrowheads.

developed a long-read sequencing method, based on Pacific coincides with the presence of <1.5 kb bands revealed by alkaline
Biosciences’ single-molecule real-time (SMRT) sequencing gels (Fig. 1d).
approach, called AAV-GPseq to specifically profile truncated When reads from the ssCB6-Egfp vector packaged with AAV2
genomes in AAV vector preparations [29]. Therefore, DNase- were mapped to the cis-plasmid, the alignments showed that they
resistant genomes were subjected to this analysis to characterize predominantly spanned from ITR-to-ITR (Fig. 3c). However, we
the composition of scAAV-CB6-Egfp, ssAAV-CB6-Egfp, and ssAAV- observed two populations, one at the expected length of 2.3 kb,
CB6-FLuc genomes when packaged by AAV2 or AAV2.7m8 (Fig. 3). and a second with lengths that were double the size (~4.6 kb)
Alignment of sequencing reads obtained from the scCB6-Egfp (Fig. 3d). These longer reads represent unresolved sc forms, which
cassette packaged with AAV2 to the cis-plasmid reference coincide with the high molecular weight band observed in the
revealed that the dominant species were full-length sc vector alkaline gel for this vector preparation (Fig. 1d). Interestingly, reads
genomes (~4.2kb), as expected (Fig. 3a). A smaller portion of from the vector packaged with AAV2.7m8 exhibited a high
truncated species, as well as ss forms, were also present. abundance of short <2kb reads (Fig. 3d). These reads also
Importantly, reads from the same cassette packaged by AAV2.7m8 coincided well with alkaline gels of the ssCB6-Egfp vector
also showed predominantly sc vectors, but a higher abundance of packaged with AAV2.7m8 (Fig. 1d). Furthermore, the expected
truncated genomes was revealed. These differences were also 2.3-kb length reads were in the minority (Fig. 3d).
revealed when plotting the read counts as a function of their We also observed similar trends with reads representing
lengths (Fig. 3b). Vector genomes packaged by AAV2.7m8 showed the ssCB6-FLuc vector construct packaged into AAV2 and
a higher proportion of reads under 1.5 kb in length. This finding AAV2.7m8 (Fig. 3e, f). The predominant read species from the
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Fig. 2 7-mer inserts with AAV2 drive the packaging of non-unit length vector genomes, but not with AAV9. DNase-resistant genomes
were isolated from vectors and ran on alkaline gels. Gels for scCB6-Egfp vectors packaged with AAV2 and three additional retinotropic 7-mer
peptide insert capsids (a), for ssCB6-mCherry vectors packaged with AAV9 or MyoAAV capsids (b), and for ssEgfp vectors packaged with AAV9
or AAV9.PHP.eB capsids (c) are displayed. Each gel was accompanied by a 1-kb DNA ladder. The expected full-length genome bands are

marked with magenta arrowheads.

AAV2-packaged vectors was associated with the full-length 3.2-kb
genome; while short, <2-kb reads were the dominant species for
the AAV2.7m8-packaged vectors. We found that the short reads
associated with truncated/snap-back genomes found with the
ssCB6-FLuc vector were similar between AAV2- and AAV2.7m8
vectors. This observation suggests that the 7m8 modification itself
does not cause the formation of truncation events; rather,
truncation events for AAV2.7m8-packaged vectors were more
prominent than with the AAV2-packaged vectors. Curiously, we
detected a high abundance of reads representing oversized
genomes (~6.4kb) (Fig. 3f), especially for the AAV2 vector.
Genomes greater than 5kb were not observed in our alkaline
gels (Fig. 1d), suggesting that the detection of these oversized
genomes may be a result of library preparation bias and an artifact
of the read length normalization process (see Materials and
Methods). These species likely represent unresolved self-
complementary genomes that may have survived the Benzonase
endonuclease and DNase treatment steps [44]. Nevertheless, we
found by AAV-GPseq that vectors packaged with AAV2.7m8
tended to yield a higher degree of truncated/snap-back genomes
than those produced with AAV2.

