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Targeting the lung epithelium after intravenous
delivery by directed evolution of underexplored

sites on the AAV capsid
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Advances in adeno-associated virus (AAV) engineering have
provided exciting new tools for research and potential solu-
tions for gene therapy. However, the lung has not received
the same tailored engineering as other major targets of debili-
tating genetic disorders. To address this, here we engineered
the surface-exposed residues AA452-458 of AAV9 capsid pro-
teins at the three-fold axis of symmetry and employed a Cre-
transgenic-based screening platform to identify AAV capsids
targeted to the lung after intravenous delivery in mice. Using
a custom image processing pipeline to quantify transgene
expression across whole tissue images, we found that one engi-
neered variant, AAV9.452sub.LUNGI, displays dramatically
improved transgene expression in lung tissue after systemic de-
livery in mice. This improved transduction extends to alveolar
epithelial type II cells, expanding the toolbox for gene therapy
research for diseases specific to the lung.

INTRODUCTION

Efforts to treat genetic disorders have been aided by the development
of new techniques and technologies for gene therapy. In these efforts,
adeno-associated virus (AAV) has been a preferred gene therapy vec-
tor due to its non-pathogenicity," stable expression in vivo,” and
amenability to genome and capsid engineering.” The first use of
AAV for gene therapy was approved in 2012 to treat lipoprotein lipase
deficiency.” Since then, clinical trials using AAVs have overwhelm-
ingly focused on the central nervous system (CNS), eye, liver, and
muscle,”® with other organs like lung drastically underrepresented.’
This disparity occurs despite the prevalence of lung-specific genetic
disorders and their potential tractability to gene therapy.” Clinical tri-
als to treat cystic fibrosis, for example, demonstrated the safety of
AAV administration, but had limited efficacy.” Engineered variants
with higher transduction efficiency in lung® could help address this
limitation.

Alveolar epithelial type IT (ATII) cells are of particular importance in
a wide array of genetic lung conditions and lung infections due to
their role in host defense and repair of respiratory tissues.” Impair-
ment of ATII cells is shown to contribute to idiopathic pulmonary
fibrosis (IPF),'>'" a debilitating chronic lung disease, for which cur-
rent therapies only slow disease progression.''> ATII cells are also
a primary target for infection by severe acute respiratory syndrome

. 14,15
coronavirus 2,

as they express the angiotensin-converting enzyme
2 receptor, and their infection and subsequent cell death is associated
with cases of severe coronavirus disease 2019 illness.”'*'> Addition-
ally, mutations in genes producing the SP-B,'° SP-C,''® and
ABCA3'>?" proteins specific to ATII cells are associated with
acute respiratory failure and interstitial lung diseases,”'** frequently
leading to death in affected patients.”> While good murine models
are available for SP-B,'® SP-C,'”'® and ABCA3 deﬁciency,lg’zo the
study and treatment of other lung diseases, like IPF, are hindered
by a lack of suitable animal models."* Preclinical model development,
research, and treatment options for these diseases could benefit from
additional tailored gene therapy vectors efficiently targeting ATII
cells.

Most gene therapy efforts using AAV rely on naturally occurring sero-
types with broad, overlapping tropism,”* which can lead to decreased
efficiency, safety, and applicability due to off-target transduction and
immune response.z‘3 To address this, substantial work has been
dedicated to developing methods to obtain AAV variants with
enhanced tissue tropism and improved efficacy.”
the focus of clinical trials, development of AAV variants has been
devoted to the CNS,***"** liver,” ** eye,”®*” and muscle.”””®*’ The
lung has received much less engineering focus,” with, to our knowl-
edge, one variant displaying improved efficacy in the mouse lung
(AAV6.2FF),*>"! one transducing the endothelium of the pulmonary
vasculature in the mouse lung (AAV2-ESGHGYF),* one efficiently
transducing human airway epithelia in culture (AAV2.5T),* and
one transducing pig airway epithelia in vivo (AAV2H22).***
Deriving specialized variants based on different serotypes, as described
herein using AAV9, could help to expand treatment options, evade
host immune response,*>*” and/or target distinct cell populations.

~32 Similar to

Variable regions in surface-exposed loops at the three-fold axis of
symmetry are a locus for binding interactions with cell-surface recep-
tors.*® " Usually, the AAV capsid is engineered by point mutation®' >
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or by peptide insertion within variable region VIIL>* between amino
acids (AA) 588 and 589 of AAV capsid proteins.”>*”***>~>® This var-
iable region is easily amenable to peptide display’>*” and it is respon-
sible for heparan sulfate binding in AAV2.°° However, in AAV9 the
surface-exposed loop containing AA455 is the furthest protruding™
and AA substitution at this site in conjunction with 588 insertion has
been previously shown to yield productive variants displaying modified
tropism.*® Introducing diversity into this less frequently explored re-
gion of the AAV capsid proteins could promote new receptor binding
interactions, facilitating the discovery of vectors capable of elevated
transduction across different targets.