Vector genome-loaded AAV2.7m8 stimulates infiltration of
microglia in vector-treated mouse retinas

To understand the impact of delivering vectors that package
truncated genomes, we administered scAAV2-Egfp or
scAAV2.7m8-Egfp vectors into mouse eyes by IVT injection at
1E9 vg/eye. It should be noted that EGFP protein on its own is not
known to stimulate strong immune responses in mouse eyes
following IVT injection [9]. We also injected mice with empty AAV2
and AAV2.7m8 capsids (1E9 vp/eye) to determine whether the
capsids alone can stimulate immune responses. After six weeks
post-injection, treated mice were sacrificed, and their retinas were
harvested. To evaluate immune responses toward vector treat-
ment, we stained-cryosectioned retinas with anti-IBA1 (Fig. 4),
which stains microglia, the resident immune cells of the retina that
is used as a marker for immune responses in AAV-treated eyes
[9, 13, 45]. Qualitative comparisons between retinas treated with
empty AAV2 or AAV2.7m8 capsids revealed lower IBA1 staining
than in retinas treated with capsids packaged with scCB6-Egfp
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cassette (Fig. 4a, b). Furthermore, we found that there was a
higher abundance of IBA1+ cells at the ganglion cell layer (GCL) of
eyes treated with capsids loaded with vector genomes. Notably,
the GCL exhibits the strongest transduction by either AAV2 or
AAV2.7m8 (Fig. 4b). Tabulation of IBA-stained cells in retinal cross-
sections showed that eyes treated with empty capsids did not
demonstrate a significant difference in microglia than retinas from
eyes injected with saline solution (Fig. 4c). In contrast, retinas
treated with scAAV2.7m8-Egfp showed ~47% more microglia than
in retinas treated with scAAV2-Egfp.

The AAV2.7m8 capsid was originally identified for its ability to
transduce mouse photoreceptor cells following IVT delivery
through the penetration of the outer retinal cell layers. We
surmised that AAV-triggered inflammation should result in
microglia migrating and proliferating into the outer layers,
beyond the outer plexiform layer (OPL). In the normal eye,
microglia are radially distributed from the GCL interface and are
mainly colonized at the inner plexiform layer (IPL) and OPL [46].
To determine whether microglia stimulation brought on by
treatment with scAAV2.7m8-Egfp also increased migration/
proliferation of microglia, we counted IBA1+ cells in treated
retinas at each of the established retinal layers: GCL, IPL, inner
nuclear layer (INL), OPL, outer nuclear layer (ONL), and the
photoreceptor segment (PS) layer (Fig. 4d). We noted that vector
genome-loaded vectors showed more microglia within the OPL,
ONL, and PS layers. To assess the migration and localization of
microglia across all of the retinal layers, we calculated the
percentage of IBA1+ cells at each layer among all IBA1+ cells of
the entire cross-section and compared them across treatment
groups (Figs. 4d and S2). We found that the percentage of
microglia at the GCL was slightly lower in the empty AAV2.7m8
capsid-treated retinas than observed with empty AAV2 capsids-
treated retinas (p < 0.05) (Fig. S2). A similar trend was found in
retinas treated with AAV2-Egfp versus scAAV2.7m8-Egfp (p < 0.01).
When comparing retinas treated with empty AAV2.7m8 capsids
and scAAV2.7m8-Egfp vectors, we found a lower percentage of
IPL-localized microglia in eyes treated with empty particles than
those packaged with genomes (p<0.01). Furthermore, we
observed losses in the percentage of INL-localized microglia in
all AAV-treated retinas. Although we observed clear increases in
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Fig.3 AAV-GPseq analyses of vector genomes packaged with AAV2 and AAV2.7m8 capsids. a, ¢, e IGV displays of SMRT sequencing reads
representing scAAV-CB6-Egfp (a), sSAAV-CB6-Egfp (c), and ssAAV-CB6-FLuc (e) vector genomes packaged into AAV2 (left) or AAV2.7m8 (right)
aligned to their respective cis-plasmid references. Alignments are shown in squished displays with soft-clipped bases shown. Regions of read
matches (gray), mismatches (colored), and insertions/deletions (speckles) are shown. Alignment coverages are shown above each display.
b, d, f Traces of relative read abundances as a function of read length for scAAV-CB6-Egfp (b), ssAAV-CB6-Egfp (d), and ssAAV-CB6-FLuc (f) vector
genomes packaged with AAV2 (blue traces) or AAV2.7m8 (red traces). The read lengths are normalized and scaled to the highest peak set to
100. Counts are binned into 10-nt distributions. Peaks representing the expected full-length genomes are marked with a purple arrowhead.

microglia in the ONL and PS among scAAV2-Egfp- and
scAAV2.7m8-Egfp-treated retinas, we did not find significant
changes when compared to saline and empty capsid groups
(Fig. S2). This lack of support was mainly due to the relatively
small number of IBA+ cells found in these layers, which did not
permit statistical analyses. Nonetheless, the increased number of
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IBA1+ cells found in these outer layers (Fig. 4b, d) suggests that
AAV2.7m8 vectors induced a higher level of inflammation
compared to AAV2 vectors. Furthermore, we demonstrated
that transgene-related inflammation in deep retinal layers is
dependent on the presence of the transgene and not solely due
to a capsid-related immune response.
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Fig. 4 Quantification of microglia in capsid/vector-treated retinas. a, b Immunofluorescence imaging of representative retinal cross-
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(IBAT, red). Scale bar = 100 pM. ¢ Quantification of IBA+ cells in capsid/vector-treated retinas. Saline group, n = 3; empty capsid groups, n =5;
Egfp vector groups, n =7. *p < 0.05, one-way ANOVA with Tukey’s method for multiple comparisons. d Counts of microglia (IBA1+) in each
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(scAAV2-Egfp) to indicate layers of the retina.