Currently, validation and characterization of engineered AAV vari-
ants across tissues is a bottleneck in the AAV discovery process.’
The development of tools to consistently characterize variants across
tissues will be important for the validation of unique variants derived
from different screens. Here, we address this bottleneck by developing
an image processing pipeline to compare transgene expression from
AAV variants in whole tissue images. Using this screening tool, the
CREATE method™ of positive selection, and a substitution library
based on 7-mer substitution at the underexplored 452-458 site, we
derive an AAV9 variant, AAV9.452sub.LUNGI, which displays
markedly improved transduction of the mouse lung, and ATII cells,
after systemic injection.

RESULTS

Engineering AA 452-458 of AAV9 capsid proteins for lung
targeting

Due to the prominence of the surface-exposed loop containing
AAA455 (Figure 1A), we theorized that the substitution of AA in this
region could redirect viral tropism and facilitate cell receptor interac-
tions in the lung. With this aim, we performed two rounds of selection
with a seven AA substitution library in the AA455 loop, between
AA452 and AA458 (Figure 1A) in AAVOI.

To derive AAV variants specific to the lung after systemic administra-
tion, we applied the CREATE method developed by Deverman and
colleagues.”” We first generated a library of AAV capsid sequences,
theoretically containing all 1.28 billion 7-mer substitutions, and pro-
duced the corresponding viruses in HEK293 cells that package a repli-
cation-incompetent version of the corresponding viral genome with a
polyadenylation sequence flanked by Cre/Lox sites (Figure 1B). This
viral library was then intravenously injected into transgenic mouse
lines (hSyn-Cre, GFAP-Cre, TH-Cre, VGAT-Cre, CHAT-Cre, and
Tek-Cre) that express Cre recombinase in select tissues or cell popula-
tions. Variants capable of successfully transducing Cre+ cells have their
genome flipped, enabling the recovery of that sequence. Two weeks af-
ter injection, we isolated viral genomes from adipose tissue, brain, dor-
sal root ganglion, heart, liver, lung, kidney, quadricep muscle, ovary,
pancreas, spine, spleen, and stomach. We then sequenced the variants
collected from each tissue using next-generation sequencing (NGS)
and calculated their enrichment, defined as the relative abundance of
the sequence found within a specific tissue divided by the relative abun-
dance of that sequence within the injected viral library.
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From a first round of selection, we selected the most enriched AA var-
iants from each tissue and transgenic line for a second round of selec-
tion, yielding a subset of 5,840 AA variants. This collection of variants
was synthesized, along with codon replicates to determine the repro-
ducibility of each variant. The variants from each tissue and trans-
genic line were synthesized and produced together to avoid propa-
gating bias due to variability in the first round of selection’' and to
simplify the selection workflow. Since high levels of Tek gene expres-
sion have been previously reported in the lung relative to other tis-
sues,””° we focused our second round of selection in Tek-Cre trans-
genic mice. After injecting the viral pool into Tek-Cre transgenic mice
and allowing transduction and expression to occur over 2 weeks, we
collected viral DNA from the lung, sequenced it by NGS, and ranked
variants by their enrichment.

After two rounds of capsid selection, only 426 variants showed enrich-
ment of both replicates in the lung of both animals. In the enrichment
ranking, one variant clearly outperformed all other variants (Figure 1C):
the AA motif KDNTPGR, which we call AAV9.452sub.LUNGI and
which was enriched nearly an order of magnitude more than any other
variant. A retrospective analysis of the first round of selection revealed
that this variant was originally included due to enrichment in the spine
of hSyn-Cre animals. Additionally, the variant was present at low levels
in theliver of one hSyn-Cre animal and one TH-Cre animal, but was not
identified in the lung of either Tek-Cre animal after the first round.
These results support performing multiple rounds of selection to
decrease noise and permit variants with altered tropism to become en-

riched within the tissues of interest, as described previously.’'**

A robust image processing pipeline to quantify transduction
across whole tissues

During initial efforts to characterize this variant, we realized that
robust high-throughput methods were lacking for the quantification
of fluorescent cells in tissue images.’” To address this, we built a sim-
ple image processing workflow using open-source Python packages to
quantify nuclear-localized (NLS-)GFP signal of whole tissue images
acquired by fluorescence imaging (Figures 2A and 2B). Natural auto-
fluorescence in tissues can make it hard to discriminate real signal
from noise. To combat this, we also acquired images in a channel cor-
responding to wavelengths (565 nm) distinct from the wavelengths
(495 nm) associated with our signal to allow autofluorescence sub-
traction. Since we were using NLS fluorescence, we created a mask
of nuclei by passing an approximately 6-pum circular template over
the autofluorescence subtracted image and thresholding regions for
how well they matched the template. We also smoothed the auto-
fluorescence subtracted image by applying a Gaussian blur subtrac-
tion and used this smoothed image to identify bright regions of the
image by applying a histogram-based intensity threshold. We finally
compared these two maps to identify regions of the image that were
both bright and circular, which we counted to determine the number
of NLS-GFP+ cells. Dividing this count by the total tissue area pro-
vides a measure of transgene expression per tissue area. Segmenting
the initial image using the identified cell labels allows quantification
of the brightness of identified cells.
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Figure 1. Capsid engineering and characterization of AAV9.452sub.LUNG1
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(A) Left, AAV9 capsid surface model illustrates the location of the protruding loop structures, shown in yellow. Right, zoomed-in view shows the AA replaced by substitution
between AA452-458. (B) To generate capsids specific to the mouse lung, a library of variants was created by mutating AA452-458 in the AAV9 backbone. Cre-lox sites were
inserted into the viral genome to enable detection of genomes that reach Cre-recombinase containing cells. Variants were systemically administered via retro-orbital injection
into Cre mouse lines. After 2 weeks of expression, relevant tissues were harvested and viral DNA isolated and sequenced. Top performing variants were subjected to a
second round of selection. (C) Positively enriched variants in the lung after two rounds of selection in vivo were ranked by their average enrichment across codon and animal
replicates. (D) NLS-GFP was packaged into the AAV9.452sub.LUNG 1 variant under control of the ubiquitous CAG promoter and intravenously administered to mice at a dose
of 5 x 10" vg/animal. Transgene expression was assayed by fluorescence throughout lung. Comparison with the parent AAV9 (left) confirms the tropism measured by NGS.
Scale bars in whole tissue images are 2 mm. Scale bars in the magnified regions are 500 um.

We found that this pipeline could be applied to a variety of whole tis-
sue sections with minimal parameter adjustment, improving the con-
sistency of quantification across tissues (Figure 2C). Applying this
workflow allowed single-cell resolution biodistribution profiling
across more than 690 mm? of tissue volume, composed of 8 tissues
collected from 18 mice, 6 from each of 3 AAV variants.

AAV9.452sub.LUNGH1 yields increased transgene expression in
mouse lung tissue after intravenous delivery

To validate the sequencing data from the Cre-recombinase selections,
we produced both AAV9 and AAV9.452sub.LUNGI packaging NLS-
GFP under regulation of the strong, ubiquitous CAG promoter and
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intravenously injected each into mice at a dose of 5 x 10! viral ge-
nomes per animal to test the transduction efficacy in lung tissue after
systemic injection. Tissue was collected after 2 weeks of expression
and compared to AAV9 (Figure 1D). The protein expression we
observed in the lung was consistent with the NGS enrichments,
with many more GFP positive cells with AAV9.452sub.LUNGI1
than with parental AAV9.

To further characterize AAV9.452sub.LUNGI1 (Figure 2A), we
compared the transgene expression with AAV9 and AAVS5, a natural
serotype previously identified as promising for lung delivery.®® We
produced each virus packaging a single stranded genome expressing
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CAG-NLS-GFP. These variants were intravenously injected into mice
atadoseof 1 x 10" viral genomes per animal and tissue was collected
and sectioned after 3 weeks of expression. A lower dose was selected
for characterization to ensure that transduction did not become satu-
rated for quantification. Whole tissue sections from the lung, liver,
brain, kidney, pancreas, spleen, intestine, and testis were imaged
and compared between the three serotypes.

Qualitatively, we saw a substantial increase in AAV9.452sub.LUNG1
transgene expression in the lung compared with AAV9 and AAV5
(Figure 3A). Quantification of GFP+ nuclei per tissue area (Figure 3B)
showed that AAV9.452sub.LUNGI displays much greater expression
in the lung than either AAV9 (18-fold) or AAV5 (60-fold). Both
AAV9 and AAV9.452s5ub.LUNGI display increased brightness rela-
tive to AAV5, with comparable brightness between AAV9 and
AAV9.452sub.LUNG1 populations. We transgene
expression in alveolar type I (ATI) and ATII cells by co-staining
with a-podoplanin or a-prosurfactant protein C (proSPC), respec-
tively (Figure 3C). We observed very little co-localization between
NLS-GFP expression and ATI cell markers, while much of the
transgene expression was co-localized with ATII cells (Figure 3C).
Quantification of transgene expression in ATII cells revealed that
AAV9.452sub.LUNGI transduced approximately 30-fold more
ATII cells than AAV9. Quantifying the fraction of GFP+ nuclei co-
localized with o-proSPC indicated that the relative fraction of ATII
cells expressing transgene was comparable between AAV5, AAVY9,
and AAV9.452sub.LUNGI. This suggests that the increased ATII
transgene expression is not due to increased cell type specificity,
but is instead a result of increased overall transgene expression across
the whole lung.