DISCUSSION

Factors that contribute to vector heterogeneity are critically
important to define. In our investigation, we addressed whether
AAV2.7m8 has inherent production issues as observed in our own
work and by others [21]. Although we did not find major
differences between AAV2 and AAV2.7m8 in terms of titers for the
vector constructs used in our examination (Table S1), our results
showed that vector genomes packaged by AAV2.7m8 had a
higher degree of truncated genomes (Fig. 3). These findings are
significant since vectors that contain a high percentage of
truncated genomes will deliver fewer functional transgenes than
a vector that is packaged with a higher proportion of full-length
genomes at equal vector genome doses. In other words, vectors
with truncated genomes may not produce accurate functional
titers. Although our conclusions were based on only three vector
designs, the direct comparisons using the same vector construct
packaged into either AAV2 or AAV2.7m8, highlight a new
fundamental concept in AAV vectorology: that vector integrity
can be impacted by the capsid. This in turn has direct implications
towards the potency, efficacy, and safety of a gene therapy
platform. Importantly, our study demonstrates the need to
evaluate engineered AAV capsids for their ability to retain
packaging integrity.
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Another consideration for the data presented here is that the
vectors were prepared by CsCl density gradient ultracentrifuga-
tion. We note that this method for purification is rarely used for
clinical vectors, despite it being a superior approach for removing
empty and intermediate capsids. Immuno-affinity column pur-
ification methods are currently the standard for clinical vectors, in
part because CsCl density gradient ultracentrifugation purification
cannot be scaled. It is important to note that vector genome
heterogeneity is still present in column-purified vector prepara-
tions. In fact, we have found that the degree of genome
heterogeneity is indiscriminately higher in affinity column-
purified preparations [34] because discrete full capsid bands are
not specifically identified and isolated during the purification
process. Thus, we suspect that the observations made for
AAV2.7m8's penchant to package higher degrees of truncated
genomes compared to AAV2 would occur irrespective of
purification methods.

As the most commonly used vectors for retinal gene therapy,
AAV vectors have been widely reported for causing immunogeni-
city and inflammation in animals and humans through subretinal
injection. Multiple variables can contribute to retinal toxicity
following gene therapy: the presence of endotoxin in vector
stocks, high empty/full of capsids, the promoter that is used to
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drive transgene expression, the route of administration, and the
vector dose [9, 15, 47]. In light of the adverse effects reported in
clinical trials that have employed AAV2.7m8 capsids [24, 25, 48],
our results indicate that immune responses towards AAV vectors
may in part be due to heterogeneity in the vector genomes, rather
than the capsid protein or the expected transgene product.
Several reports have shown immune responses and/or toxicities
from genomic contaminants that may result in the expression of
unintended epitopes [49-51]. It remains unknown whether
truncated genomes can stimulate innate immune responses, such
as TLR9 activation through the detection of unmethylated CpG
dinucleotides [52, 53], unfolded protein responses [54], or DNA/
RNA sensing mechanisms [55]. Certainly, truncations in vectors
can inadvertently increase CpG content in packaged vectors [34].
A study in NHPs has shown that AAV2.7m8 can cause higher
cytokine responses than with other serotypes [22]. These out-
comes have called into question the safety and efficacy of
AAV2.7m8 [22].

Whether these immune responses can be a result of vector
genome heterogeneity has been largely unexplored. In this study,
we compared the inflammatory responses in retinas treated with
empty AAV.7m8 capsids versus AAV.7m8-CB6-Egfp by IVT delivery.
We showed that when AAV2.7m8 is packaged with the CB6-Egfp
transgene cassette, it activated a higher number of microglia in
transduced retinas than by empty AAV2.7m8 capsids (Fig. 4).
Moreover, more microglia migrated into the outer retinal layers of
eyes treated with the AAV2.7m8-Egfp vector than in eyes treated
with empty AAV2.7m8 capsids or with AAV2-CB6-Egfp. These data
collectively suggest that the truncated genomes packaged into
AAV2.7m8 trigger a more severe immune response. However, in
the present study, we only evaluated outcomes six weeks post-IVT
injection. Evaluation of retinas a few days following vector
administration can potentially reveal whether innate immune
responses are being triggered by AAV2.7m8 vectors. Profiling of
immune cell populations in the retina at longer periods post-
administration may also provide more information about vector-
related responses. Nevertheless, further investigation to uncover
the mechanisms by which truncated viral genome led to
immunogenicity and inflammation will substantiate our findings
and conclusions.