measured

We also measured the number of GFP+ nuclei per tissue area and
brightness per cell in the brain, liver, kidney, pancreas, spleen, intes-
tine, and testis (Figures 4 and S1). Quantification indicated that trans-
gene expression of AAV9.452sub.LUNG1 was comparable with
AAVY9, except in the two tissues with the lowest transduction fre-
quency, namely, the pancreas and brain. AAV9.452sub.LUNGI1
transgene expression in the pancreas was significantly lower than
AAV9, while in the brain it was significantly higher.

DISCUSSION
The lung is a critical target for gene therapy. However, very few clin-
ical trials aimed at treating diseases in this organ using AAV have

been conducted,™ likely due to the lack of specialized gene therapy
vectors targeting this tissue. The power of directed evolution for the
development of effective AAV variants with diverse tropism has
26:27:30.32 Here, we extend
and adapt these methods to the lung by substitution in non-tradi-
tional sites of the AAV capsid to discover AAV9.452sub.LUNGI, a
variant capable of improving transduction efficiency in the lung by
approximately 18-fold and expressing transgene in approximately
30-fold more ATII cells after systemic delivery compared with AAV9.

been well demonstrated in other tissues.

We selected this variant in a Tek-Cre mouse line. Although high Tek
gene expression levels have been measured in the mouse lung,** %
recent single cell transcriptomic analysis®® did not identify Tek
expression in the ATII cell population. The improved transduction
of this cell type that we observed could be due to non-specific expres-
sion of Cre-recombinase in the mouse lung. Expression profiling in
the adult respiratory system of the Cre transgenic line”® indicates
that Cre-recombinase is abundant in the alveolus, suggesting that se-
lection of ATII transduction was likely an unintended result of per-
forming selections in the Tek-Cre transgenic line.

Compared with its overall improved transduction in the lung,
AAV9.4525ub.LUNGI exhibited similar biodistribution to AAV9 in
other tissues. The significant transgene expression in the liver medi-
ated by AAV9 has been associated with toxicity’' "> and should be
noted for future work with this vector. Natural serotypes with tropism
toward the lung after system administration, such as AAV4 or
AAV6,” could be considered as alternatives during capsid evaluation.

The improved transduction yielded in the lung by AAV9.452sub.
LUNGI could enable the development of therapeutic options for
lung-specific genetic disorders that currently lack effective treat-
ments, specifically diseases where ATII cells play a central role,
such as IPF or acute respiratory distress syndrome. Animal models
which more closely resemble the progression of IPF in humans are
needed,”” and the efficient transduction of ATII cells using this
variant could enable their production. For example, the induction
of pulmonary fibrosis in mice through ATII targeting and expression
of Fas-associated protein with death domain”>’® could provide a use-
ful pre-clinical model. However, we note that AAV9.452sub.LUNGL1
was both derived and characterized in C57BL/6] mice, and transduc-
tion in other strains and species has not yet been measured. In addi-
tion, vector biodistribution has only been tested after systemic

Figure 2. Image processing pipeline for quantification of NLS-GFP expression in whole tissue sections

(A) Overview of the characterization experimental workflow. First, AAVs packaging NLS-GFP under regulation of the ubiquitous CAG promoter were systemically admin-
istered via retro-orbital injection into mice at adose of 1 x 10" viral genomes per animal. After 3 weeks of expression in vivo, tissues were collected, sectioned, and imaged by
fluorescence microscopy, including a non-GFP channel for autofluorescence subtraction. Whole tissue images were processed using the developed pipeline. (B) An overview
of the processing steps applied to obtain cell counts from tissue images. Although only a single image is displayed here, the pipeline is run over whole tissue images. First,
histogram-based thresholding determines the total tissue area. Next, autofluorescence and signal images are compared to generate a subtracted image. The circularity of
signal is determined by comparison to a template to generate an image mask of circular regions. Noise is decreased by subtracting Gaussian blur and the second derivative of
the histogram is used to determine an intensity threshold, which is applied to generate a mask of bright regions of the image. This is combined with the circular region mask to
obtain a mask of cells positive for fluorescent nuclear signal. Scale bars, 100 um. (C) Identification of NLS fluorescent signal is shown for brain, lung, liver, kidney, and testis,

with minimal parameter adjustment between tissues. Scale bars, 100 um.
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Figure 3. Characterization of AAV9.452sub.LUNG1 in lung tissue

(A) Qualitative comparison of transgene expression in the lung shows that there are many more cells expressing transgene after delivery with AAV9.452sub.LUNG1 than
AAV5 or AAV9. Scale bar, 100 um. (B) Quantification of NLS-GFP expression indicate that AAV9.452sub.LUNG1 displays an approximately 18-fold and an approxi-
mately 60-fold increased transgene expression compared to AAV9 (p = 0.002) and AAV5 (p = 0.002), respectively. Comparing natural serotypes AAV9 and AAV5, AAV9
yielded GFP expression in approximately three-fold more cells than AAV5 (p = 0.00004). AAV9 and AAV9.452sub.LUNG1 exhibited comparable brightness per cell (p = 0.5),
while both were brighter on average than AAV5 (AAVO: p = 0.004; AAV9.452sub.LUNG1: p = 0.005). (C) Cell-type-specific antibodies show the specificity of
AAV9.452sub.LUNG1. Minimal colocalization was observed with ATl cells, while there was clear colocalization with ATII cells (identified with arrowheads). Scale bars,
100 um. (D) Quantification of co-localization between NLS-GFP and a-proSPC staining indicates that AAV9.452sub.LUNG1 transduced approximately 30-fold more ATII
cells than AAV9 (p = 0.0007) and approximately 95-fold more than AAV5 (p = 0.0008). This does not appear to be due to increased specificity toward ATIl cells, as the relative
number of GFP + cells that co-localized with a.-proSPC was unchanged compared to AAV9 (p = 0.4) and AAV5 (p = 0.5). n = 6 mice per group, mean + standard error of the

mean. Statistical significance was determined using two-sided Welch’s t tests.

administration, so for developing disease models, alternative modal-
ities of delivery such as intranasal”””’® and intratracheal”” administra-
tion could decrease off-target accumulation of viral particles in the
liver or the CNS.

During the course of characterizing this AAV variant, we ran into the
bottleneck of quantifying transgene expression in whole tissue im-
ages. Manual counting is subject to bias and using overall fluorescence
as a proxy for the number of transduced cells can lead to data misin-
terpretation. These concerns led us to develop a Python-based image
processing pipeline that quantifies the number, and brightness, of
cells displaying NLS fluorescence per tissue area. This pipeline can
be applied across tissue types with minimal adjustment, allowing un-
biased and high-throughput comparison of variants. We make our
code publicly available in the hope that it can aid other researchers

in characterizing variants in whole tissue. Using this method, we
were able to characterize the transgene expression in whole tissue im-
ages across many major organs.

Other promising, previously engineered AAV variants with lung
tropism are derived from different serotypes than AAV9.452sub.
LUNG1 (AAV2-ESGHGYF,** AAV2.5T," and AAV2H22** from
AAV2, and AAV6.2FF* from AAV6). The distinct antigenic foot-
prints of these serotypes could facilitate sequential administration
to avoid host immune response.”” A wide array of capsid options is
particularly valuable when a treatment plan requires different inter-
ventions at different time points. The mutations in these engineered
capsids are also distinct and could display further efficacy when com-
bined, especially since one of the mutations in AAV6.2FF was previ-
ously shown to modestly improve lung targeting in AAV9.”" Future
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Figure 4. Comparison of transgene expression across tissues after delivery with AAV5, AAV9, or AAV9.452sub.LUNG1

Expression of NLS-GFP was measured across the liver, testis, intestine, kidney, spleen, pancreas, and brain, with tissues ordered from highest to lowest expression effi-
ciency. Quantification indicates that AAV9.452sub.LUNG1 was not enriched in other tissues in comparison with AAV9, except in the brain where it expressed transgene in
approximately seven-fold more cells (p = 0.02). In the pancreas, AAV9.452sub.LUNG1 expressed GFP in fewer cells than AAV9 (p = 0.007). In all other tissues measured,
there was no significant difference in the number of cells expressing GFP between AAV9 and AAV9.452sub.LUNGH (liver: p = 0.5; testis: p = 0.4; intestine: p = 0.4; kidney:
p =0.9; spleen: p =0.1). Comparing natural serotypes AAV9 and AAV5, AAV9 yielded GFP expression in more cells than AAV5 in all tissues (liver: p < 0.00001; testis: p = 0.01;
kidney: p = 0.00006; spleen: p = 0.0003; pancreas: p = 0.002; brain: p = 0.00004), except intestine, where there was no significant difference (p = 0.3). n = 6 mice per group,
mean + standard error of the mean. Statistical significance was determined using two-sided Welch'’s t tests. See also Figure S1.

iterations of engineering with the KDNTPGR substitution could also
investigate natural serotypes AAV4 and AAV6 as templates, poten-
tially heightening their natural tropism toward lung.”* Ultimately,
AAV9.4525ub.LUNGI expands the toolbox for gene delivery to the
lung and displays promise in enabling lung-specific preclinical
research to inform gene therapy.