Finally, our observations suggest that not all 7-mer peptide
insertions necessarily lead to a higher frequency of truncated
genomes, as MyoAAV did not appear to exhibit multiple vector
genome bands by alkaline gels (Fig. 2b). In this study, we did not
further investigate the mechanism by which 7-mer inserts can
cause genome packaging issues when AAV2 is used as the
scaffold. AAV2 has been shown to be less thermostable than other
serotypes [56-58]. Such peptide insertions and other alterations
may exacerbate the stability of the AAV2 capsid, favoring particles
with smaller genomes. The fact that that not all peptide inserts
(including 7-mer sequences) at the 587-588 position are
amenable to capsid assembly, is well documented [59, 60].
Alternatively, the peptide inserts may alter how the capsid protein
interacts with Rep, resulting in the packaging of truncated
genomes. Follow-up research is required to fully elucidate these
processes.

Our findings raise somewhat of a paradox. AAV2.7m8 packages
a higher degree of truncated and presumably inert genomes, yet
it shows superior transduction of retinal tissues. The capsid itself
was identified through selective enrichment following two rounds
of in vivo screening for transducing photoreceptor cells [18]. The
insertion also disrupts the basic arginine residues that are
implicated in AAV2’s binding to HSPGs. It has been hypothesized
that disruption of the HSGP binding site permits better penetra-
tion/diffusion of the AAV2 scaffold capsid to the outer nuclear
layers of the retina [61]. Alternatively, it has been observed that
capsids with lower stabilities correlate with improved transduc-
tion, owning to more efficient uncoating and release of vector
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genomes [62, 63]. The genome heterogeneity observed for the
AAV2.7m8 capsid may in fact be masking its full potential. Further
improvements to limit vector heterogeneity are indeed warranted
to enhance the safety and efficacies of eye gene therapy platforms
using the AAV2.7m8 capsid.
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Table S1. Summary of vector titers

Vector ID Vector construct Source of trans plasmid | Source of cis plasmid |Titer (vg/mL)
VCAV-8051 scAAV2-CB6-Egfp Aldevron Synbio Technologies 4.12E+12
VCAV-8050 sCAAV2.7m8-CB6-Egfp In-house CsCl preparation| Synbio Technologies 5.09E+12
VCAV-4305 ssAAV2-CB6-Egfp Aldevron Synbio Technologies 4.00E+12
VCAV-7763 ssAAV2.7m8-CB6-Egfp In-house CsCl preparation| Synbio Technologies 5.15E+12
VCAV-8310 ssAAV2-CB6-FLuc Aldevron In-house CsCl preparation| 3.09E+12
VCAV-8546 ssAAV2.7m8-CB6-FLuc In-house CsCl preparation | In-house CsCl preparation| 7.50E+12

VCAV-09315 scAAV2.7m8A.CB6-Egfp In-house CsCl preparation| Synbio Technologies 1.04E+12
VCAV-09316 scAAV2.7m8B.CB6-Egfp In-house CsCl preparation| Synbio Technologies 2.19E+12
VCAV-09317 scAAV2.7m8C.CB6-Egfp In-house CsCl preparation Synbio Technologies 1.38E+12
ALR-159 AAVO-2xsup-tRNA-CB6-mCherry Aldevron In-house CsCl preparation| 9.00E+12
ALR-163/164 | MyoAAV-2xsup-tRNA-CB6-mCherry |In-house CsCl preparation |In-house CsCl preparation| 8.22E+12
VCAV-6361 ssAAVO.Egfp Aldevron In-house CsCl preparation 3.13E13
VCAV-6864 ssAAV9.PHPeB.Egfp In-house CsCl preparation | In-house CsClI preparation 2.00E13
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Fig. S1. Silver-stained poly-acrylamide gel of the scAAV-Egfp and ssAAV-Egfp vectors. The
predominant capsid bands (VP1, VP2, and VP3) are indicated.
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Fig. S2. Distributions of microglia in AAV-treated retinas. Counts of microglia (IBA1+) in each
retinal layer from Fig. 3d were expressed as a fraction of all IBA+ cells in retinal cross-sections and
plotted as a stacked histogram. Photoreceptor segment layer, (PS); outer nuclear layer (ONL);
outer plexiform layer (OPL); inner nuclear layer (INL); inner plexiform layer (IPL); ganglion cell layer
(GCL). n=3. Values = means +SD. *p<0.05, **p<0.01, ***p<0.001, 2way ANOVA with Tukey’s
method for multiple comparisons
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