MATERIALS AND METHODS

Plasmids

The first-round viral DNA library was generated by amplification of a
section of the AAV9 capsid genome between AA 450-599 using NNK
degenerate primers (Integrated DNA Technologies, Inc., IDT) to sub-
stitute AA 452-458 with all possible variations. The resulting library
inserts were then introduced into the rAAV-ACap-in-cis-Lox
plasmid via Gibson assembly as previously described.’” The resulting
capsid DNA library, rAAV-Cap-in-cis-Lox, contained a theoretical
diversity of approximately 1.28 billion variants at the AA level. The
second-round viral DNA library was generated similarly to the first
round, but instead of NNK degenerate primers at the 452-458 loca-
tion, a synthesized oligo pool (Twist Bioscience) was used to generate
only selected variants. This second-round DNA library contained a
diversity of 5,840 variants at the AA level.

The AAV2/9 REP-AAP-ACap plasmid transfected into HEK293T
cells for library viral production was modified from the AAV2/9
REP-AAP plasmid previously used’” by deletion of the AA between
450 and 592. This modification prevents production of a wild-type
(WT) AAV9 capsid during viral library production after a plausible
recombination event between this plasmid co-transfected with
rAAV-ACap-in-cis-Lox containing the library inserts.

One rAAV genome was used in this study—pAAV-CAG-NLS-GFP
(Addgene: #104061)—utilizes an ssAAV genome containing the fluo-
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rescent protein EGFP flanked by two nuclear localization sites,
PKKKRKYV, under control of the CAG promoter.

Viral production

Recombinant AAVs were generated according to established proto-
cols.” Briefly, HEK293T cells (ATCC) were triple transfected using
polyethylenimine; virus was collected after 120 h from both cell ly-
sates and media and purified over iodixanol (Optiprep, Sigma). A
modified protocol was used for transfection and purification of viral
libraries. First, to prevent mosaic capsid formation, only 10 ng rAAV-
Cap-in-cis-Lox library DNA was transfected (per 150-mm plate) to
decrease the likelihood of multiple library DNAs entering the same
cell. Second, virus was collected after 60 h, instead of 120 h, to limit
secondary transduction of producer cells. Finally, instead of polyeth-
ylene glycol precipitation of the viral particles from the media, as per-
formed in the standard protocol, the medium was concentrated more
than 60-fold for loading onto iodixanol.

Animals

All rodent procedures were approved by the Institutional Animal Use
and Care Committee of the California Institute of Technology. Trans-
genic animals, expressing Cre under the control of various cell-type-
specific promoters, and C57Bl/6] WT mice (000664) were purchased
from the Jackson Laboratory. Transgenic mice included Tek-Cre
(8863),”° Synl-Cre (3966),"' GFAP-Cre (012,886),> TH-Cre
(008,601),* CHAT-Cre (028,861),** and VGAT-Cre (028,862).%
For the first round of viral library selection, we used one male and
one female mouse from each transgenic line (aged 8-12 weeks), as
well as a single male C57Bl/6] mouse. For the second round of selec-
tion, we used one male and female mouse from the Tek-Cre line (aged
8-12 weeks), as well as a single male C57Bl/6] mouse. For validation
of individual viral variants, male C57Bl/6] mice aged 6-8 weeks were
used. Mice were housed under standard conditions between 71 °F and
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75 °F, 30%-70% humidity, and light cycle of 13 h on and 11 h off.
Intravenous administration of rAAV vectors was performed via injec-
tion into the retro-orbital sinus.

DNA/RNA recovery and sequencing

Round 1 and round 2 viral libraries were injected into C57BL/6] and
Cre-transgenic animals at a dose of 8 x 10' vg/animal and rAAV ge-
nomes were recovered two weeks after injection, as described in the
M-CREATE protocol.” Cre-transgenic lines used for round 1 were
Synl-Cre, GFAP-Cre, TH-Cre, VGAT-Cre, CHAT-Cre, and Tek-
Cre, selected to cover a wide range of cell types across tissues. For
the second round of selection, only Tek-Cre animals were used. To
determine the number of variants included in round 2, 0.01 times
the enrichment of the top variant in each tissue was set as a threshold
and variants above that threshold were included. Mice were eutha-
nized, and most major organs were recovered, snap frozen on dry
ice, and placed into long-term storage at —80 °C. Tissues collected
included: brain, spinal cord, dorsal root ganglia (DRGs), liver, lungs,
heart, stomach, intestines, kidneys, spleen, pancreas, testes, skeletal
muscle, and adipose tissue. We homogenized 100 mg of each tissue
(approximately 250 mg for brain hemispheres, <100 mg for DRGs)
in Trizol (Life Technologies, 15596) using a BeadBug (Benchmark Sci-
entific, D1036) and viral DNA was isolated according to the manufac-
turer’s recommended protocol. Recovered viral DNA was treated with
RNase, underwent restriction digestion with Smal (located within the
ITRs) to improve later rAAV genome recovery by PCR, and purified
with a Zymo DNA Clean and Concentrator kit (D4033). Viral ge-
nomes flipped by Cre-recombinase in select transgenic lines (or pre-
flipped in WT animals) were selectively recovered using the following
primers: 5'-CTTCCAGTTCAGCTACGAGTTTGAGAAC-3' and
5'-CAAGTAAAACCTCTACAAATGTGGTAAAATCG-3/, after 25
cycles of 98 °C for 10 s, 60 °C for 15 s, and 72 °C for 40 s, using Q5
DNA polymerase in five 25 uL reactions with 50% of the total extracted
viral DNA as a template.

After Zymo DNA purification, samples from the WT C57Bl/6] ani-
mals were serially diluted from 1:10 to 1:10,000 and each dilution
further amplified around the library variable region. This amplifica-
tion was done using primers: 5'-ACGCTCTTCCGATCTAATACT
TGTACTATCTCTCTAGAACTATT-3' and 5-TGTGCTCTTCCG
ATCTCACACTGAATTTTAGCGTTTG-3' and 10 cycles of 98 °C
for 10 s, 61 °C for 15 s, and 72 °C for 20 s, to recover 73 bp of viral
genome around and including the 21-bp variable region and add
adapters for Illumina NGS. After PCR cleanup, these products were
further amplified using NEBNext Dual Index Primers for Illumina
sequencing (New England Biolabs, E7600), after 10 cycles of 98 °C
for 10's, 60 °C for 15 s, and 72 °C for 20 s. The amplification products
were run on a 2% low melting point agarose gel (ThermoFisher Sci-
entific, 16520050) for better separation and recovery of the 210-bp
band. The dilution series was analyzed for each WT tissue and the
greatest concentration dilution, which resulted in no product was
chosen for further amplification of the viral DNA from the transgenic
animal tissues. This process was performed to differentiate between
viral genomes flipped before packaging or due to Cre in the animal.
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Pre-flipped viral genomes should be avoided to minimize false posi-
tives in the NGS sequencing results.

All Cre-flipped viral genomes from transgenic animal tissues were
similarly amplified (using the dilutions that do not produce pre-flip-
ped viral genomes) to add Illumina sequencing adapters and subse-
quently for index labeling. The amplified products now containing
unique indices for each tissue from each animal were run on a low
melting point agarose gel and the correct bands extracted and purified
with a Zymoclean Gel DNA Recovery Kkit.

Packaged viral library DNA was isolated from the injected viral li-
brary by digestion of the viral capsid and purification of the contained
ssDNA. These viral genomes were amplified by two PCR amplifica-
tion steps, like the viral DNA extracted from tissue, to add Illumina
adapters and then indices and extracted and purified after gel electro-
phoresis. This viral library DNA, along with the viral DNA extracted
from tissue, was sent for deep sequencing using an Illumina HiSeq
2500 System (Millard and Muriel Jacobs Genetics and Genomics Lab-
oratory, Caltech).

NGS data alignment and processing

Raw fastq files from NGS runs were processed with CREATE
data analysis code (available on Github: https://github.com/
GradinaruLab/mCREATE) that align the data with an AAV9 tem-
plate DNA fragment containing the 21-bp diversified region between
AA 452 and AA 458, for the two rounds of AAV evolution/selection.
The pipeline to process these datasets involved filtering to remove
low-quality reads, utilizing a quality score for each sequence, and
eliminating bias from PCR-induced mutations or high GC-content.
The filtered dataset was then aligned by a perfect string match algo-
rithm and trimmed to improve the alignment quality. For the AAV
engineering, read counts for each sequence were pulled out and dis-
played along with their enrichment score, defined as the relative
abundance of the sequence found within the specific tissue over the
relative abundance of that sequence within the injected viral library.

Tissue preparation and immunofluorescence

Mice were euthanized with Euthasol and transcardially perfused with
ice-cold 1x PBS and then freshly prepared, ice-cold 4% paraformalde-
hyde (PFA) in 1x PBS. All organs were excised and post-fixed in 4%
PFA at 4°C for 48 h and then sectioned at 50 um with a vibratome.
Immunofluorescence was performed on floating sections with primary
and secondary antibodies in PBS containing 10% donkey serum and
0.1% Triton X-100. Primary antibodies used were Syrian hamster
anti-podoplanin (1:200, Abcam, ab11936) and rabbit anti-proSPC
(1:200, Sigma-Aldrich, AB3786). Primary antibody incubations were
performed for 16-20 h at room temperature. Sections being stained
with anti-podoplanin were washed before incubation with secondary
antibody AffiniPure Goat Anti-Syrian Hamster IgG (1:200, Jackson
ImmunoResearch Laboratories, Inc., 107-005-142) for 6 h at room
temperature. This was followed by incubation with Alexa 647 conju-
gated donkey anti-goat antibody (1:200, ThermoFisher Scientific,
A32849) for 6-8 h at room temperature. Sections being stained with
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anti-proSPC were washed and incubated with secondary Alexa 647
conjugated anti-rabbit FAB fragment antibody (1:200, Jackson
ImmunoResearch Laboratories, Inc., 711-607-003) for 6-8 h at room
temperature. Stained sections were then mounted with ProLong Dia-
mond Antifade Mountant (ThermoFisher Scientific, P36970).

Imaging and quantification

The initial comparisons of transgene expression after delivery with
AAV9.4525ub.LUNGI or AAVY at a dose of 5 x 10'" viral genomes
per animal (Figure 1) were imaged on a Zeiss LSM 880 confocal mi-
croscope using a Fluar 5 x 0.25 M27 objective, with matched laser
powers, gains, and gamma across all samples of the same tissue.
The acquired images were processed in Zen Black 2.3 SP1 (Zeiss).

The comparisons of AAV9.452sub.LUNG1 with AAV9 and AAVS5 at
the lower dose of 1 x 10! viral genomes per animal were imaged on a
Keyence BZ-X all-in-one fluorescence microscope at 48-bit resolution
with the following objectives: PlanApo-A 20x/0/75 (1-mm working
distance) or PlanApo-A 10x/0.45 (4-mm working distance). The fil-
ters used were BZ-X Filters OP-87763 for NLS-GFP, OP-87764 for
autofluorescence, and OP-87766 for imaging tissues stained with
647 antibodies. In each tissue, exposure settings and changes to
gamma or contrast were maintained across images.

All image processing was performed using our custom Python image
processing pipeline, available on GitHub: https://github.com/Gradinar-
uLab/Image_Segmentation. In brief, images are first stitched together
using a custom algorithm, keeping channels distinct. An Otsu threshold
with 1,024 bins is used on the autofluorescence image to determine the
area within the image that is classified as tissue. The mean intensity of
both the signal and the autofluorescence images are determined, and
the ratio of these means is used to adjust the autofluorescence image
before subtraction, to ensure that the average image intensities are
matched before adjustment. On the product of subtraction, template
matching with a circular template is then used to determine regions
that appear nuclear using skimage.feature.match_template, outputting
a binary mask of all the regions matching the circular template. Also
on the product of subtraction, skimage filters.Gaussian is applied
(sigma = 5, truncation = 2) and subtracted from the image to remove
large features from the background. From the background subtracted
image, the second derivative of the histogram is then taken, and a pre-
determined value of the second derivative is used to acquire an intensity
threshold for the image. This threshold is applied to generate a binary
mask of bright regions before application of skimage.morphology.
binary_closing to fill in partially identified intense regions. Both the cir-
cular template mask and the intensity thresholded mask are multiplied
together to make a mask of colocalized regions. Finally, objects fewer
than 10 pixels are removed to minimize noise. skimage.measure.label
is used to determine the number of cells in this image. Custom code
was used to calculate the brightness of cells within the image.

Statistics
Custom Python code was used for statistical analysis and data repre-
sentation. Populations were compared using two-sided Welch’s t test,

implemented using the stats module from the SciPy package. This
module was implemented to compare each set of samples without
assuming equal variance as: stats.ttest_ind(first population, second
population, equal_var = False), where the first and second popula-
tions were the data being compared. Unless otherwise noted, all
experimental groups were n = 6, determined using preliminary data
and experimental power analysis. For the statistical analysis in mice
and related graphs, a single data point was defined as two tissue sec-
tions per animal. For each section, the whole tissue was imaged and
processed. For all statistical analyses, significance is represented as:
*p < 0.05;**p < 0.01;**p < 0.001; ***p < 0.0001; n.s., p > 0.05.

Data availability

The NGS datasets for the capsid selection reported in this article
are available on the Sequence Read Archive: PRINA821550. The vector
plasmid for AAV9.452sub.LUNG1 was deposited to Addgene:
#184592. The AAV9.452s5ub.LUNGI sequence has been deposited on
GenBank: ON959566. All other constructs and tools are available
through the Beckman Institute CLOVER Center (https://clover.
caltech.edu/). Python code used for this analysis is available on GitHub:
https://github.com/GradinaruLab/Image_Segmentation.
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Supplemental information can be found online at https://doi.org/10.
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